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DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



ON A DIGITAL PYRANOMETER MONITORING NETWORK'FOR

UTILITY COMPANIES*
Robert M. Graven

Lawrence Berkeley Laboratory
University of California
"~ Berkeley, CA 94720

A Pyranometer having a black ballvthermal detector, a différentiali
tempefg;uré correctibn‘circuit, and a digital magnétic tape output has -
been designed and_bﬁilt., An electricity power'demand factor cassette
: recérder is used to cogrelatg time, sunlight, eiectriﬁal load,.and tem- .
-'perapure;fand thé results are machine readable. The.data will aid a
utility compahyiin future projections of the effect of using solér energy
for heating'and‘cooling on electricity andvgas demands . Instrument design,
the monitoring nétwofk data handling, and interpretation of theiinformation
are discusse&. |

*Done under National.Scienc.e‘ Found"ation Grant Nurnber A‘G—5.4.8 in

facilities .p'r_o‘v'ided_by the U. S. Atomic Energy Commission

«



Introduction

Utility cempanies fely on meteorological data to predict short term
future sales of gas and electricity. Immediate, near term and long range
future purchases of fuel and sales of energy are affected by weather’
patterns. If (or, as) solar energy systems for heatlng and cooling bu11d-
ings are 1nsta11ed the ‘seasonal, da11y and hourly load patterns w111 be
v51gn1f1cant1y altered in various regions of the United States. The sensi-
tivity of fuel purchases to extreme weather variatiens can be expected to
dramatically increase if many similarly>sized solar_heating and_cooiing
systems are installed within one distributionvdistrict:

In_Order»te pre&iét the possible effects ofzwide-spread collection
of solar energy‘on the distribution of electrical energY'for air-cbnditioning, '
and gas for space,heating and hot water; one needs detailed measurements
of the solar fuel income as a function of timé for each district being
served. The mixtnre of solar energy'that can.be used tousatisfy base,
intermediate, or peak demands will greatly affect the future capltal needs
and bu11d1ng of ut111t1es partlcularly those in sunny climates w1th high
growth rates

To sat1sfy the need for an 1ntegrated solar fuel monltorlng network
a low cost pyranzmeter is necessary but not suff1c1ent The response
time, accuracy,-lifetime, calibration, precision and form of the'ontpnt
~ determine the,technicallperformance of the monitor; howevef the total .
cost of collecting and eorrelating the information'will determine itsv
commercial success. The.cost of collecting solar fuel data Versus the

cost of not collecting it will differ for each utility as the calendar

advances,



To prepare for the possible introduction'of sOIar,heatihg and cooling
systems in California, the Lawrence Berkeley Laboratory -(LBL) of the.
University of.California and the Pacific Gas and Electric (P.G.§E.) Company
are developing a solar fuelimonitoring network. Bbfh on-line real time
measurements of solar insmlation and recorded datavWili'be collected.

A relatively sparse matrix of on-line, medium accuracy,bprimary instru-v
ments is to be augmented»by a denser array of off—iine, lower accuracy,

reference instruments.

: hbnitoring'Network

Figure 1 outlines the P.G.§E. service area,'whieh'inciudes mdﬁntains;
valleys, deserts, and coastal meteorologlcal reglons Weather recording
station locations have been chosen as to provide the most representative
site fer the.surrounding service area. Ambient”airvtemperafureiis
‘recorded at all sites, while wind velocity and humidity are recordedvat
Oakland, Sacramento, and Fresno. Solar insolation will be recorded at
éelected siteé aéing commercial electronic pyranometers.

The U.S. Wearher Bureau records solar insolation at several sifes d
in California and percentage of poSsible sunshine at,seveh'sitea in
California (Eureka, Fresno, Los Angeles 'Red Bluff, Sacramento -San
Diego and San Franc1sco) |

(1) The number of these sites is too small to allow a ut111ty
to correlate energy demands w1th growth and sunllght on -
a regional basis. | d‘ |
'(2) The form of the data (mostly on paper) does not'allow an -
| economlc means to study da11y Varlatlons although gross
monthly averages can eventually be compared to various |

broad load study results.



(3),Detailed'hour-by-hour peak demand studies require éccuratev:
local data. The occasionally available hour-by-hour weather
tapes are somewhat cumbersome for this particular purpose.

" Also the general lack of solar data inhibits the use of

~ weather tapes. The uncertainty of calibration which now
‘surrounds solar insolation measurements,further degrades .
the usefulness of the data. |

_(4),A transient demand or surge analysis requires minuterby-.

| minute data with accurate time correlation between energy
demand and available solar-fﬁel. 'Simulation studies invol-
ving solar assisted residencesbcan then be attempted using
previoqs residential load study deta-for gas and eleetricity
7 for various climatic regions. o |
Figureé 2 and ‘3 illustrate the mean‘monthiy temperature tontodtsffer
January and July respectively (Ref.ul)._ theutnat:inﬁtne summer-the-mean
temperature in Berkeley does not indicate:a need for'airpconditioning
while in Concord 30 miles away. it is required. The mean tempetéture at
Inquern,-llééF, Should not be used for desién'putpbseensince’the,peak
temperatures‘by'definitien exceed that vder-SO%-of'the time; in the
direct sun.’ ‘ | | | |
For the winter months prec1p1tat10n data needs to be correlated
to the ava11ab111ty of solar energy A detalled knowledge of the expected
V\Jnumbers of sequent1a1 cloudy days (and the opac1ty of the clouds) W111
affect the size of thermal storage and collector area to be recormended
for_various locations. The-eyentual‘cost of.selat coilection_components'
and the cost of’peak,intermediate;and base load energy are expected to

- become major factors influencing the introduction of solar'energy‘in California.
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By considering the amount of energy used for heating and cooiing,_

-and the growth rate by building type (residential, multi-family, commer-

cial, industrial) one can begin to formulate likely scenarios for the’
impact of using solar emergy. Particular attention to sales of air

conditioners and heat pumps needs to be correlated to peak energy demands.

Other Pyranometers

A wide variety of pyranometers have been designed.and'built using.'
various principles of operafion. The most commonly used variety con-
tains Thermopiles and costs from about $500. to $1000; each;fless
expensive'silicdﬁ solar cell varieties begin at about $100. Wig-Wag

(Ref, 4) and other mechanical radiation meters have also been built.

" Each of these instruments also requires a means for recording the data.

Our goal is to provide an inexpensive instrument to measure solar
insolation so that a large number of sites may be studied. It is also
desirable to minimize the data recording, reduction, and interpretation

phase of this information collection project. A mechanism for weekly

~ data reduction that can easily be converted to on-line data collection

was also desired. The minimum cost obje¢tive was balanced against the

data quality éﬁd quantity objective, and it was deéidgd'to develop a new
method for monitoring solar insolation. | | |

The Thermopile approach was not seiected for widespread introducﬁipn
due to its.high cost. The evéntuai need,for_several hundred iﬁStrumentS
pfohiﬁits the use of a basically éxpensi?e,detectof. However, compafisons
to this type Qf'instrument will continue'to bé made in'oraer fo correlate

results with historical data and to.seek out trends.



A mechanical detector was not used due to expected maintenance and

slightly higher interface costs. Mechanical detectors should be re-considered

and are promising candidates when properly protected from wind and vibration.

Solid state detectors were not used in the initial design, since a

direct measurement of the thermal heating effect of a black surface was

desired for the solar heating and cooling of buildings. The following

semiconductors are possible candidates for future deveiopments of this

instrument: silicon, cadmium sulfide, cadmium selenide, gallium arsenide,

gallium phosphide and various ternary crystals. All other detettors are

not now in sufficient production to allow the very low cost required for

this application.

The difficulties with using a semiconductor are:

(1

The spectral sensitivity may limit the basic measurement to

. variations in the color of the sky, rather than to the

energy transmitted over the entire spectrum. Absorption

‘and reflection of solar radiation by water molecules and

various pollutants will spectrally bias. the measurement

and need corrections. A spectrally flat detector from

200 to 1,200 nm can be assembled from avcombination of

ﬂ'blue-sensitized silicon, cadmium sulfide;énd géllium‘

(@

~arsenide, but is expensive and hence unavailable for this

application.

Thé temperafure dependence of. semiconductor sunlight
deteCtorsvféquires-a'temperature compensatioh circuit or
a.means for measuring temperature and a computational

correction algorithm.



(3) The cosine dependence of sunlight tranemitted through a
. protective glass envelope onto a'horizontal_surface is
effected'by the properties of the,horizontal surface.
'Non-linearities occur at the Brewster's angle. Polariza-
tion is usually not a probiem, although if filters are
) used to smooth out the spectral sensifivity, polarization
and focusing effects must be eliminated.

(4) Variations in sensitivity require étrict calibration of
accuracy. and precision. Differences in.menufacturing pro-
gcesses between companies and quality control variations from,‘
batch to batch result in detettors having various sensitivities.

(5)'Lifetime and-degradation of SUrface.effect semiconductors -
“should be_documented. Bulk and junction devices are probably .
_not as.vulnerable to degradation, excentjthe photons‘need
vto pass through a dirty outer protectlve cover and be
absorbed or converted in the detector’ mater1a1

. In splte of the above difficulties, the rapid t1me response of
semlconductor cells and their low cost provide a strong 1ncent1ve to
include one in a "'percent of p0551b1e sunshine' 1nstrument and for cloud
~counter applicatlons The combination of the thermal-detector descrlbed
‘ here and a blue- sen51tlzed silicon detector w111 1mprove the time response

nand hence the versat111ty of this instrument.

Electronic Byranometer'

Figure 4 15 a cross- sectlonal dlagram of the pyranometer.’ The detector

‘is an aluminum globe w1th a black surface.



A sphere piaced anywheré on the earth will aiway$ havé the same cross-
. sectional area projection intercepting suhiight;‘both at the poles and at
the equator.' A flat plate is quite different due to variations in reflection
“from the surface as a function of declination. Fdria silicon detector,
the cosine effect at low sun angles (or high latitudes) requires a large
correction. - | |
The black surface presents a uniform spectral absorptivity and
emissivity. Since the black ball electronic pyranometer is basicaliy a
differential temperature detector, heat losses will affect its Qperation.
A flat black paint can provide a reasonable surface.  waever, other
instruments usiﬁgvé blaék surface have appeared to‘change Color over iong f
- periods of time (10-yeérs). Older instruments which'ndw'appear to be |
- green need to be reca1ibrated. To avoid this effect, the pfo;ess of
change must be’understddd.‘ At this time I am unaware of an explanation
for the change in éolorvof older detéttoré. It may be due fo ultraviblet
light degrading the pigmenf or perhaps a ﬁildew effect, Unfil this is |
‘resolved, a flat black dull anodization (aluminumﬁoxide) layer can be
applied to the surface.v If mildew is a problem, a hérmetic’seal, dessi-
‘cant inert gas ahd a mil&icide can be used.

The éize'and material of the sphere will detefmine its thermal mass
-and* hence its time fesponse. One_centimeter‘and two cenfimetef radius
solid spheres have been tested.‘ The one centimeter solid sphere has a
rather ibng time constant (about 6 minutes) which is uséful to_éimuléte
thévtimevconstants of'solar colleétors. waever; accurate data:on short
duration clouding,can not be obtainéd using'solid_spheres; A biack.ball
detector using a hollow sphére_should have a faster time;fesbonse.,;

A theoretical ahalysis of the thermal balance including conduction,



Convection, and'radiation effectevneedsvto be performed'in order to

fully understanding the meaning of the measurement.’_ |
,Comparisons to other commercial pyranometers ehouldvalso be performed :

to check the calibration of this new instrument.

Figure S_isva circuit diagram‘of'one version of this devicer It
contains two temperature transducers, an amplifier, a voltage controlled
oscillator, frequency 1nd1cator and an 1nterface relay A power supply,
switches, mountlng hardware and connectors complete the electronics
' package.'_FigUre}6 is a photograph of a prototype yersion of this device.

A sun or black ball temperature is measured'and'converted to a.v
voltage linearly proportional to temperature using National 5600 AH
SEensors. - The bias and'calibration resistors adjuSt the signal such that
- the conversion ratio is 10 mV per degree cent1grade.

The difference between the temperature of the black ball and the
reference ‘temperature (in the box) is amplified. As the_amb;ent tempera-
ture changes during the night,.the differential between the exposed black .
:ball temperature and the reference temperature should be zero. During'
sunny'daylight hours, the black ball heats up and the differential temperaé
ture rises. Measured temperature differentials for insulatedlblack surface'
detectors can be expectedbto approach 100°C which will.produCe.a one,volt
signal. This is a signal increase by a factor-of-100§over c0mmercial
detectors which typ1ca11y produce about 10 mV in full noon sun. Hence
the 51gnal to noise ratio is improved, as well as the absolute voltage output.:

After thevtemperature dlfferentlal 51gnal is ampl1f1ed, it drlves a
voltage controlled oscillator. The oscillator'has been*tuned to,a naximum
frequency of one Hertz to match the. max1mum frequency acceptable by the

28-day tape recorder. Frequency modulat1on of the solar 1nsolat1on s1gna1
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is préferredvto amplitude modulation for the usualyfeasons of noise
immunity and spike suppression. One disadvantage of recording a signal
proportional to ffequency on a magnetic tape is that'one must accurately
control tape speed, or simultaneously record‘a cloéked time track. The
latter is performed using a syhchronous_cloék motor, a gear reductioh
train, a pulsé_translator and a para11e17recordingltrack,

A higher frequency and digital dividing circuits were not used due
to théif higher cost. Some variations in the output signal will occur
as the ambient témperature and wind spéedfchénge; 'The acéuracy that can
be obtained with this design is a-functibn df tempérafﬁre extreméé in.
the.enclosure.‘ Electricai'heaters and fans méy be included to compensate |
for extreme temperature variétions. Additional temperature compensation
circuitry can also be added fo correct for variations in outpuf frequency' E
proportional td temperature changes of the'reférence‘eléctronits itself.
A detailed study of_these_effeCts-and_their elimination has not been -
_‘perfbrmédvdue to funding limitations; In general; thé components chosen
are commerciallf available. ;Réplacement circuits which have stability
-over wider temperature ranges aré’a?éilable_for a higher priée.j For
example fhe IM 301 operational_amplifier costing about $0.65 ea/lOO for
0 to 70°C can be replaced by IM 201's at $5.00 ea/100 for -25°C to +85°C

or by IM 101's at $8.00 ea/100 for -55°C to +125°C operation.

Summary

The goal was to design an instrument which could record solar
insolation on a digital magnetic tape. The total construction cost
excluding the'recordei was limited to $100. oriless,,based on 100 unit

‘prices.
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A WEStinghouse digital magnetic tape-caséette ieéordef was chosen
as the recording device. Its normal useiis for recbrding biiling.or'
meteorological data. The Pacific Gas and Electric Company has provided
the use of a mumber of these recorders allocated in various Caiifbrnia
- climates. Furthermore they'will be cdilecting fhe‘data tépés using

their meter feader’éndbweéther foreéasting personnel. They have also

provided a data reduction service using their computers and a tapé
translation program. | | o | |

P.G;SE. is unusual in that it provides both gas and electric service.
Iﬁ is.unique in-that‘it uses allvthe_following energy sources: nuclear, fossil,
hydro, and geothermal; hence it is hatUral to ‘be éxplbring the use of
solar energy. If a'proposed 100 MWe solar photo-thermal blant is built
at Inyokern, California, we will be able to add yet another aiternative S
fuel source. | | '

Intensive 1o¢a1 use of solar energ& for heatiﬁg and cooling of
buildings (SHCB) can drastiéally alter the demand for gas and électricity.
-If a new Califofnia community of single or multipie family dwellings |
adopfs solar energy, then the daily and hourlyvdemahd will be quite differenﬁ.
The.capital expenditure allowed for the distribution system mayraiso be
affected, as would sales of §1éctfic heating and windbw air-cbnditioners,
- and hencévufility revenue.. The widespfead use of SHCB-caﬁ’reduCe the
need for'capital.to build new large generating plénts; and alter raté_.
structures. - | |

In order to know how load patterns cah be expected to»devéiop,.oné
needs to know how much and whéh solar fuel can be exﬁected for each of the

cities and climates served.
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Figure 1:

Figure 2:
Figure 3:

vFigure 4:
Figure 5:

Figure 6:

-

Weather recording stations of Pacific Gas and_Electric Co.

Selected pyranometer sites are: Univeréitylo£'California

at;Berkeley,‘Oakland, SaCrahento, Fresno, Redding, and

- Santa Maria/Bakersfield.

Mean monthly minimum temperature isotherms for California

in Januéry (Ref. 1).

Mean monthly maximum température isotherm$ for California

in_Juiy (Ref. 1).
Cross sectional diagram of an electronic pyranometer.
Profdtype.Circuit diagram for an electronic.pyranometer.

Photbgfaph'of an eléctronic pYranbmeter;»:_'
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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