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ABSTRACT

This study outlines a method by which the feasi-

bility of using solar energy in a food processing plant

can be determined. To demonstrate the procedure a vege-
table canning plant located near Madison, Wisconsin is
analyzed.

The canring plant processes approximately L7600
¥1loerams (ca. 3.5 tons) of peas perhr. and 80,000 ki~
lograms {ca. 22 tons unhusked) of corn perhr. each for
s seven week period. The total canning season begins

aheut the second week in June and ends about the

third week in September. For each ol tThe Iwo CAnning
seasons, those unit operations reauiring hot water at or
below 1@00 c (212O P) were considered and energy rates
were determined. Production records were used to find
hourly, dsily and seasonal variation in thegse rates.
This energy represented about 15% of the total proces-
sing energy demand.

Plant bulldines must be maintsined at or above
12.80 C (SSOF} to protect the warehoused product. The
energy recouired to meet this spsce heating demand was

ectimated from the plant®s natural gas meter readings

and heating efficiency using the degree-day method.



v
The combined energy required for gpace nweating and for
processing water below 100°C was found to be aboutb 5 0%
of the total nlant energy demand.

The solar eneray collection systems congidered in

thig study are forced aireulation liauid systems-with

flat-plate collectors and water tenk to store sensible

nhest. The fraction of the plant's energy demand supclied
by solar systems of various sizes ware determined using
computer programs developed by the Solar Energy Labora-

tory of the University of Wisoconsin-Madison.

The economioc feasibility of installing 2 anplar S
ergy aystem in the plant was jnvestigated by condusting

y o )

o -yasr-11Te cyele cost studies of estimated plant energy

nosts with and without 2 salar energy system. Optipun
solar system collector sizes are determined for various
avstem costa, packup enersy cogts and projected_fuel i

f1lation rates.
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NOMENCLATURE

BE 9olar backup fuel

Cmin mindimum fluid capacitance rate for space
heatinz load heat sychanger

n.p degree-3aY

el, effectiveness of sSpace heating load heat
exchangel

GJ giga joule = 109 joule = 9.48 x 10" BTU

H instantaneous total solar radiation on &
norizontal surface

HT jnstantaneous total solar radiation on &

' tilted surface

e kilogram = 2.20 pound

KJ Kilo joule = 107 joule = .948 BITU

1 Titer = 264 gallon

Ls monthly space hesting load

M meter = 3.28 feet

My Flowrate of fluid to load and from mains

T storage tank temperature

Ta ijnstantaneous ambient temperature

Tomb daily average ambient temperature

Tenv temperature to which storsge tank energy
losses ococur

Ty, temperature of fluid entering storage tank

éenv

Qtank

rate of energy 1oss from the tank to the sur-
roundings

rate of anergy delivery from the tank to the load



Qu rate at whieh energy is transferred to tne
storage tank

¥4 overall building energy loss ccefficient-
area product

W wall = 1 joule - sec

FANC net chsnge in internsl eneray of the storage

tank fluid




1.0 INTRODUCTION
Approximately 17% of the total U.S. energy Con-
sumption is attributed to the food systems (1). This

f4izure includes energy used for production through pro-

cegsing, distribution, and preparation. Fnergy in pro-
cessing food products accounts for approximately 30%

of the totsl energy used in the food system: and 6801w
mates of energy sSources show that nearly 50% of the
enerey is obtained from naturel gas with about 30% pur-

chaged =g electricity {2). Due to the ever increasing

cost of fossil fuels and the depletion of their suppllies,

ather forms oOr SOUYXCes of energy for the food proces-

sing séﬁtﬁr—mngt—%e—eensidexsd- A particularly attrac=

tive alternative energy source g solar energy ().
Precently solar energy i1g being used directly in
food préééééiﬁg for producing sun-dried fruits and vege-
tables. Sinece this process alters product characterig~
tics significantly it cannot be viewed as a preservation
method of zreat importance. There are however several
unit overations in which solar energy could bhe used.
These include: (1) heating water Tor cleaning, pPrecook-
ing and feed to hollers, (2) heat for pasteurization of
fruit juice and milk, and (3) heat for temperature con-

trol in warehousing procesgsed (primarily canned} foods.
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Proctor and Morse (L) studied the energy demand in a
Coca-Cola plant in Australia to provide data on the
1evel and rete of energy demand. They found that ovelr

Lo% of the totsl heat renuired was in the form of pro-
o

cess water a2t 60-80 C.

A study of the type conducted by Proctor and Morse
31 necessary in srder to determine the apparent compata-
pility of solar energy gystems with a particular food
processing plant. Thisg is due to the intermittent sup-

ply of solar energy and the variation of energy use,

both seasonal and hourly., of a plant. Hoewever, the nedc

esgary hourly aggessmént of the unit eperations”ﬁf.fnod

pracessing plants can not he found in the literature.

The FEA target gorsls for the energy reduction in
the food snd kindred products (SIC) divislon (5) identi-
f4ed speciflic areas in which each processing system
could glgnificantly improve its enerzy utilization.
However, generally these guidelines jneluded only gross
energy filgures rather than the specific information
necesgsary to generate an nourly energy demand model typ-
jeal of the industry. Likewige, the literature dealing
with production waste streams indicated areas of energy
waste, but was too general to be of help in gemerating

the energy demand model. Since much of the necessary



data 2re missing and since there 1s no convenient way to
retrieve the informatlon, it 1g necesgary to acquire the
dats through messurements on 2 particular plant.

The purpose of this jnvestigation is to outline the

nrocedure _necessary to evaluate the compatibility of so-

iar energy with = particular food processing plant. First,

the decision making and data generation process for de=

termining the energy demand model for s plant is outlined.
And then, after a discussion of the particularsg of a so-
lar energy collection gsvstem, the manner of determina-

tion. of the performance (both thermal and economic) of

gqueh a svstem is detailed.

To demonstrate the procedure, =2 vegetable canning

plant is analvzed ae toits cuergy—%eau%$emnnt and_ the

feagibility of retrofit with 5 solar energgy collection

system. The plant is located nesr Madison, Wisconsin

and nroduces canned and frozen peas and corm. An at-
tempt was made to isolate the energy reguirement fThat
was due solely to the canning operation. It wasg felt
that separation of the freezing operation from the can-
ning would result in an snalysis applicable to 2 lar-

ger number of plants =since most vegetable processing

plants do not have hoth freezing and canning opera-
tions. The task was made esgier by the simultaneous

oversll energy analysis which was being conduected by



snother research team on the same plant (6).




2.0 ANALYSIS OF ENERGY DEMAND
A food processing plant has two hasic demands for
energy. Lt requires hot water streams of various tem-

neratures to service the unit operations involved in

processing raw foodatuffs. Energy 1s also needed to
space heat plant buildings during the winter season.
2.1 PROCESSING ENERGY DEMAND
5.1.1 GENERAL CONSIDERATIONS
The processing energy demand czn be character-

jzed in terms of hourly water flowrate and tempera-

ture renuired for each unit operation and the time It

1 recuired. Daily variations in this demand rust then

be determined from production records. To simplify the

computer simulations to be done in this study it is
necessary to develop a convenient repeating unit con-
tatning model days determined from these records.
These model days include start and stop times for each
unit operation and the mass flowrate and temperature of
water reouired. As most industries have elther a five
or six day work week, an appropriate repeating unit
would be a model week with one or two model days having
zero mass flowrate of water.

2.1,2 CANNING PLANT PROCESSING ENERGY DEMAND

The unit operations necessary in the cannling process



are outlined in Pigure 1. The product arrives at the
plant fron the fields via tyuck whersupon 1t jg washed
with cold wateY. Tt is then fed into a blancher which
1g a tank maintained at approximately 8?0 ¢ by direct

injection of cteam sand through whtch the preduct is

moved by a chaln conveyor, 1in the blasncher, sir g elifm-
jnated from the tlssues and enzymes are deactivated.

High overflow ratesg and hence 2 large make-up of hot
water is recuired to avoid the development of off fla=-

VOTS.

From the blancher the product 1s transported to the

filler by means of the flume transport system. This sys-
O

tep is maintained at @ btemperature of approximately 71 C

and alsoc has a2 high overflow and mekeup rate for the samne
reagons outlined for the blancher. The blancher and
fiume system Are also drained, rinsed and refilled sev-
aral times during the course of a day.

After leaving the flume system the product is de-
watered and vlaced i & can. The can topper then fills
the can with fresh hot water from a stsam heated tank
at anproxlmately 710 ¢, salt water 1s 2dded, and the can
ig sealed. |

Next the can travels via conveyor through a contin-

wous retort. Here the contents of the cans are thermally
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o
cterilized at high temperature (180 ¢} via direct steam
and in the =same apparatus cooled under pressure to a-
void swelling. The cans are then stored in the ware-

house.

The plant contains three such geparate Blaneher,
canner and cooker lines each serviced by the flume trans-
port system. he three line set-up allows the plant to
operate efficiently considering the availability of crops
and possible breakdown of one system component.

tonsidering the present nonfesasibility of producing

ateam with solar enerzy 1¢ was declded that only those

unit operations which reouired water at temperatures less
o
thesn 100 € would be considered in the energy demand Moo=

del. The unit operations, and thelr respective tempera-
tures clearly 1dentified as heing potentially compatible
with solar energy are:

O
blancher £ill and makeup water (87 C)
can topper fill and makeup water (71° C)
fiume fill snd makeup water (710 C)
elean-up water (607 C}
botler makeup water (100 ¢)

{plant has no condensate return)

wn B o
\_d‘_&u_fvv

Due to the zrowing seagon, the canning season ¢an
pe divided into two periods: the csnning of peas and
the canning of corn. production days in a canning plant

vary due to weather, availability of crops, etc. From
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production records 1t was readily apparent that for peas
there were three distinct model days anich differed bagl=
cally in the start-up and stop times and in the number

of lines used. Three days of the production week started

at DBOO and ended at 2400 witn +hree LiNes running, two

days started at 1200 and ended at 2230 with two iines
running, and one day started at 0B30 and shutdown at

1R800 with three 1ines running. On one day Mo processing
ocecurred. Thus +hese fTour model days were used bto gener-

ate a model week.

For corn processing thwe harvesting apnd the produc-

tion was very cornstant and nences one model 4ay. gtarting

=t 0700 and ending at 0200 with two lines running. was

repeated throughout the aix da¥y production WeeK. LETmim
the model weesk contained one nonprocessing day. <The oh-
1y process difference in canning peas and corn is that
carined corn 1s not blanched.

Derivation of hourly water models for each of the
unit ovper=mtions came from actusl meter readings or from
material balances around the unit operationg. Table 1
contains the F1311 and flow water reguirements and the
time dependence of each unit operation. Thege data are
presented graphically in Pigures 2 thru 10, The sum of

the water requirements of these unlt operations for each



Table 1. Tine anhedule for the Canning Plant

PRAS '

Oneration i1l Plow Tlow Flow Fill
Pimes  Start  Stop ¥G/HR KG

Model 1 (3 dzys of model weelk)

Rotler Feed ni 30 2400 5400
0800

Blanchers {1200 0800 2h00 2300 5400
1800
0800

lume ilzoo §1510 18] 200 lish?2 14160
1800

Topner n8no 0800 2400 6000 1784

flean-up ity 0500 oROND 117369 6H6

1800 18130

Madel 3 (1 day of model week)

Boiler Feed 05130 18130 5200

Blanchers {0830 N8 30 1800 2300 500
1200

Flume 0830 NR 30 1800 hsh2 14160
[1200

Tanper 0830 08730 1800 £000 3785

Olean-un 05730 D600 Y0 43650 £64

Wadel b ( 2 days of model week)

Boiler Feed 08730 2300 4120

Blanchers [1200 1200 22730 1500 4050
1800

Rlume [1200 1200 22130 3028 14157
1800

Topoer 1200 1200 2230 LOOO 3785

Clean-up 0830 0900 1200 11360 666

CcoRY

Wodel 2 (&6 davs of madel week)

Bpiler Feed 0330 0200 51350

Flume [ 0700
1200 0700 0200 2028 14187
1800

Tapper 0700 0700 0200 4000 3785

0lean-un 0330 ob0o n700 1130 666
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canning season 1s displayed in Figures 11 and 12.

The pea pack begins approximately in the middle of
June and continues £111 the first week in August. The
corn pack begins soon after the end of the pea pack and
continues until about the third week in September. For
ench of the products the production rates (daily average)
were: for peas, 47,000 kilogrens per hr. (ca. 3.5 tons
peas processed per hr.) and for corn, 80,000 kilograms
per hr., (ca. 22 tons anhusked corn per hr,). These pro-

duction rates come from actual canning records plus the

amount that would have been canned had there been noe
freezing operation.

The energy calculations for each of the unit opera-

tions snd the determination of the fraction of the total
plant processing energy compatible with gsolar 1is oﬁtlined
im Tables 2 thru 4., The total energy used by the plant
was obtained from meter readings which were adjusted for
boiler efficiency (80%) and line losses (15%) (See Table
2). The enerzy which went to planching frozen products
{the only large use of energy in the form of hot water
for the freezing operation) was determined and subtracted
from the plant demand. Also the energy available to the
nlant was increased by a factor representing the increase

in plant energy use if the frozen vegetables were canned.



Table 2

Total Energy Demand in the fanning Plant

From Natural Gas Meter Readlings

Basis-A Typlcal Week

23

Peas
Total KJ Available 1.7 x 107 GJ
aoiler Efficiency (80%) 1.18 x 10°
Iine Loss (15%) .00 % 10°
Tegss Frozen Peas 9.39 x 102
Plug Cenned Not Frozen 129 % 103

e.2. 1.29 X 103 GJ used

for processing

Corn
ko 35

Total KJ Available
fBoiler Efficiency (80%)
Line Loss (15%)

Less Frozen Corn

Plus Canned Not Frozen

e.g. 1.85 % 10

2.09
1.67
1.b2
1.33
1,85

X

X

X

3

10" GJ

1.0?3

10

10

10

3
3
3

3 GJ used for processing
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Table 3

Breakdown of Energy Demand

Compatible With Solar
Ry Season and Unit Operation

Q(energy demand compatible with solar) ::E}iﬂicp(TiuTmain)

where
ty = time of flow (hr)
Mj = mass flowrate of water (Kg/hr)
Cp = heat capacity of water = .19 (KJ/Kg-°C)
Ty = renuired temperature for unit operation (°C)

Tmain = temperature of mains water = 11.1 (°C)

PEAS CORN
unit operation T4 (°C) Kg/?7wks GJ/7wks Keg/7wks GJ/7wks
Boller Feed 100 3.8%106 1.42¥103 h.ox106 1.84%103
BTancher 8A—1-6%106 5. 12%102 " -
Topper 7 2.9x106 7.29%x107 3.0x10% 7.44%102
Flume 21 3.1x10% 7.70%102 3.3%106 8.28x102
Clesn-up 60 1.7%106 3.40%102 1.8%100 3.59x102

T AX107 3.77%x103 1.3x107 3.77x107

Total Plant Processing
Demand Compsatible _ 7.5bx107 GJ/1bwks
With Solar Energy
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Table U4

Percent of Canning Plant fnergy Demand

Potentially Compatible with Solar Energy

Basgis - A Typleal Week

Pea Canning

Weekly Demand 1.29 x 107 GJ

5.4 x 10 GJ

Demand Compatible w/Solar

4 Demand Compatible w/Solar b2.,1 %

Corn Canning

3
Weekly Demand 1.85 x 10~ GJ
Demand Compatible w/Solar 5.4 x 102 GJ

4 Demand Compatible w/Solar 29,2 %
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Thig last ad justment assumes the linearity of energy
demand with production rate which 1is reasonable consld-
ering the nature of the unit operations jnvolved in the
canning processe.

Next the water and energy requirement for ezch unit
operation for each season 1is determined. This calcula- .
tion is presented in Table 3, and represents the amount
of plant energy use which is compatabile with solar.
This corresponds to an (solar—compatible) energy de-

mand for each processing season of 5.4 x 102 GJ per typl-

sal week. Table U4 combines the +egults of Tabhles 2 eand
3 to determine the percent of canning plant energy de-

mand compatible with solar energy. This value for pea

and corn processing 1s b2 .14 and 29.2% respectively.
5.2 SPACE HEATING ENERGY DEMAND

2.2.1 GENERAL CONSIDERATIONS

The space heating demand of any structure is in-
fluenced by many factors such as 1ts geographic loca-
tion, architectural design, orientation and construc-
tion quality. Many different methods of calculating
apace heating demands have been developed, ranging in
complexity from the simple degree-day method to de-
tailed computer simulations using hourly meteoro-

logical data. A1l of these methods involve some de-
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gree of uncertainty.

The design heating load which is unged in deter-
mining the long term performance of a solar system
can be found in geveral ways. For new structures 1t
may be determined using the building construction and
the methods described in the ASHRAE Handbook of Funda-
mentals (7). Alternatively, if records of fuel Tre-
quirements are kept, the space heating demand may be
estimated using degree-day ecalculations (8).

2.2.2 CANNING PLANT SPACE HEATING ENERGY DEMAND

The builldings of the canning plant reouire a minl-
o
oum set temperature of approximately 12.8° ¢ (55° F)

to prevent condensation of water and hence potential

gurface damage to the cans 1in storage. The dimensiols
of the plant and its layout are given in Figure 13.
The processing building is of poured concrete con-
struction with no jnsulation. The warehouse area con-
sists of gseveral connected buildings. Two of these
are old wood frames with a sizable amount of window
area., The other warehouge areas are sheet metal con-
structions. The warehouse buildings are in general
very poorly yjngulated. The reguired space heating is

provided by ceiling mounted natural gas fired heaters.
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The space heating energy demand for the buildings
was estimated using the degree-day method (8). This
method assumes that the space heating 10ad for a month,
is, 1s approximately nronorﬁianal to the number of de-
gree-days in that month, DD, with the overall building
energy loss coefficient, UA, being the proportionality
constant:
Ls = UA x DD

The number of degree-days 1s the difference between the

required building temperature and the mean ambient tem-

perature multiplied by the time perlod ot the analysis.
The effective UA of the pnlants buildings was cal=

culated using plant records of natural ga=s usage for the

1976-77 winter season and daily maximum and minimum
data of ambient temperature for the same perlod provid-
ed by the National Weather gervice Office at Truax
Field in Madison, Wisconsin (9). The natural gas

usage is presented jn Table 5. The data is converted
from cubic feet to BTU's corrected for heating effi-
ciency (0.80) and then converted to GJ's. Monthly
average demands are estimated using linear corrections.
The degree-days during these months were found by sub=-

tracting the average ambient temperature from each day
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from the required set temperature, 12.8O ¢, and sum-
ming the positive differences over the month. These
values and the eslculations of UA for each month are
presented in Table 6.

Degree-day calculations work best for periods of
time where the ambient temperature is always much low-
er than the desired building temperature. For this
reagson the UA found for January, February and Decem-
ber were averaged to obtain an effective building UA

of 2.886 x 10u W/%C. Using this value for UA and

values of design degree-days per month, an average space

heating demand for each month can be found.

- These desien desree-days ver month are found by

subtracting the long term average ambient temperature

for 2 month from the desired building temperature and
multiplying by the days in the month. WMonthly long
term average ambient temperatures for = number of lo-
cations mav be found in reference {8)., Table 7 shows
the caleulation of the design degree-days per month
and the design heating load per month. This space
heating demand is a suitable estimate for design pur-

poses.
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Table 6

Determination of Average UA

S S Heatins Load (GJ) 5 Month
og Month De%gg§-DaYS
_ 9
X Bty o

Heating Load Degree °C W

from Plant Rec.(GJ) Days UA . (E)
January 77 2001 882 2.626 x 107
February '77 1243 504 2.854 x 104
March v 718 257 3.234 x fLULL
Aoril ' 927 376 61 7.134 x‘mLL
October '76 308 192 1.857 x 10%
November *76 1579 16 4,098 x 10"
December '76 1916 _718 3.089 x 1%

8141 3060
Avg Jan Feb Dec

UA =UaA - + UA + UA _ .85 x 10&

3
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Table 7

Determination of Design Space Heating Load

(D«De)desien = (_12.8-Tamb)X days/month

Degign Heating Load = UA;E X (D.D.)design X (86400 fi )
G - day W
ua = Ua%"E = 2.856%10™ .
°¢
(n.D.)design Design Heating Load (GJ)
January (12.8-(—8))(31) - 6l 1589
Pebruary (12.8-(-6))(28) = 526 1298
March (12.8-(0N (3T = 296 977
April (12.8-7)(30) = 174 429
October (12.8-10)(31) = 87 215
November (12.8-1)(30) = 354 a7k
DecembeT (12-8-(—5))(31) = 552 1362

2733 B7LL

-
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3.0 .THE SOLAR ENERGY COLLECTION SYSTEM
3.1 GENERAL SYSTEM DESCRIPTION
Salar energy intensity incident on the earthts sur=-

face 1s low. integrated enersy ausntities however are

aizable. For spgtance, 1in Madison,wiscdnsin the-aver
age annual aclar energy incident per day on ap acre of
ground 1s eouivalent to about 10 barrels of oil (107,

in this study the salar collection systems consid-
ered contain filat-plate collectors. The flat-plate col=-

1ector i1s a unigue neat exchanger which uses & black ab=-

sorber plate to abzorb solar energy. Ducts or tubes-ear-
ry air or 1iouid that remove energy from the plate. Loy~

ara-of alr bhetween the plate and its cover {usually made

of elmss) provide tranaparent tngulation and thus re-
duce heat 1lo88. Conventional jnsulation 1is provided on
the backs and edges of the plates. The collectors are
mounted in a fixed position which maximizes the amount
of useful collected energy.

Flat-plate collectors are designed for applications
repulring energy delivery at moderate temperatures, up
to about 1000 ¢, They have the sdvantage of not re-
auiting corientation toward the sun and needing little

maintensnce. They are mechanically simpler than con-
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centratineg reflector, absorbing surfaces and orients=
tion devices of focusing collectors. A more detailed
discussion of the flat-plate collector 18 presented in

Solar BEnergy Thermal Processes (113,

Considering the large smount st ot -water-re-

quired in food processing plants and their already
exlsting backup system (ateam boller) a licuid solar
system is & mWOTE appropriate shoice than an air system
for retrofit. An air sclar system cireulates 2ir

through the flast-plate collectors and then etither di-

rectly to the room for spsce heatlng purposesqwthroughwwWWWWWWWWWWWW

air-water heat exchangerl to provide hot water or to 2

Tarze pocked bed of rocks for sensible heat storage

for energy use later. The air-water heat exchamger.rew
suired for the »aiT system to provide procesSsing hot
water would have to be very large. A 1iguid solar sys-
tem circulates 1icuide and stores sensible ensrgy in a
large tank of water. In this gysten a large liguid

air hest exchanger 15 reounired to provide space heat-
ing. Since the space heating 1oad in a food processing
plent is usually smaller +han the processing energy
1oad, the liouid system seems ta be the more appropri-

ate cholce.
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4 schematic diagram of a 1iguid solar heating syS-~
tem integrated into a food processing plant is shown
in Figure 14. The system considered uses antifreeze

and water as the energy tranafer and storage mediums,

respectively. The antiffEEZE“solntienwiswairculated

through the collector to avoid the problems of f'reeg-
ing and corrosion. A double-walled heat evchanger 18
geneTally reguired between the antifreeze end water
nged in processing foods by gmovernment regulations.

The plant's boller and steam lines provide energy for

both the space and wailer heating loads-when-the eners=
gy in the storace tank is not sufficient to do the

job. Controllers, relief valves, pumps and piping

maka=Up the remaining ecuipment.
3,2 DESIGN PARAMETERS
When designing a solar energy system, a number of
important parameters must be considered. Three such
parameters which have attracted much attention are
the collector fluild flowrate per unit callector aresa,
the storage volume per unit collector area and the

size of the space heating 1oad heat exchanger.

ohviously for maximum solsr energy collection, the

liguid fluid fiowrate would have to be infinitely
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lsrge. It has been found however, that only a small
zain in energy collection is realized if the collec=
tor fluid flowrate is snoreased above about 5S4 liters

per hour-sauare meter. This value 1is widely used in S50~

1ar system design (8).
From many simulation atudies, it has been found
thet 1if the storage capacity 1s greater than about 50
1iters of water per sguare meter of collector, only
small improvements in system performance 1g attained

freom added storage volume. Congidering the costs of

+the ctorage ares, broad optima in the rsnge o 50-to
100 liters of water per square meter of collector have

been found for domestic space heating applications (8.

The value of 75 liters of stored water per souare meter
of collector is commonly uzed for design pUrposes.

The third important design parameter is the size
of the sprce heating 10ad heat exchanger. The amaller
thisg heat exchansger 1s. the higher the storage tank
temperature must be to supply the same amount of heat.
A larzer storage tank temperature results in hisher
£iuid temperature entering the collector with neces-
ssry reduction in collector efficiency. The size of the

heat exchenger can be represeﬂted hy the dimensionless
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parameter:
er, C nmin / UA

where:
er, jg the effectiveness of the water-air
Toad haat exchanger

¢ min is the minimum fluid capacitance rate
(specific heat of the £1luid times the mass
flowrate) in the heat exchangeT. This is
generally that of the air for this heat ex-
changer.

UA i1s the overall energy loss coefficient-
ares product for the building.

The optimum value for this parameter is infinitely

e, HoWwever, only 2 small jmprovement in solar

svstem performance 1e achieved for values grester

than about 10. When costs are sonsidevred, practical

values of the parameiers 2ra foarmd—i—the—rah
1 to 3 {8).

Other important design parameters af solar syg-
tems are the collector area, the transmittance of the
transnarent collector cover system, the absorptance of
the collector plate, collector orientation, collec-
ror heat loss coefficient, storage tank heat loss CO=-
efficient, collector efficiency factor, ground reflec-
tance =nd heat exchanger effectiveness. Typleal values
of these parameters can be arrived at by the methods out-

1ined by Duffie and Beckman {11).
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3,3 DETERMINATION OF SOLAR SYSTEM PERFORMANCE
The performance of o solar energy collection sys-—
tem in a food processing plant can be determined
using two computer nNrograms developed by the Solar Enerw=

gy Laboratory af the University of ¥igeconsin-Madison.

Thege programs are TRNSYS and FCHART.

TRNSYS (12) is =2 modular solar energy simuls~
tinon program written 1n Fortrsn that solves for the
transient performance of avstem components {ecollectors,
ghorage, DUMDS, etc.) joined tomether by informastion

flow which represents pipes, ducts and wires in re-

gponse to time varying forcing functinns like hourly
meteorolozical data and the nourly hot water demand.

meTSTSoomyonent—rodels sre self-contained sub-

routines having constant parameters, user supplied, de-
geribing the modelled hardware, time varyling “§nputs®
representing time dependent information flowing into
the model, =2nd time varying % aqutputs® representing
time dependent information flow out of the model. TRNQ
gY8 ineludes all of the mechanics necessary to govern
input / ocutput ovnerations and solve the components®
cimultaneous 2lgebrailc and differential ecuatlons re-
peatedly.

TRNSYS models the thermal performance of flat-
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plate aoliar collectors with forced fluid circulation
neing the model of Hottel (13) and Whillier (1b). (See
also Bliss (15Y.) This model, HW, leads to computation-

al simplicity and excellent agreenent gith more elab-

apate rodela. For a Jetailed degeription of the HW

moﬁal ges Duffie and Reckman (111}

FOHART is A somputer program which estimates the

long-term thermal performance of a standard solar ener-

gy system developed by Klein, et. al. (8). The f-chart

approach 1s te tdentify the important aimensionless vari-

ableg of solar enersy systems and. Lo use detailed compu-

ter simulations to develoDp gorrelations metween these

variables and the long-term performance of these 8sys-

tems. The regult is 8 simple meshod requlTills o
monthly average meteorological data which can he used
to estimate the 1ong-term thermel performance of solar
heating systems as 2 ronction of the major system de-
gign parameters.

FOWART has the advantage of heing computationally
simpler and henne mMoTe economnical than TRNSYS but ne-
cessarily does not give sufficiently gecurate regults

for design purposeés. This i especially true in the

case of sndustrial Wwot water demand. The fachart method

4 bhaged on Aan averags time distribution of water usage



Lz
tvepical of a residentizl home, basice2lly the same hourly
Aistribution, seven days a2 week. Hot water supplies for
industries are needed on five or six days of the week,

and not on the weekend. If water is not uged for one

or EWo davy of the week; the temperature -of-thewater

in the storage tank will rige, and energy will then he
collected less efficiently. In this case, the frac-
tion of the heating load supplied by solar energy as
Aetermined by the f-chart method will be too high.

The f-chart method can be used to estimate the frag-

tion of the gSpace hesting Toad which wonld be suppiied

by the selar svstem., This can be done with reasona-

hle meccuracy when the space heating and processing sea-

anng 4o not overlap and when the desired room tempera-
ture is not far from ?20 #, If the space heating and
processing seasons do overlap, the storage tank will be
suoplying energy to both demands. Here, combining FCEART
apace heabing and TRNSYS processing simulations would un-
derestimate the performance of the system by notb taking
inte sccount the lowered storage tank temperature and
nence higher collection efficiency. In this case TRNSYS
should be used to determine the performance of the solar
system in meeting the processing and space heating demands

simulteaneously. If the processing and space heating sea-
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song Ao not overlap, FCHART would be able to give a suf-
ficiently accurate determination of the fraction of the
gpace heating demand met by the solar system.

Due to the change in incidence angle of solar radia-

plant energy demand between space heating and processing,
an optimum collector orientation must be determined

which will be unisue to the plant in guestion. This ori-
entation can be determined with sufficilent accuracy using

FOHART with the appropriate approximate monthly space

neating and processine energy demand. The orientation
paramaeters are varied until the fraction of enerzy sup-

nlied by the solsr system is maximized. These ophimun

parameters are used in the individual FCHART and/or TRN=-
3Y3 experiments.

The recommended procedure to evaluate the thermnal
performance of a solar energy system is to combine the
accuracy of THNSYS with the less expensive nature of
FOHART. This can be done by first carrying out TRNSYS
( and PCHART if the space heating season does not over-
l2p a processing seagon) determination for each seasonal
demand and then combining results to obtain a yvearly

fraction of the energy demand supplied by solar energy.
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These determinations should be done at equally spaced
solar systems sizes (collector areas) up te a reasona-

ble 1imit. This limit could be imposed by avallabili-

7--of-roof-area. oy collectors, economlce constraints,

or energy reguirements.

POHART can be made to duplicate the above caleulated
results of the solar system performance. Using f-chart
version 3.0 {(which allows variable water set t=mpera-
tures per month and thus different monthly energy de-

mand for hot water) a model 18 constructed consgisting

of parsmeters to matoh the total snergy demand for the

plant in cuestion. The parameters are then ad justed

suech that the f-chart predicted system performnee—comn

pares as favorably as possible to the above calculated

results {keeping the energy demand constant). In effect,

even thoungh the f-chart method is not designed to investi-

gate the performance of an industrial solar system, it

can be forced to mateh ealeulated results at equally

spasced collector areas and then be used to interpolate

performance at other collector areas. These results

are sufficiently sccurate and less axpensive to obtain.
3.4 PERFORMANCE OF CANNING PLANT SOLAR SYSTEM

in order to determine the performance of 2 solar
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enerzy system 1in the canning plant, it is necessary to
characterize the aystem by realistic paramefters. Table

8 1ists the values af the parameters used in this study.

FT%
i

nege-¥alie s 2re typical of & collector system with TtwWo

glass covers. Multiplie transparant covers reduce CcoON-
vection heat losses. The collector slope of 369 is the
optimum collector orientation for the plant. It was
determined by ingerting into FCHART the monthly space
heating demand and approximate monthly vprocessing demand

”(alnng”with—thewpargmafprs in Table B). The slope was

then varied until the vearly performance of the solar
syatem WAS maxinized. This collector slope 1is uged in

211 simulations.

3.4,1  CANNING PLANT SOLAR PROCESS ENERGY

The performance of the solar system in meating the
processing dewmand 18 determined using TRNSYS. The me-
tesrological dsta used in the simulations is the "degign®
year for Madison developed by the Solar Energy Laboratory
nf the University of Wisconsin (16), using eight years
of meteorological data. The design year was constructed
by selecting, for each month of the vear, that month of
data from the gizht year period which most closely eor-

reaponded to the average monthly insolation and ambient
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Table 8
Specifications of a Two Glass Cover
Plat-Plate Collector Solar System

Mzdison, Wisconsin

Latitude 439

Collector Slope 16°
Azimuth Angle 0°
Ground Reflectance 0.2
Collector Efficiency Factor 0.9%
Heat Capacity, Glycol ' 3.5
KJfE% &
Heat Capacity, Water b,19
. K3 fKeC
Collector Loss Coefficlent 1h b
KJ/m“hr
Tranemittance 082
Plate Absorbance 0.94

Collector-Storage Heat Exchanger Effectiveness 0.85

Space Heating Heat Exchanger Effectiveness 0.80
Temperature of Mains Supply Water 11.1O C
Storage Tank Bnergy Loss Coefficient 1.5 é

KJ /m=hr
Ratio of Storage Tank Heizht to Volume 3. 35
Ratio of Storage Tank Volume to Collector Size 0 07;

m.3/mw
Collector (and Storase) Fluid Flowrate s4.0

Kg/hr m~
e Cmin 2.00

UA
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tenperature. Hourly valueg of soiar enerzy incident on
the tilted collector surface are determined from hourly
values of total radlation on a horizontal surface by

the Liu and Jordan method (17). This method involves

ta"{i ng the total radiationomahorizontal ..... Surfﬁceand et e

senarating it into heam and diffuse components. The bheam
compenent 1s corrected for incidence angle on the tilted
pollestor surface and the diffuse component is assumed

ts be evenly distributed throughout the coliector-to-sky

wriew factor.

To gimplify the caicuiatlnﬁgwandWminimize'therccmpu—
tational effort both the eollector heat loss coefficiant

and the transmittance of the transparent collector cover

avetem are ronsidered constant. Also, for the samne réeg-
son, the liould storage tank is modeled as a fully mixed
tank.

The performance of the solar system as determined
by TRNSYS can be abserved through the following cutput.
Most important is the amount of useful energy provided
by the svstem to meet the energy demsnd. The fraction
of the ensrgy demand met by solar is then found by divi-
ding the useful energy supplied by the total amount of
energy recuired. The efficiency of solar energy collec=

tion, which is the amount of solar energy pollected
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divided by the amount of solar radiation incident on the
collector surface, is a good measure of system perfor-
mance. The efficiency is directly related to the stor-
age tank temperature. TRNSYS has the ability to output
both hourly and an average storage tank tempsrature.

The above defined TRNSYS simulation program, used
in this study, 1s schematically portrayed in Appendix A.
Tt was used to investigste the performance of the retro-
fit solar system in the canning plant in two experiments.

It was first used to evaluate the performance of individu-

2] solar energy systems dedicated to each of the unit op-
erations in pea canning. The results of these experi-

ments are displayed in Table 9. The second experiment

used one solar energy system to service all of the unit
operations in pea canning. The results of this experi-
ment are displaved in Table 10 along with the results of
a gimilar investigations for the corn canning season.
For both experiments, the water demand models used were
those determined in this section and displayed gra-
phically in Figures 2 thru 12.

The results of these experiments are best observed
through snalvsis of the relation between solar collec-
tion efficiency and collector area shown in Figure 15.

At all practical collector areas, the efficiency of




Table 9 ko

Results of TBNSYS Simulations of
Solar Systems Used Exclusively For Each
Unit Operation of Pea Canning

Useful Solar Average
Collector Solar Collection Storasge Percent
Area (m2) Energy GJ Efficiency Temperature (°C) _Solar

Boiler Feed

100 6.3Mx101 .75 18.2 b,s
500 2.,60%102 .62 29,0 18.3
1000 L, 3lx102 .53 Lo.0o 31.2
2000 6.99x102 NIE) 55.5 k9.3
3000 8.76x%102 35 66.3 61.7
Looo 1.00x103 .30 74,1 70,7
Flume
100 6.17x101 T 19.9 8.0
200 1.16x102 .69 23.1 15.0
500 2.47x102 .59 32,2 32.0
1000 b.,12x102 s hl, 3 53.5
2000 6. 3x102 .38 60.8 82.3
Topper
100 6.13x101 .73 20.2 8.4
200 1.1bx102 .69 295 15,7
500 2, hhx102 .58 32.8 33,b
1000 L, obx102 N hg.2 55,4
2000 6.18x102 .37 62 .1 gL,7
Blancher
100 5.83x101 .69 o 11.4
200 1.05%x102 .62 28.6 20.4
500 2.00%x102 .50 ha,2 40.9
1000 3.23x1 02 . 38 59,5 63.0
2000 I, hox102 .27 77.9 87.6
Clean-up
100 5,31x101 .63 1.7 15.6
200 1.01%x102 .60 35,8 29,6
500 2.10x102 .50 8.1 61.6
1000 7,28x102 .39 63.0 96 .4
2000 I, 59%102 27 80.0 100.0
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Table 10

Results of TRNSYS Simulations of a
Solar System Used to Service all
of the Unit Operations of the Canning Plant

Pt e
Useful Solar Average
Collector Solar Collection Storage Percent
Area (m2) Energy GJ Efficiency Temperature (°C) solar
100 8.38x10! .83 i6.7 2.2
500 3.91x102 .77 20.6 10.4
1000 7.17x102 « 71 24,8 19.0
2000 1.26%102 .62 33.0 33. 3
30060 1.71x103 . 56 ho b e
Looo 2.10x103 .52 L&, 8 55.8
Corn
500 3. 47x102 .72 20.3 9,2
1000 6.45%102 67 24 .4 17.1
2000 1.16%103 .60 32.3 30.9
2000 1.61x103 . 56 39,2 o7
LOoo 2 _00xiold 52 g 1 53
Total
Yearly
Collector Useful Percent
Area (m2) Solar EBnersy (GJ) Solar
500 7.38%104 Q.8
1000 1.36%x103 18,1
2000 2.42x103 32,1
3000 F.32x1073 44,1

hono 5 b,10x103 54,3
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erniergy collection is hizher for one solar system servi-
cing all of the unit operations. This is ressconable con-
stdering thst for s given system the larger the demand
{flowrate of water) the lower the averase storage tank
‘temperature and thus the higher the collection efficiency.
Therefore in all further experiments, one solar system
uged to service all compatible unit operations of the
rlant will be analyzed.

Arniother poss=sibility that was considered was & solar

svstem containing no storage system. This system would

annly solar radistion directly fTo heat mains water. Up-

ot gimalation a econsiderabhly smaller fraction of solar

snerey was ohtained usineg this direct solay system coms

nared to the system emvloying storage. The non-storage
svstem has higher solar collection efficiency but is
severely penalized by being unable to get useful ener-
gy out of the one non-processing day per week. 4 fur-
ther penalty is the fact that a considersble amount of
procegsing occurs during evening hours when there is no
gnlar radiation. A golar system with storage would be
better able to supply energy at all times it is needed.
Also, and probzbly most imnortant, is the necessity that

the zolar energy svstem would have to be compatible with

space heabing needs for:the plant and warehouse during
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the non-processing sesson. A non-storape system
would not be adaptable to =space heating needs.

Thus the recowmmended solar system for the canning

Wplant 1s one system with a storage. fank which services. ..o

11l of the unit operations. The performance of this
tyvpe of system in meeting the vnrocessing demsnd of the
vlant for pea and corn canning is displayed in Table 10,
In the caleulations, the boiler makeup rate waz not ade-
Justed as the other unit operations switched from aux-

iliary he=t (boiler) to solar energy. This would have

renuired considerable modification of the TRNSYS pro-

gram invelving an iterative scliutiocn and it was felt

that this would not be worth the invested time, How-
ever, the consequence of not correcting fer chanzes in
the boiler feed water rate is that the percent contribu-
tion from solar is sctually underestimated. Thus solar
would sctually verform slizhtly better than the predicted
results,

Another anticipated problem is the possibility that
the storage tank temperature msy at times be above the
set Temnerature for a unit operstion and hence waste ener-
gv. Fisure 16 shows a nlot of storage tank temperature
for various collector areas as a funection of hours of a

tyntcal week for pea processing. The minimum tank tem-
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perature is the temperature of meins water, 11,10 Ce

The weelt chosen for this plot was the week with the
heat solar radiation anf the seven weel Dpea canning sea=

son determined by jnapection of the weather dats for thaet

Cvtos. Twis tnsires an upper“ggaﬁA“aa'the“sﬁhfage"tank““m“““”“”'““*

temperatures. AsS can he geen at no time Auring the six
day processing neriod is the storage tank temperature
ahove the set temperature for a unit oneration. For
thigs reason, pre heat tanks with variable temperature

cantrollers would not be needed.

3.b,2 CANNTNG PLANT SOLAR SPACE HEATING
The performance of the solar system in meeting the

e TN Tand ig Aetermined using FOHART. The de-

tarmination of the space heating demand wWas presented in
Tahle 7. These monthly heating demands were input into
FOUART aloneg with +he solar system design paramebers preé-
sented in Table 8. The results of the FOCHART deter-
mination of anlar system performance in meeting the hoast-
ing demsnd 1S presented in Table 11. These results may
pe slizhtly in error que to the fact that FCHART is set
up to hendle domestic heating applications with reguired
temperature of 65° # instead of the 550 peeded by the

plant. Thils error nowever should not nave much affect
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on the results (18},

1.4,% CANNING PLANT YEARLY SOLAR FRACTION
The fraction of the nlantfs total energy demand

supplied by solar on a yearly basls is then calculated
by summineg the oroducte of fraction-solar-and-energy- re-
guired {(per month for space heating and per season for
processing) and dividing by the total energy demand com-
patible with solar energy. The analysis was done at col-
Tector areas at equal intervals up to 4000 souare meters.
This is the approximate roof sres of the canning plant's
proceasing building. The resuttes of these valculations
is presented in Table 1Z.

Ain f-chart model is next constructed to match the

reaults of Table 12. This model contains the monthly
space heating energy demand found in Table 7. {he pro=-

cessing demand was distributed over the months as follows:

HBequired
Water Water (°C) Energy
Flowrate Set Demand
1/day Temperature (GJ)
June 3.55 x 107 20.8 133
July 3.55 x 10; &7 2071
Aug 3.55 % 10- 61.0 2301
Sept 3.55 ¥

10° 63.5 23138
?533

The storsge cavacity was set at 560 KJ/°C-m”. The other
narameters of Table 8, were not changed. The f.chart

model with these parameters matches the plant's actusal
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Tahle 12

Caleulation of Percent of Total
Plant Energy Demand Supplied
By Solar From Combined
TRNSYS and FCHART Results

Yearly Plant Processing Energy Space Heating

Enersy = Demand Compatible 4+ Enersy
Demand With Solar Energy Demand
_ o.shix103 GT 4 6.74x103 GF = 1.k3x10% GJ
PCHART calculated TRNSYS calculated
Percent of useful Solar Enerzy useful Solar Energy
Total Plant sunplied to meet ¥ supplied to meet
Energvy Demand = space heating demand processing demand
Supplled By Yearly Plant
Salasr Energy ' Enerzy Demand
¥ 100
Yearly
Collector , Percent
Area (mZ=) Sertar
500 (580 GJ) + (738 GJ) » 100 9.2
(147340 GJ)
1000 (108“' GJ) Ed (1360 GJ) - 100 = 17»1
(14340 GJ)
G 420 G -
2000 (18oh GJ) + (2820 GJ) % 100 =  30.2
(14380 GJ)
2516 GJ) + (13320 GJ)
000 (2 > + 100 = 4o.,8
(147340 GJ)
LA0O (2007 GJ) + (8100 GJ)

X 100 = hg.?

(14340 GJ)
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Table 173

B e e Cgmparisonugfugalculated 4 Solar

From TRNSYS and FCHART Results
with % Solar From f-chart Model

Collector 4 Solar (yearly plant energy demand)
Arean (mz) Caleulated {Table=-10) f-chart model
500 9.2 2.1
1600 T7T1 +2.3
2000 30.2 30,4
1000 Le .8 40.5

Looo g .7 hg.2
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total energy demand and the calculated results of Table
12. A comparigson of the results determined by the -

chart model and thogse caleulated is displaved in Table

This f-chart model can then be used to determine
the performance of the solar system at any system size
patween O and 4000 square meters of collector area. The
results of these interpolations is presented in Figure
17.

The sbove determined f-chart model not only pre-
dicts the thermal performance of a solar energy sys-

tem. but it ecsn a2lso be nged to evalusate its econonmice

feasibility usine a life cycle cost analysis. The next

sention considers solar heating economics.
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L,0 SOLAR RENERGY HECONOMICS
The inatallment of a solar energy system is wWare
ranted 1f the fuel savings due to the system are greater

then the mortgage payments recuired to buy the solar

of certain economic parameters. Examples of tThese para-
meters are fTossil fuel sosts, property taxes, income
taxes, insurasnce and maintenance.

The 1ife cycle cost method is A convenient manner

in which to evaluate the feasibility of installing =&

snlar system. It 1s accepted by most economists as the

soundest approach for making an economic deciston (19).

Aprotrenr—with gith any

esonomie study is the necessity to predict future costs.
,1 LIFE CYCLE COST ANALYSIS

4.,1.,1 GENERAL CONSIDERATTONS

The 1ife cvcle cost economic study provides 2 means
of comparison of future coste with todayts costs, by re-
duecing all costs to the common basls of present worth.
Present worth is the asmount of money that would have to
he invested today in order to have funds available to
meat =11 of the anticipated future expenses.

Tn a 1ife cyecle cost analysis, an estimation is made
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for the required net payment for heating. The life cy-
nle cost 1g determined by discounting each yearly net
payment to its nresent value and then finding the sum of
thege discounted costs. The discounting sccounts for the
time yalue and the declining purchasing power of the dol-
1ar. Due to the uncertainty in predieting future costs,
i+ is customary to make a set of pessimistic and = set
of eptimistic assumntions of these sosts. A life cy-
osle analysis is conducted to jetermine the most cost ef-

feptive system for each set of guesses. The system de-

sign is then chosen by intultion.
L.4.7? APPLICATION TO SOLAR ENERGY SYSTEMS

The principles of 1life cycle economics have been

incorporated into the ROHART solar energy program dis-
eussed in the previous ssction. FCHART allows a number
nf ugser supplied parameters representing existing econo=
miec econditions and others forecasting future costs. The
program estimates the amounts of annual cash flows using
the saustions:

Yearly Cost Mortgage *Backup Fossil*Mism,$Promerty Tax
with Solar “payment Fuel cost Costs Increase

+ "Solar® tax credit

Yearly Cost  _ Fossil _  “Nonsolar®
Without Solar  Fuel cost income tax credit
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These two costs are evaluated for each year of the speci-
fied period of analysis and then discounted to present
worth values. Comparison of these values indicate whe-

ther installation of 2 solar system is a good invest-

nomie analysis either on a solar system of specified size
or 1t can conduct 2 numerical search for an ontimum col=
lector area and perform the analysis on that system.

A complete discussion of FCHART parameters and pro=

gram cspabilities can be found in reference (8). TFCHART

allows an inexpensive economic asnalysis to aid in deci-
sion making. The f-chart model which was developed to

interpolate the thermal performance of a solar system in

s food processing plant can be gimultaneously used to
perform a life cycle cost analysis. As constructed, the
fochart model was forced to duplicate the thermal perfor-
mance of the plant's solar energy system determined from
ROBART and /or TRNSYS results {see section 3.3). Since
POHART's economic analysis is only concerned with the
froction of the plant's energy demand supplied by solar
and the energy.demand itgelf, the f-chart model which pre-

diets the correct thermal performaence will also predict

the 19fe cvecle econcmic snalysis.
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.2 FEASTRILITY OF CANNING PLANT SOLAR SYSTEM
From discussions with the Solar Energy Laboratory
of the University of Wisconsin-Madison (18) and canning

plant officials (20), values and ranges for the economic

. Darameters neceggary for B FCHART . 1if‘e cycle CGSt analyﬂ’ e e

ais were determined. The values for these parameters
ysed in this study are presented in Tahle 14,

The canning plant presently pays approyimately $3.5
per unseful GJ for natural gas. This figure was obtained
from an analysis of plant recordg of natural gas bills
and consideration of boiler efficiency (80%) and esti-
mated energy loss (15%).

The plant was assumed to have certaln economic con-

strainte. The annual nominal market discount rate (real
rate of return plus the general inflation rate) was
estimated as 10% per year. The effective federal-state
income tax which allows for deduction of state income
tayeg from federal refturns was egtimated to be 50%. Face
tors which are included in tax credits sllowed with in-
atallation of a solar system are paid interest, property
tayes, backup fuel costs, depreciation and migcellaneous
e¥Ypenses.

Tn all the economic investigations considered in this

study, the zeneral inflastion rate Was assumed to be 6% per



Table 14
Parameters For FCHART

Economic Analysis

8Solar System Thermal Performance Degradation

Period of Economic Analysis

Collector Area Bependent Costs
Constant Solar Costs

Down Payment (%4 of Original Investment)
Annual Interest Rate On Mortzasge

Term of Mortgzage

Anmual Nominal (Harket) Discount BRate

Extra Insurance, Maintenance in Year 1
(%2 of Orig. Inv.)

66

0 Fyr

20 vyrs

200=300
& /m?
03

10 %

Annual % Increase in Above Hxpenses
Present Cost of Solar Backup Fuel (BF)
BF Rise |
Effective Federal-State Income Tax Rate
True Prop. Tax Rate Per & Cf Orig. Inv.
Annual % increase in Provnerty Tax Rate
Salvage Value (% of Oriminal Investment)

Depreciation : Straight Line-i

Useful Life For Depreciation Purvoses

6 %

3.7
$/GJ
B.12
£iyr
50 %
3%

& %

0%

20 vrs
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vear and the purchase of a solar enevgy system was fi-
nanced with 2 10% down 20 yesr mortsage at sn annual

interest rate of B%. PFCHART investigations indicate

_that if a shorter term of morteage is used. it is ne- .

ressary to use a longer term of snalvsis to obtain com-
narahle results.

The versitility of the FCHABRT nrogram alléws a
number of experiments to determine the effect on the
economics of the solar assist svstem with variation in
economic parameters. For the cannineg pliant, three para-
meters were considered to be the most sensistive of thosze

congidered. These are backup fuel cost, backup fuel in-

TIAatIon rate, and The collecter cost. To aimplify caleon-
latlions 211 =solar system costs were represented in 2 sine
gle charge per souare meter of collector installed.

The first of thece experiments investigates the im-
portance of the parameter, basckup fuel cost. ITn this
analysis the fuel enst is varied between $3 and $7 per
GJ while the other twe important parameters are held con-
stant. The collector cost (installed) was sssumed to be
$200 per soumre meter and the fuel inflation Tete arnroxie
mated as 107 per year. The results of this exveriment are
prasented in Plgure 18, As can be gseen, the fuel cost

must be between &4 and $5 ver GF for the solar system to
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breask even at any svstem size. PFor all fusl costs above
the break even fuel ecosgt, as the collector area is raiged
from zero, the nresent worth of solar savings incresses

until & maximum is reached, which is the optimum collec-

o wma AS the co_nectorarpg 13 f‘urther 1ncreasedg S

the Tuel savings continue to increase, but the excessive
system costs force the net savings to decresse. This ex-
periment invelves selection of optimistic values for cole
lector cost and fuel inflation rate as far as solar sys-
tem economice is concerned. At present, solar colleg-
tors ean be bourht and installed for a total cost of $250
to $200 per square meter and best guesgses indicate that

the fuel inflation rate will be about 10% per year for

the near future,

The variahble fuel cost analysiz was redone a2t col-
lector cost of $250 per scuare meter and fuel inflation
rate of 10% per year. The results are displayed in Pig-
ure 19. Az can be geen the change in the two parameters
makes dramatic changes in the results. The bresk even
fuel cost has Jumped to bhetween $6 and $7 per GJ.

The cualitative effect of fuel cost and forecasted
fuel inflation rate can be examined using three dimen-

sional plots like Figures 20 zand 21. The data for these
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plotswere obtained at an instslled collector cost of
#250 per snuare meter by verying fuel cost between $3

and &7 per GJ and fuel inflation rate between 8 and 12%

_per year, These plots indicate the economically optimum

gize of the solar system and the forresponding present
worth of savings realized by installing the solar sys-
tem., That poertion of the curves extending upward from
the bottom vlane is the ecornonmically feaslible region.
The plots indicete that even at an estimated high fuel
inflation rate of 12% per year the plant must be paying
over #5 ver GJ of fuel for the solar system to be compe-

titive. The cuantitative results of this experiment are

TR TETE I AnTerd Yy Bt et estimatinesparttouiay

values from the curves.

An easier way of determinine the economically fea-
zible region is by the use of break even curves like
that of Figure 22. This plot was generated by holding
21l economic parameters constant except for fuel cost.
The fuel cost was then varied until the present worth of
solar ssvings became greater than zero. Figure 22 shows
three such break even curves for installed collector
costs of $7200, $250 and $200 per sguare meter. The re-

gion to the right of these curves 1s the economically
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feasible regions to the left not feagible at any golar
system size.
Tt is seen that for the canning plant in oues-

tion, at snatalled collector coat of $250 per square

peter and predicted fuel inflatignurate"@fmlﬂﬁ.pﬁr_ygay_

the plant would have to be paying $6.80 per aJ for fuel
te moke a molar enersy system competitive. Since the
canning plant presently peys about $3.5 per GJ for fuel,
1t is not expected that installation of & Ssolar energy
avgtem in tThe plant will be economicel until fuel costs
rige and collector costs decrease substantially.
Tmprovement in sanning plant solar economics could

be realized DY finding an income nroducing use of solar

hot water during those periods when the plant presentty
has no need for energy or when the solar system provides
more useful enerzy than reguired. This new energy Save
jngs could regult from establishment of =z new plant pro-
duct or the tgelline® of energy to nearby jndustries.
Appendix ¢ eponteing the reanits of other 1ife oy-
eyl nost atyudies of solar enercy systems {n the canning
plant., These ivnvestigations determined the optimum col-
lector areas and present worth of solar savings for dif-

ferent nominal A4 scount rates.
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of any alternative energy system must
n consideration of both thermal per-
sideration of long term costs. This
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The fraction of this energy demand which could be
met by forced circulation l1iquid solar energy systemns
(with flat-plate collectors) of warious sizes up to
Looo saunare meters was estimated., Twenty year 1life
evele cost studies of these systems were analyzed. Re-
sults indicate that fossil fuel costs must rise from the
present $3.5 per useful GJ to about $6.0 or collector
costs must drop gignificantly from present values of
about $300 per sacuare meter before the jnstallation of a
golar system i3 sconomical.

The results are not altogether a sondemnation of
uging solar energy in the canning plant. It is general -

1y sccepted that solar energy will become more competi-

tive with conventional energy sources with increasing
time., Ag supplies of low cost fogssil fuels become more
A4ffricult to obtain, deregulation of prices woulid re-
gult leading to higher costs. Mass production, improved
technoloegy and large modular-type installations of sa-
1ar system components could lower the cost of solar SysS-
rems., Governmental action asuld algso improve solar €CO-
nomies by institution of tax incentives such as write-off
of invegtments in solar enerzy nroducing esuipment.

An analysis, similar to that cutlined in this study.

nf a dsiry processing plant and a meat processing plant



san be found in reference {(21).
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TRNSYS Program Listing

GTMULATION WITH STORAGE
SGIMULEATION O 1174
UNTT 14 TYPE 14 LOAD

SURSYSTEM
o

a3
o

B0

FRNGYS. STHULATION IN A VEBETARLE CANMING FLANY

UNTT © TYFE 9 DATA REALER
PQRQMETERS 7
5 1.0 1 X.46 0.0 0 1

(18X .0 Qf Féas, o

UNIT 14 TYPE 16 COLAR RADIATION PROCESSOR
FARAMETERS 8

1.0 14%.0 43.0 a871 . 0.2 a0 El.00 D0
INFPUTS 1

@1

090

UMIT 21 TYPE 21 L TG, COLL.-8T0. SUB
PARAMETERS 19

1176

0

O

10':'00 :;(flﬁclo;' 3f5 5«"00”. ’ij O;?um ’?;?T?
14,4 100, 0,82 7Fi0 1000, 1.5 X.35 0 Al
ITEFOTE 3

16yl 992 D0 141 P92

0:0 O () 1.1..',1 0,0 21;0
UNIT 25 TYFE 205 FRINTER
FakAMETERS 1
1176

INFUTS 1
2104

BELTIN

UNTT 28 TYPE
FARAMETERS 31
o 10000 o o -2 0 -1 100 1 -% 2 -4 0
4 0 4 -4 0 -1 3.,402E8 20 =L 100, 1 -3
IMNFUTS 7

215 1d»1 211 1,3 21:4 215 210

LARELS &

pLoAan  HCOL  EFFIC TAVRD  ERALAN  XSCLAR

UNIT 24 TYRE 246 FLOTTER

FaRAMETERS 3

L0 168

INFUTS 1

2151

TaMRk~T

LMD

28 GIMULATION SLMMARY
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Appendixz B

Madizon Cavning Plant Qptimum Collector Ares and

Present Worth of Solar Savings Used to make Figures 20 and 21

. Dptimum
Fuel Inflation Fuel Cost Collectgr Pregent Worth of
(%/¥r} (8/6J) Ares {(m®) Solar Savings ($)
12 7 750 13760
11 7 Loi biké
10 7 26 280
Q 7 0 0
g 7 0 0
12 £ 170 B07
11 6 0 0
10 6 0 0
g & & &)
8 6 0 0
12 5 0 0
11 5 0 0
10 5 & 0
9 5 0 0
8 5 & 0O
12 Iy 0 0
11 L 0 0
10 b 0 0
g b 0 )
8 by 0 ¥
12 3 0 0
11 3 0 0
i0 3 0 0
9 3 th 0]
8 3 0 0
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Appendix ©
Canning Plant Economics

Disesunt Rate 10%

Golleatgr Cost Collector Cost
Puel  Fuer  f#zoo/m>  $300/m"
ITnflation Cost 004 PWSS 0CA PUWSS
12 3.0 0 0 0 0
12 .o 0 0 0 0
12 5.0 315 2059 0 0
12 6.0 10 20569 0 §)
12 7.0 17013 56187 78 230
11 3,0 0 0 0 0
11 h,o 0 0 0 0
11 5.0 22 14 s 0
11 6.0 570 8822 0 0
11 7.0 1309 22l ) 0
10 T U} 8] 1 8] 7
10 b,o 4] 0 0 0
10 5,0 0 0 0 0
10 £.0 134 27330 0 0
10 7.0 ok 17093 0 0
9 3.0 0 0 ) 0
9 b0 0 0 O 0
G 5,0 0 y 0 0
g 6.0 i 60 0 0
Q 7.0 597 7082 0 0
f 31,0 0 0 0 0
] h.,o 0 0 n 0
) 5.0 0 4] 0 0
8 6.0 0 n 0 0
] 5,0 2817 1679 0 0

QCA - Ontimum Collector Area (mg)

PWSS ~ Present Worth Solar Savings (£}
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Canning Plant Eeconomics
Variance with Discount Hate
Fuel Inflation 10%

Digerount Discount M scount

S . Rate 8- % .......Rate-10% - .. Bate 12% - -

Fuel
CAQ Cost OCA PHas OCA PUWES DCA PSS

(£/G3Y
200 2.0 0 0 0 0 0 8]
200 P 0 0 0 0 0 0
200 5.0 0 0 { 0 0O 0
200 6.5 B&1 16251 ALz 8100 138 34073
200 8,0 1747 66589 1811 4138521 1281 27564
2245 2.0 0 0 0 0 0 8]
225 3.5 O 0 0 0 0 0
225 5.0 0 0 0 O 4] 8]
225 6,5 389 Lo2s 201 988 3 g3l
225 8.0 1226 LN 1006 21073 791 11996
280 2,0 0 0 0 0 0 ]
250 3,5 0 0 o 0 0 0
280 5,0 0 0 0 0 0 0
250 6,5 32 b2 0 0 0 0
250  A,0 788 1748l 584 848 380 3236
275 2.0 0 0 0 0 0 O
275 3.5 0 ) 0 0 0 0
275 8.0 0 0 0 0 0 0
278 6.5 0 8] 3] 0 4] G
275 8.0 hig 5572 225 1498 53 89
300 2.0 0 0 0 0 0 0
100 3.5 0 0 0 G 0 G
200 5.0 8] O 0 0 O 0
300 6.5 0 0 0 0 0 4]
00 8.0 108 Lol 0 0 0 0

GAC - Collector Ares Cost ($/m?)
PWSS -~ Present Worth Solar Savigas (%3
0CA - Optimum Collector Aress {(m™)
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