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A SIMPLE ENERGY CALCULATION METHOD FOR SOLAR
INDUSTRIAL PROCESS HEAT STEAM SYSTEMS

Randy Gee
Solar Energy Research Institute
1617 Cole Boulevard
Golden, Colorado 80401

ABSTRACT HRyrocess downtime

Designing a solar industrial process heat (IPH) system,
sizing its components and predicting its annual energy
delivery requires a method for calculating solar system
serformance. A calculation method that 13 accurate, T
easy to use, accounts for the impact of all important
system narametars, and does not require use of a compu-
ter is descrived in this paper. Only simple graphs and Imax
a hand calculator are required to predict annual col=-
lector field performance and annual system losses.

Ke
The enargy calculation method 1is applicable to a vari-
ety of solar system configurations. However, this Rz
paper describes the calculation method applied only to
parabolic trough steam generation systems that do not 1,
enploy thermal storage. 3oth flash tank and unfired-
boller steam systems are covered. Readers interested L
in application of this calculation method to other col- L
lector types and/or system configurations are referred %

to Design Aporoaches: for Solar Industrial Process Heat (]
Svstems (Kutscher et al. 1982),
Mg
NCMENCLATURE Me5)an11
5 (Me )
A: collector area (a~) p’sys
Ae nax maximum collector area <for no-
’ storage system (@) Uy
<
Ag ground area covered by collector
array (a°)
e constant-pr?ssute specific heat R
2 o=l Op= D
(J g ) 9o
z concentrator focal length (m)
! collector efficiency fackcr
T3 unfired hoiler factor %
Fo flash steam svstem factor
Tz collector heat removal factor -
] Qc
Fg system dependent heat exchange
factor
Tohade annual shading loss factor for 5;001
midfield collectors
Fsnade, field annual shading 1loss factor for %
collector field
Fise solar system use factor M oad
GCF ground cover ratfo of solar col-
lector array 9 oad
hfa @3tar }a:enc heat of vaporizacion
7 (J %g™%) 9
‘0,378

total axpected daytime hours of
solar system dowatime on an annual o} Ty
basis (hr yr~ ") M,C0LL

jat
“Rsclar downtine
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total expected daytime hours of
industrial process downtime on
annual Sasis (hr yr~*)

beam irradiation {ncident in col-
lector plane (W @ )

long-term average direct normal
irradiance (W m *)

peak irradianfe available to col-
lectors (W m <)

incident-angle modifier annual
correction

collector 1incident-angle wmodifler
at x degrees

latitude {(degrees)

coliector length (m)

spillage 2nd loss factor

collector _{ield fluid mass flow
rate {kg s )

steam mass flow rate (k3 sl

total collector _ fileld thermal
capacitance (J °C7%)

total thermal capacitance of solar
system excluding cpllector thermal
capacitance (J °27%)

average number of collection days
icooldowﬂ days) per vear {(days wzz_

)

aunber of parallel collector =sws

long-term average eanergy collec-
tion rate of collectors, per unif
ecollector _jrea, during davlight
tours (W o ~)

long-term avarage annual =2
iollec:ion of solar system (J vr
)

long=term average aner3yy =zollzac-
tion vrvate of coilectors during
daylight hours (W)

annual solar system cooldown los-
ses (J vr °)

long—-term average annual energy

LN

delivery (J yr %)

industrial process enerzy use rata
n

industrial o»rocess anrual load
(3w °)

average overnight enerzy loss from
oipinz svsten components (J day ~)
average overnight 2ner2v loss Irom
ccllectors (J dav )



Ta ambient temperature °c)
T; average yearly daytime temperature
(°c)
2. max highest expected annual ambient
: temperature (°C)
fa a average yearly nighttime ambient
) o
temperature (“C)
Te collector fluid temperature (°C)
Teaed boiler feedwater temperature °c)
Ts steam temperature °c)
U colle tor _ heat loss coefficient
(W m < %™
Ui modified collector heat loss coef-
ficient (mod%fied for plpe system
losses) (W m
Updy unfired boiler heat transfer coef-
ficient, boiler surface area
product (W °C™%)
UiAi overall heat loss coefficient of

piping system components oF outlet
(hot) side of field (W °C”)

T A overall heat loss coefficient of
piping system components f inlet
(cold) side of field (W °C”%)

(UA)SVS heat loss coefficiint of entire
i piping system (w

(UA)_D, total solar svstim thermal 1loss
coefficient (W °C”

Wx incident angle modifier weighting
factor for x degrees

INTRODOCTION

During the planning and design stages of an IPH solar

system, an annual energy calculation method is needed
for two principal reasons. First, a calculation method
is needed to aid in the design of the =<olar system.
Tarious solar system configurations must be analy:zed,
altarnate solar collectors must be compared, and the
collector field and other system components must be
3ized. Second, an evaluation of the cost effectiveness
of the solar system (i.e., payback period or internal
raze of returan) requires an estimate of annual solar
svstem energy .lelivery.

A number of items impact the energy delivery of a solar
system, including collector field size and orieatation,
collactor characteristics, site characteristics, col-
lector fluid properti2s and process load characteris-
tiese. 8ecause there are so many variables, detailed
computer models are often emploved to make IPH system
tradeoffs and to provide the necessary performance
information. However, this approach requires computer
Zacilities, 1is time-consuming, and can be expensive.
The design engineer prefers design tools that are easy
to use and orovide for a quick assessment of various
desizn optilons. Fortunately, design tools can be
gr2atly simplified with the use of simple nmodifiers
that have been analytically calculated. A familiar
examole is the heat removal factor ¥y (Duffie and Beck-
man, 1974), which accounts for the petformance impact
nf the temparature rise across the collector fleld.
Jowever, not all solar system component variables can
be charactzarized in this manner hecause nf their time-
varving hehavior. Instead, by approporiately grouoing
~ipe~varving variables into neaningful gzroups and using
ragression analvsis tachalques, thelr performance
imnact can be correlated emoirically.
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Ideally, empirical correlations should be based on mea-
sured data from operating solar systems, but suitable
data for solar IPH systems 1is not vet available.
Instead, the empirical correlations that have been
developed are based on the results of a detailed, hour-

by-hour IPH system computer model called SOLIPH.
Another paper in these proceedings describes the
computer model (Kutscher, 1983). Typical meteoro—

logical year (TMY) tapes prcvided the hourly weather
and solar irradiation data base for the computer
model. The TMY data set 1is a composite of months
selected from the SOLMET historical data base for each
of the 26 stations with long-term records. TFor these
SOLMET stations, thousands of SOLIPH runs were made to
provide a large data base for developing empirical cor-
relations. With this large data base, a multivariable
regression analysis was used to generate empirical cor-
relations that closely matched the SOLIPH runs. Agree-
ment between the empirical correlations and the SOLIPH
runs 1s better than 4% (rms error). Additionally,
these empirical correlations were checked for accuracy
against a larger weather and solar irradiation data
base. SOLIPH runs for the 208 ERSATZ sites (using
ERSATZ TMY tapes) were made and compared with the
empirical correlations. Again, empirical correlation
accuracy (rms error) was found to be better than 47%.

SOLAR IPH STEAM SYSTEMS

A large amount of industrial process heat 1is utilized
in the form of low-pressure saturated steam. A large
fraction of this energy 1s wutilized by industrial
plants that have daytime, 7 day/week loads. TFor these
industrial plants, a no~storage, solar-steam system can
provide an attractive source of thermal enerzy.

There are currently two principal configurations for
solar system steam production *. The first and most
widely used system configuration is the unfired-boiler
system (see Fig. 1). This is the configuration used by
all five MISR program participants. In an unfired-
boiler steam system, heat transfer fluid 1s pumped
through the collector field and then to an unfired
boiler. The hot fluid within the tubes of the boiler
vaporizes water in the shell and saturated steam is fed
to the existing steam header that delivars ener3y to
the 1industrial process. As the steam 1s zenerated,
make-up condensate 1is supplied to the boiler. To
account for the temperature elevation of ithe collector
loop 1inlet above the steam temperature a simple modi-
fier 1is 1introduced--the unfired bYoiler factor, Tp.
Derivation of the unfired boilar factor is nrovided in
Ref. S.

In a flash-steam solar system (see Fig. 2), pressurized
water 1s circulated through the collector £field and
flashed to low-quality steam across a throttling valve
into a separator tank. TFlashing 1s a constant anthalpy
process that coaverts the sensible heat »>f the wacter
into a two-phase mixture of water and steam at condi-
tions prevailing in che flash tank. The steam quality
(fraction of total nass flow that is flashed &to vapor)
usually is less than 107. Steam separated {n the flash
tank {s fed into the plant steam distribution system to
bYe wused by the {industrial oprocess. The saturatead
liquid is recirculated through the collector Zield. To
aaintain the necessary liquid level in the flash tank,
boiler feedwater is lnjected into the pumo suction.

*A third confizuration Sor steam 2eneration is descri“ed

elsewhaere in these proceedings (May and Murphy, 1983).
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Fig. 1 - Unfired Boiler Steam System
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Fig. 2 - Steam Flash System

To prevent boiling within the collector, the water is
oressurized by the recirculation pump. The pump is
specified so that water exiting the collector field is
under sufficlent pressure to preveat boiling. The col-
lector field outlet temperature <aust be considerably
above the steam delivery temperature to obtain reason-
able steam qualities downstream of the throttling valve
and recduce the water recirculation rate. Another sim-
ple performance modified accounts for this temperature
alevation--the flash system factor Fp. The flash sys-
tem factor derivation is given in Ref. S.

STEP-BY-STZP PROCEDURE

A step-by-~stap calculation procedure for the annual
energy collection of a no-storage IPH solar steam sys-
tem 1is provided helow. The inputs required of the
industrial owner or svstem dasigner are all readily
available 1items of information.

3tap 1 = Ohtain necessary information.

e Define process steam temperature T, and boller feed-
water temperature Te .- Caeck that a steaa require-
ment exists during cdaylight hours, 7 days/ week.

e Define latitude L, yearly average daytime tampera-
ture T, and vearly averaze nighttime tempera-
ture La n of proposed site. Average temperatures can
be found in the U.S. Climatic Atlas and other refer-
ence hooks. As a close approximation, the average
anizhttime temperature can be taken as ?; - 60C,

e Tor the solar collector that i3 to bhe used, obtain
its T'U; and F'm, values and its incident-angle mod-
ifier curve. This information should be taken from
tast data ieasured at an Iindependent testing labora-
tocv.
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Often parabolic trough efficiency is reported as:

I.-T

This efficiency form has no physical basis (Tabor,
1980) and should be modified to the suggesced form
shown below.

’ =
where 32 BZ/Itest

Itesc 1s the beam irradiance that was present during
the collector tesg. 1If no I..q. value is given, take
I,age a8 1000 W/m®.

Now, the collector F'no and F'GL are given as:

F'no = A, and F'U, = B, + B’Z(AT).

1 L 1

Evaluate F'Uy at AT = Tg = T, .

e Define land availability at proposed solar site

2 - Configure collector field and enerzy transport

system. (Collector manufacturer recommendations as
well as references (8, 9, 1l and 12) will aid in this
stap.)

® Calculate the maximum recommended collector area

Ac,max hased on the ©process 1load -energy use
rate Qoaq and assuming no thermal storage is used
and that solar energy 1s never dumped.

Ac,max = Moad/ (FMoImax - T'UL(Ts - Ta,max)3 .

where bload =g {hfg +cp (Tg = Tfeed)]

Iaax can be estimated as 11200 @ m'z. A more accurate
estimate can be found in ASHRAE Clear Day Solar
Iatensity Tables (ASHRAE Fundamentals, Chaptesr 25).

Ta ,max Tay be estimated for the site from ASHRAE for
aan] cities. As a close approximation, a value of
40°C may be used as the maximum temperature for much

of the tnited States.

e Use 3, ,ax as an upper bdound in sizing the collector
field. Smaller collector fields may be required due
to land area limitaticns, investment considerations,
or available sizes of modular collector systems.

e layout collector field and dateraine collector field
flow rate ..

e Size energy transport piping insulation and =xpansion
tank. Calculate aumber of pipe supperts and vaives.

Step 3 - Calculate Frlos FrUp, .

s Calculate Fq#’ (F5 accounts for ths
across the collectar field).

temperatur: rise

F? Mcco
- = z - - (T 2 .
Frooawms (P oewe - (B M )]

iy
I

ry

B

)

o
u
1

"
3
[]
I g on
w
b
3
]

L
ry
(&
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Step 4 - Calculate system dependent heat exchange fac- 8
tor Fge 8
e For steam flash systems, calculate FF.
. - .7
T bl e -
R ACFRLL/Jc > R , 1
s F hfg + cp (Ts - Tfeed) s feed g .
e For unfired-boiler systems, calculate Fy. 162
‘Q
A PRl -1 & 45
Fg=Fy= |1+ — <
U A /M1 e
P bAb cp _
Atccp(e 1) . 14

Step 5 - Calculate effective optical efficiency.

r———

e Define expected dirt and dust optical 1loss modi- 3
fier. TRecause this loss 1s site specific 1t shouid o 2 4 8 8
he based on observed material coupon degradation for Intensity Ratio
the particular site. (See Refs. 4 and 10 for more ,
information.) Fall (T,- T2)

e Calculate 1incident-angle modifier annual correc- Fam 1y
tion Krg o

Fig. 3 - Energy Collection Rate Curves vs. Intensity

Teag " 97.5%7.5 t V22.5%22,5 *+ Wa7,5%37.5
+ Ws2.5%s52.5 + 67.5%67.5

Values of W, are found in Table 1. Values of X, are
taken from the collectors incident angle modifier
curve.

e Multiply the normal 1incidence optical efficlency
(F°“o) by Hoth modifiers to arrive at the effective
optical efficiency (Fri,).

Stép 5 = Modify collector heat loss coefficlent and
effactive optical efficlency to account for thermal
transport energy losses.

e Grcup energy transport componeats (i.e., piping,
valves, {&ittings, pipe anchors, circulation pumo,
flex hoses, and unfired boiler or flash tank) into
either inlet {cold) components or outlet (hot) com~
ponents. Calculate Uyay and Uja,.

e Correct the effective optical efficlency to account
for steadv-state nipe losses.

1
R o

L

Fig. 4 - Average Direct Normzl Irradiance During

= -yaA/Mc Davlight Hours (Wm™%)
= e ) -
F?”o

iatitude, and collector orientation.
e Correct the collector heat 1loss coefficient to

account for steady=-state pipe losses. ¢ A Zand  calculator may Se usad o evalu-
. ate qo/[FgFpngy (Iy + 50)] inscead of the graphical
™ot . . ., 0
RS S [ TR N 1oy (U0t /e, dacernination.
.U - £ = ' T 0 ' - ) -, 9z r .
a L Ac R°L For east-wast parabolic troughs
v = = - 2
s a/[T4Fang (Tp + 30)] = 3.6688 - 0.6745 » X = 0.1166 « 72
o JiAi M:cp)
For aorth-scuth parakoilc troughs:
Sten 7 = Calculate net annual average energy collaction 7.,r _ s )
rate [taking into account thermal transpor% losses) for G/ TgFANg{Ip + 30). = 0.8810 - 0,8117 » ¥ + 3.3120 « X
anshadad collactocs. 0.003919+ L + 0,003864 + L » X - 0.001434
2
: : Lo v
e Detaraine _ valqg' _ of iatensity ratio ahere L = latitude (degrees)
F,U! (Ts - I‘a),’(?g3 IH) and locate on x-axis of
T7el 2 oo ' - —t
Figo 3. T = FRlf(Ty = Ta)/(FalaTy)
Use 7ig. 4 o determine long-tarm average direct-
noraal irradiance Iy. .

<, —_ = ~ e 'fuitiply v=axis value v Fj, Fnng, and {1y = 30) >
e locate value of a,/[FgTang(Iln = 50)Y] on y-2:xis o : 2 B
.

-
£ :
Ttz. ? consistant with the intansity ratlio, site deternine 1q



Sten 3 -

Calculate annual shading loss factor and

annual end loss factor.

Fuan: Annual Shading Lass Multipler

wa. Annuat Stateing Loss Mulliphiar

NDeternine proposed ground cover ratio (GCR = collec-
tor aperture width/ row-to-row spacing).

Calculate reauired collector field size as A_ =
a./GCR. 8

field area 1is
If not, increase GCR or reduce Ac-

Determine whether enough collector
available.

Locate annual shading-loss factor (Fs de) on Figs. 5
or 6 for specified GCR and latitude of site.

Calculate field shading loss factor,
one unshaded row.

accounting for

1+ (NR -1)F

shade
F =
shade, field NR
GCR
10 : 0
L 0.3
a 0.4
0.95F
L
L o5
0.90~
\ 08
08 o7
- ; } JET SR S T P | . ] | Y e
Qs%s = £ 35 [ 35 50

Latitude (degrees)

"y

ig. 5 - Annual Shading Loss Multiplier vs.
Tatitude for EW Troughs

GeR
1.00 - I—— | 01
\

r 0.2
0.35

v 04

}

F

L
050 p-

E

Lattuge {cegrees)

)

ig. 6 - asnnual Shading Loss Multiplier ws.
latitude for ¥S Trougas
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e Correct ac for

Fshade, fleld*
o Determine end-loss factor for specified row length
(see Fig. 7).

e Correct ac for end loses by multiplying by Lend‘

shading 1losses by multiplying by

Step 9 - Calculate net annual energy collection (zaking

into account thermal transport losses).

Multiply the—energy collection rate per unit of col-
1ecto§ area ac by the collector area Ac to deter-
mine Q., the average annual energy collection rate of
the collector field.

e Since 6: 18 an average collection.tate (in W) based
on all daytime hours, multiply Q. by 1.5768 x 10’
(the number of daylight seconds in a year) to obtain
annual energy collection in Joules.

Step 10 - Calculate annual overnight cool down losses.

o Calculate (Mcp)s g the total thermal capacitance of
system component3 including piping, valves, insula-
tion, and heat transfer fluid. Also, include flash
tank or unfired-boiler fluid inventory. Do not
include collector absorber tubes, flex hoses or their
contained fluid inventories.

e Calculate (Mcp) oll the total thermal capacitance of
collector absotget tubes, flex hoses, and their con-
tained fluid inventory.

e Calculate average energy loss overnight from system
components based on (Hcp)sys and piping system UA
from Step 6.

(UA)gpq = Usdy + U i,

-4 (0
(e ) oo/ [ETA) o At]

Teue (T_ -T, )

0 = [1 - e p’sys'"s a,n

‘0,8Y8

Use At (average overnight cooldown period) = 354,000
sec (15 hours)

o Calculate average energy loss overaight from collzc-
tor components. (Assume these coirponents cool com-
pletely to ambient.)

Qo,coll = (”cp)coll (Tg = Ta,n )

e Calculate annual overnight cooldown losses.

\ 1
Qo = M4,c [Qo,sys + Q0,c0ll!

1.0
North-South
L = 25°
0.95F X
: \
4 North-South
L= 450 \
0.50F East-West
{all L)
0.85 : : : :
0 0.02 0.04 9.08 0.08 a.10
frL.
Tig. 7 - End-lLoss Tactor vs. Collector Focal

Length to Collector Length Ratio



where Vg,c = 239 + 0.2 Ty

Step 11 - Estimate the solar system use factor Fuse'

¢ Estimate the annual number of daylight hours that the
solar system 1s 1likely to be out-of-service due to
hardware problems with the solar system. Consider
collector reliability, and maintenance of system
level components such as circulatfon pumps and con-
trols.

o Estimate the annual number of daylight hours that the
industrial process will be nonoperational, and hence,
will not accept solar energy. This time estimate
should include scheduled plant shutdowas and
unscheduled shutdowns for maintenance based on his-
torical plant data.

o Compute the solar systam use factor based on the
total expected daytime hours of solar system downtime
and industrial process downtime.
(Yote: 4380 = annual number of daytime hours)

HR
process
dowatime

HR
solar
. _downtime
use 4380

Step 12 - Calculate annual energy delivery and solar
fraczion.

® Subtract annual overnight losses (Step 19) from the
annual energy collection determined in Step 9.

QY =Q -

e Multiply annual energy total by the use factor esti-
mated ia Step ll. This result 1s the solar system
annual erergy delivery.

e To obtaia that fraction of the process load met by
solar eaenergy (neglecting electrical parasitics),
divide the annual energy cdelivered by the annual pro-
cess load.

Qd
solar fraction =
‘1oad
EXAMPLE CALCULATION
A food processing olant near Tenver, Colo. wuses

1723 kPa (250 psia) of saturated steam at a rate of
5000 kg/h; (11,223 lb/hr) seven days/week, 24 hr/day.
A 2500 m~ trough AISR system {Alvis, 1983) is being
considered to provide some of the orocess steam. Cai-
culate the expected annual energy delivery of the solar
svstam and the fraction of the annual process load that
can he met Hv the solar system.

Treeq = 120°C

o Parabolic trough afficilency i3 given as
')

. AT LAT

n_o= .80 - .576 —= - 334 %)

- . . . T
- ‘.J

The :rera; ed efficiency equation, assuming T

160 U m™ - i

5 tast
152 ‘ ]

A Ay T
a, =0 - 576 2 - Loon3zs BTV

2 I
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From this equation both F'no and F'UL can be derfined.
F'n, =.80 and F'U; = .676 + .00033& AT
For AT = T, = Ty = 295°¢ - 11%¢ = 194°¢C,

F'Up, = .676 + .N00334 (194) = .741 ¥ m=20c1,

¢ The avallable land at the food processing plant is

limited to two acres. This land i{s immediacely
adjacent to the plant.
Step 2
e The industrial process energy use rate 1s:
Qload = Ms [hgg + ¢y (Tg = Tteed)!
_5 lhr a 5._£ oc -
=5000 (36003) [1.92 x 10 gt A% = Kgo" (205°%¢
120 o)l ”

= 3.203 x 10% 4

The maximum collector area A
rate 1is:

c,max for this anergy use

Ac,max = 0load/[F'Mo Imax - F'UL(Ts - Ta,max)] .

= 4007;

= 1100 o2 and T, o
,max

Using Imax
A = 3.203 x 10%/71.8(1100) - .741 (205 =~ 40)] =

c,3ax 2
4227 n 2

e The A, .. value of 4227 n° 13 larger than the YIS
collector field area of 2500 m“. fence, the 2500 m
MISR field is not too large for this {industrial pro-

cess.
o The MISR system under consideration has:

- a center feed piping layout,

- fourteen parallel collector rows,

- two collector drive striags per row,

- north-gsouth orientation,

- a total collegtor field Fflow rate (Therminol 69}
of 17.64 kg s~ (280 gpm),

- a row-to-row spacing of 6.1l m (20 ft) with a
collector aperture width of 2.44 = (8 ft).

e The MISR energy transport system has the followinz
characteristics:

- Inlet Header, 3-in. sch. 40, 150 m long, 3-i=z.
fiberglass insulation,
- Outlet Header, 3-in. sch. 40, 130 2 long, 3-ia.

fiberglass insulation,

- DRow-to-row piping, 1.25-in. sch. 40, 130 a long,
1,5-in. fiberglass insulatloa,

- Plpe supports every 4.5 7.

~ 28 collector row
iasulatad body,

igsoldtion valves, 1.25-in,,

- 593 expansion tank, 2-iuz.*fiberzlass iasulaticn
- 18, 3-in. isolarion valves, -lasulated bSody,

- 14, 1.25-in. oressure rellef valves.

™ ) - A -l"-
o R {:cp , . e .y
t AF'Y axp \ ,' ,
e [
¢Tp
(2300 S2500 (LTAY
L 17.64 {2367 msup - |3 I - = 9775
2500 (L7415 1754 (2300)
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T Sten A
g = T = L9775 (.80) = .782 —
e All energy transport components used in the solar
system are given in Table 2 along with their UA
?R -20_-1 o -20._-1 values. These U'A values are hased on data given in
Bl =& F'UL ®= 9775 (741 W@ TC ) = J26Wa TC T references 5 and 8.
Step 4 U4, = 163.2 5 ¢!

e Calculate Fg, the unfired boiler factor.

UA, = 128.1 W °c™t
The MISR system unfired bfiler 1s specifiefi to_lhave a o
Upd, value of 40,000 WOCT" (75,820 Btu hr™ °F)™ . T Uvo/ﬁ c
1 e Ro e cp
. - AcFRl -
Fg=Fp= R = o~ 128.1/[(17.64)(2300)]
. b N
Mccp{e ¢ Pa) = .997
1+ (2500)(.724) Tl ?Rfc', = .997 (.782) = ,780
= j ~64 + 230
(17.64) (2300) (e40,000/(17 6 23 0)_121 )
P, U} A /Mec | -4, /M
R°L /M e
Step 5 = .974 .F_U_.e°° cp i"1"eTp +
I RL e
e Reflective matarial samples were placed at the o c . . ]
proposed solar site as soon as the site was sel- e UA/Mc -U4A,/Mc
ected. An average specular reflectance loss of 5% AcFRUL (e 0o c¢cp e
per month has been measured. Since bimonthly con-

system, an average optical efficiency loss of 5% is - 907 -163.2/[(17.64)(2300)] N

expected over the long term. Because receiver clean- :
ing 1s a much easier operation than concentrator %5%:‘7_((.2_;&”_)( 128.11/[(17.64)(2300)]
cleaniag, the receiver will he cleaned biweekly and =/24) te —

centrator cleaning 1s anticipated for the solar [
e

only a 2% loss 1in average optical efficlency 1is = 163.2/[(17.64)(2300) ])
exoected. e
e The tested incident angle modifier of the collector = 1.153

at incident angles of 7.5°, 22.5°, 37.5°, 52.59, and

§7.3% are given below. 20,,~1

FRUT: = 1.153 (.724) = .835Wa ~C

K7.5 = 1.00 ng.s - 088
:‘:92 5 = .99 K67 5 = -55
Ky7.5 = +96 ) Step 7
37.5
For north~south troughs at latitudes near 40°, the FRUI'_ ('rs = Ta)
incident angle weighting factors (from Tabla 1) are: ¢ Intensity Ratio = f T T
10 - )
"-77‘5 = L35 '\'752.- a ,1 1
Jyal5 = 33 Wgg.5 = 01 335 W a7 (205% - 11%0) _ (506
a7 3 = .22 - =) = 0.39
37.5 .780 (525 W a 7)

Based on those values, the incident-angle modifier
annual correction can now be calculated.

T = .35(1.00) + .33(.99) + .22(.96) + .10(.88) + .0l(.65) ® Using a hand calculator rather than the grapiaical
Ta

technique:
= ,9824% v
q
® The effactive optical efficiency is: < = ,3810 - .3117 {0.395)
- FER' (T. + 50)
T, = 782 (.95)(.98)(.9824) = .715 R0 ° 5

Table 1. Incident aAngle Modifier Annual Correction Weignting Factor

Weighting East-West North-South
Factor All Latitudes 1=25°% 1=30° L=339 L=40° L=43° 1=350°
iy s 0.24 0.47 0.45 0.43 0.25 Q.20 0.26
W55 0.23 0.20 9.29 n.28 0.33 0.38 0.4G
LEea 0.22 0.1 3.17 0.18 0.22 0.25 0.26
W33 0.20 0.08 0.10 n.i2 7.10 0.07 0.07
P 0.15 0.00 0.C0 0.00 0.01 6.02 0.52
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Table 2. Energy Transport System Component Loss Coefficients

Quantity Component L'A(Woc-l)
Inlet Side Components
150m 3 in. sch. 40 piping with 3 in. fiberglass insulation 54.2
90m 1.25 in. sch. 40 piping with 1.5 in. fiberglass insulation 31.4
1 Unfired Boiler with 3 in. fiberglass insulation 11.3
1 Circulation pump, insulated, with seal cooling 13.8
1 Expansion tank, 3 in. fiberglass insulation 2.3
33 Pipe supports for 3 in. piping using calcium silicate 5.2
14 Pipe supports for 1.25 in piping using calcium silicate 4.2
1 Pipe Anchor 0.6
28 Flexible hoses, 1.42m long 30.8
10 Insulated hand valves for 3 in. piping 5.7
14 Insulated hand valves for 1.25 in. piping 3.1

Outlet Side Components

130m 3 in. sch. 40 piping with 3 in. fiberglass insulation 45.4

90m 1.25 in. sch. 40 piping with 1.5 in. fiberglass insulation 31.4

30 ?ipe supports for 3 in. piping using calcium silicate 4.9

14 Pipe supports for 1.25 in. piping using calcium silicate 4.2

1 Pipe anchor 0.6

28 Flexible hoses, 1.42m 1long 30.8

8 Insulated hand valves for 3 in. piping 4.6

14 Insulated hand valves for 1.25 in. piping 3.1

14 Insulated pressure relief valves 3.1

U 4 =128.1v°¢7"

+.3130 (0.3‘3"3)2 - .003919 (39.7)

2 - -
- .0 .7) (0. = .504 T -2 2
+ .003864 (39.7)(0.396) ~ .001484 (39.7)(0.396) 5046 0% mq 4 =223 % a2 (2500 o))

c c ¢
a =F.FA' (I, 4 .57 = 557500 W
. a Fspa'io (I, + 50) (.5946) 5575
= 974 (.780) (525 + 50 ¥ 2 2) (.5045) e Convertiag to Joules: .
557500 (1.5768 x 107) = 8.791 x 1012 7
- =2
= 239 T o Ste 11
e The total thermal capacitance of the enerzy transpor:
2rap 3 system ts 11.8 x 10° J 927* as ziven in Tadle 3.
. + 0a=1
e CCR = 3/20 = .40 (e ) gy = 11.8 x 10% 7 %z
o~ 2 2 2
° 4, = 4,/GCR = 2500 m™ (.40 = 6220 o%) e The total thermal capacitance of the collector svstem
o 6250 -.uz i{s 3ust over 1.5 acres. Since two acres is ts 3.64 x 10° J °C'L as given in Table 4.
svailable, the ISR system will fit In the space
Y 5 a1
allocated. s ) (.1c;‘)‘:01:l = 3,64 x 107 J “C
e Trom Tig. A f(for a latitude of 39.77), Fgy,eo 1S
I'e a2 '
0.95). " \UA)sys LiAi + UOAO
e ™a field shading loss Sactor i3 calculated based on o1
14 rows. = 163.2 + 128.1 = 291.3 w %¢™"
), - (e ) /T(TAY_ At
1+ (14 - 1) .95 o) ={1-e p’sys sy~ (Me ) (T -
A Tl . 954 ’ : wat
Fsh:-nie,fielcl - 15 = .95 9,378 - p’sys ‘s
a,n
- g =2y o a0g 1y o2 . 6
e = .95 (239Wa ) =228ua o [1 - e 1148 107/291.3(54000)17 4y 4 ,
® Four 5.1 2 long concentrators are mounted adjacent to 10’(205 - 5)
each other on each side of the drive assembly of each 9
row. Hence, L, = 24.4 2. The focal length of ech = 1.245 x 107 3
concentrator is 0.6l m. TFor L./f = 24.53/0.51 = 40 a s -7
Tig. 7 indicates L, = .98. ’ o Tocotr T Bleon s ™ Ta,0)
) 6 o.~1 9 (-]
- =2 = (3. ! M ¢l -5
o5 =0.38 (2287 a7H) =223 7 a (3.64 x 107 J € ")(205 )
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Table 3. Energy Transport 5ystem Thermal Capacitance
Quantity “Component Mcp (I9¢7H)
1 Pump 2 : 0.06 x 10°
280m 76mm (3 in.) piping with 76mm (3 in.) insulation 5.32 x lO6
180m 32mm (1.25 in.) piping with 38mm (1.5 in.) insulation 0.94 x 10,
1 Unfired boiler with 76mm (3 in.) iasulation 4.09 x 102
28 Insulated hand valves for 1.25 in. piping .16 x 106
21 Insulated hand valves for 3 in. piping .32 x 106
14 Pressure relief valves .16 x lO6
1 Expansion tank, insulated .78 x 10
6.0.,-1
(HCp)sys 11.8 x 10°J°C
Table 4. Collector System Thermal Capacitance
Quantity Component MCp °ch
1024m 32mm (1.25 in.) absorber tube, 3.27 x lO5
including contained fluid 6
56 Flexible hoses, 1.42m long, .37 x 10
including contained fluid
" N 5.0.~1
(.{Cp)coll 3.64 x 10°J°C
K ¥ £ .
- 7.23 x 108 J @ Multiply by the solar system use factor
. 12
o 239 + 0.2 T Qd = (.954)(8.112 x 10™" J)
d,c b
= 239 + 0.2 (525) = 344 days = 7.739 x 10*2 7 (7.336 x 10° uBew)
9 3 ¢ Calculate solar fraction.
Qo = 344 [1.243 % 107 J +7.28 x 10" J]
. he ¢ dayy 3600s,
Qpond = drong (24 15 (365 - 12 422 (2600
- 5.79 x 1011 3 load load day 7T hr
. 6
-, = 3,20 W
Stes 11 TOT 0)gaq = 3203 x 1074,
. 13 -1
o Considering the past reliability of trough systems o} = 9,769 x 10 J rr
load
and the availability of an on~site maintenance crew n 12 -
24 wr/day, it 1is expected that the entire collecror “4 7.739 x 1077 J vr
M - solar fraction = =
system will rarely be out-of-service. Tour davs (43 Qoad 9.769 x 1013 7ot
davlight hours) of system downtime 1s estimated. e * 7

Additionally, one drive string (out of 28) 1is esti-
natad to he down two days {24 daylight hours) of each
aonth or 238 daylight hours per year. Because there
are 28 drive strings, the entire collector systsm can
he equivalantiy considered to be down 10.3 hours (=
288/28 hrs). Hence, the total equivalent solar sys-
tana downtime is S8.3 (= 48 + 10.3) daylight hours.

= 0.079 (7.9%

A detailed hour-by-hour SOLIPH computar run was nada
as a comparison to the stap-by-step procedure
resulz. The Denver TMY tape was used as the weather/
irradiation data btase, Tae _annual energy delivery
result was 7.437 x 10*° J yr_l. This result comparas
4R solar downtime = 58.3 hr/vr.

very closely (within 27) of ths step~bv-step pro-
- . edure result and attest to the accuracy of the
e The food processing plant has a one week holiday :imnli‘ied aner ca’cul'tfon method ac ‘ -
shutiown in December and a five day shutdown in early SEEE 8y calculatz s
spring. This amounts to 144 lost daylight hours per
: . HR = 144 .
vear. HR process downtime 44 hr/yr ACRNGWLEDGEMENT
58.3 + 144
b - .954 3 . - :
® fuse T L 4330 = 0.3 Thanks are expressed to the other cc-authors of Desizn
ar . Aoproaches for Solar iIndustrial Process Heat Svstams
=82 :s and to the WY.S. Department of Znergy {or supporting

.y this work
o Subtract innual overaight losses. :

27,=0_ =19
q e o) REFERENCES
- - 11
a 3,701 x 1077 J =~ 4,79 x 107" 7
T 9 !, Alris, R. L., "azmeron, (. P., Lewandowski, A. A.,
= 3,112 x 1C J "Solar IPY 3ysteas Developed Tadsr the 12esariment
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