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SUMMARY 

The purpose of this report is to describe the .results of investigations into potential solar 
industrial process heat (IPH) applications. IPll is the thermal energy used in the prepara
tion and treatment of manufactured goods.· Since industry is the largest consumer of en
ergy in the United States today, it represents a large market with significant potential 
for solar energy penetration. Due to the high capital cost of solar systems and the de
pendence of. collector efficiency on operating temperature, the characteristics of manu
facturing processes tha~ require heat must be closely matched to the most suitable solar 
tecJmology in order to achieve the rnaximum economic benefit. The IPH case study 
program at SERI has been formulated to provide the detailed information needed for an 
accurate assessment of solar IPH potential in selected industries. Several factors are 
considered in the studies, such as energy conservation options, reconfiguration of the 
industrial process for energy conservation and/or enhancement of solar applications, land 
availability, the capability of supplying solar energy to each process stream at the 
required temperature, solar preheat for one or more process energy streams, etc. Thus, 
the overall objectives of the IPH case study program are the following: to determine the 
near-term feasibility of solar IPH in selected industries with currently available solar 
collectors and systems; to identify energy conservation measures and energy-saving 
process modifications; to identify features of IPH systems that affect the potential use 
of solar energy; to test SERI's IPH analysis software, PROSYS/ ECONMAT; to 
disseminate solar information to the industrial community; and to provide input and 
guidance to the SERI research program. 

The results of seven IPH case studies are presented in this report. Individual plants in. 
the following industries were studied: crude oil production (dewatering), aluminum con
tainer manufacturing, corn wet milling, polymeric resin manufacture (paint production), 
fluid milk processing, baking (bread and buns), and meat processing. For each process 
that was examined, the PROSYS software was used to simulate the average annual per
formance of the solar system most suited for the application. The ECON:MAT software 
then determined the cost effectiveness of the solar system compared to the conventional 
fuel source currently being used in the process. 

For the seven plants studied, few solar applications were found that are economical in 
the near term. The few potentially ·attractive solar applications that were identified 
resulted from wmsual circumstances in the individual IPH applications, such as very ex
pensive or inefficiently used conventional fuel sources, or from solar system designs that 
were able to displace more fossil fuel gross energy value than actually supplied by the so
lar system. For example, the crude oil dewatering system that was studied used relative
ly expensive propane as the primary fuel source in a very inefficient system that was not 
easily modified to conserve energy. Solar energy was able to economically compete in 
this application by supplying energy efficiently through an additional heat exchanger. In 
the aluminum container manufacturing plant, a solar system was postulated that could 
displace more fuel than it supplied through the use of air preheat and recycle in a direct
fired furnace application. In this_case, the solar system approached cost effectiveness. 

As a result of these case studies, factors have been identified that favor the application 
of solar IPH systems. These factors can be grouped .into four categories: environmental, 
process, economic, and company-related. Table s~ 1 lists the major factors in each cate
gory. A solar IPH application with most of the favorable features described in Table 8-1 
is potentially on economical application that could approach or meet current industry in
vestment criteria. 

v 
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Table s-1. FACTORS FAVORING THE APPLICATION OF SOLAR IPH SYSTEMS 

Environmental Paetors 

• High imolation levels-either total or direct, depending on the solar technology 
propoSed 

• High ambient temperatures-to reduce thermal losses ([)ArtirnlArly fnr non~ 
concentrating collectors) and to allow the use of water as a heat transfer fluid 

• A pollution-free microclimate-so as not to dirty or corrode collector surfaces 

• A polluted macroclimate or area with strict air pollution regulations-where no 
additional air pollution emissions are allowed and where such controls are a re
straint on levels of production 

• Low-temperature process-so that the cheapest type of collector, operating at a 
high efficiency, can be employed 

• Continuous, steady operations (24 h/day, 7 days/week) where exact temperature 
control is not critical 

• Liquid heating application as apposed to air or steam heating 

• Built-in process storage-which helps even out fluctuations in the thermal output 
of the collectors, and which can act as a reservoir of heat produced by the solar 
system (during the weekend, or long summer evenings) 

• Easy retrofit of the the solar system-so as to minimize costs 

• Inefficient fuel usage, not easily rectified-so that energy delivered .from the 
solar system replaces more than the equivalent Btu content of fossil fuel 

ncooomic Paeturs 

• High and rapidly escalating fuel costs 

• Uncertainties regarding fuel supplies-such as interruptible natural gas contracts 

• Sufficient capital to finance investments in a. solar energy system 

• Long payback periods or d~mand for low rates of return on energy investments 

• High federal, state, or local tax incentives for solar investments 

• Energy-intensive industrial operation and enerln' costs representing a large fraa.
tion of value added 

• All economical energy conservation measures already incorporated 

• · Cheap ~and or a strong roof available close to the rlelivery point of the required 
er:tergy; salt available at little or no cost, if a salt pond is a solar option 

• Low labcir costs - because solar installations are labor intensive· 

• New plant-allowing a solar system to be incorporated from the beginning 

Company Paetors 

• Desire to imtall a solar system and an enthusiastic work force from top 
management down 

• A skiHed maintenance and engineering work force-so that the solar system can 
be run and maintained at maximum efficiency 

• Progressive management-which gives some recognition to the noneconomic but 
social values of solar energy, such as public relations, security of long-term sup
ply, and reduced air pollution, leading perhaps to the application of. less stringent 
payback criteria to investments in solar systems 

vi 
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The increased cost of alternative fuels will probably influence near-term investments in 
solar technology more than any factor. The combination of energy deregulation in the 
United States with rapid price increases for imported energy will favor the introduction 
of solar IPH systems. Consequently, although solar energy is presently not competitive 
with efficiently used conventional energy sources, near-term solar IPH applications are 
possible if the costs of solar equipment rise at a lower rate than that of conventional 
alternatives. 

Thus, the deg~e to which solar technology costs can be constrained will probably deter
mine how quickly s:>lar hardware is adopted by industry. Improved performance, leading 
to higher operating efficiencies, increased reliability, mass production techniques, and 
measures to reduce design and installation costs are needed. More research into air coh 
lector systems is also needed to develop efficient systems with low parasitic power 

. requirements. 

Another conclusion resulting from these studies is that the trend toward energy conser
vation could help foster s:>lar energy applications in the near term. Both conservation 
and s:>lar energy technologies face similar obstacles in the areas of financing, achieving 
cost effectivene$, and research and development needs (such as inexpensive heat 
exchangers designed for small temperature differentials). Many conservation measures, 
such as process temperature redtictions, replacement of steam by hot water systems, and 
other measures that increase process efficiency, are favorable to solar applications. 
Although conservation measures should generally be considered before using solar 
systems for IPH applications, the resulting efficien_t industrial process may be amenable 
to economical s:>lar applications sooner than the process would be without the con
servation measures. 

The PROSYS/ECONMAT computer codes proved to be very useful tools for the case 
study analyses, particularly in regard to their flexibility and ease of application. Contin
ued development of these codes is warranted so that, after they are publicly distributed, 
industry could perform its own initial screening of solar IPH applications. 

vii 
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SECTION 1.0 

INTRODUCTION 

1.1 miDUST'RIAL ENERGY USE 

Industry is the largest consumer of energy in the United States today. Of the U.S. gross 
energy demand, about 37% is used by industry. Approximately half of this demand is for 
industrial process heat (IPH)-the thermal energy used in the preparation and treatment 
of manufactured goods (Brown et al. 1980). Since approximately 27% of the total IPH 
requirement is at temperatures below 288° C (550° F), commercially available solar 
collectors could potentially be applied to this large market. 

1.2 miDUST'RIAL CASH STUDY PROGRAM 

1.2.1 The Need for Case Studies 

The nature of solar technologies, particularly the dependence of solar collector efficien
cy on operating temperature and the cost of solar systems, makes it imperative to 
achieve maximum economic benefit· by closely matching industrial process characteris
tics to the .most suitable &>lar technology. Such an end-use matching approach has a the
oretical basis: it maximizes Second Law (Second Law of Thermodynamics) efficiency, 
i.e, minimizing the production of entropy. 

It is apparent that to determine the industrial potential for the application of solar 
energy, more information than the gross fuel use figures published in the literature are 
required. Such figures suffice for the application of conventional sources of fuel, but are . 
iriadequa te to gauge the applicability .of solar technologies. With this in mind, a wide
ranging program was initiated at the Solar Energy Research Institute (SERI) to determine 
patterns of industrial process heat usage. Factors such as temperature requirements, 
plant scheduling, fuel costs,- and .insolation levels were regarded as highly important. 

·This information, gathered from the literature and numerous, brief plant visits, allowed 
only a rough overall assessment to be made of possible solar penetration of the industrial 
fuels market. More detailed iuformation is required for An assessment to be made with 
any degree of confidence. The case study program was formulated to provide such in
formation. This approach can consider alternatives to existing fuel use such as energy 
conservation, different fuels, or the reconfiguration of the process. Site-specific factors 
that could preclude the &>lar option, such as land availability, can be identified. When 
detailed information is available for specific plants, extensions and broad generalizations 
regarding &>lar potentials can be made for plants industry-wide •. In summary, the objec
tives of the IPH case study prograrn are as follows: 

• to determine the near-term feasibility of solar IPH in selected industries, both 
technieally and economically, with currently available solar collectors and 
systems; 

• to identify energy conservation measures and energy-saving IPH process modifi
cations, where possible; 

• to identify characteristics of JPH systems that affect the potential use of solar 
energy; 
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• to test SERI's solar IPH analysis software (PROSYS/ECONMAT) and to identify 
improvements; 

• to disseminate information to the industrial community about solar IPH applica-
tions; and -

• to provide inputs and guidance to the SERI research program. 

1.2.2 case :study Methodology 

Solar IPH case studies were performed for plants in several different industries. A de
scription of seven case studies is presented in this report. The procedure for each case 
study was as follows: 

• Conta~t was mRciP. with a person in the uppel' niUilfigement of the company to ar
rallie for thP. study and to goin initial infurmfitlon about the industrial plant. In 
some cases, SERI initiated the contact; in others, the company 1\pproached SERI 
with an intet-.::s~ in solAr energy, and this led to a case study. 

• A site visit and plant tour were conducted with members of the SERI stud~ team. 

• During meetings and subsequent telephone conversations bet ween SERI and the 
plant staff, individual processes were chosen for study, and data for heat and 
mass balances were gathered. In most cases, all the needed information was not 
available. Thus, either the needed in-plant measurements were taken by the 
plant staff or by SERI, or the_ missing data were estimated according to the ex
perience of plant personnel or from the resu1ts of energy studies of similar 
plants. 

• Potential energy conservation and/or process reconfiguration measures (if any) 
were identified. In those cases where sufficient information was available, the 
energy savings that could be expected from particular conservation measures 
were calculated. 

• Solar systems designed by SERI were sized for each application and their long
term performance determined by using the PROSYS software. For those applica
tions where specific conservation measures were identified, the solar analysis 
was also performed based on the assumption tha.t the conservation measures were 
ln place and that the J?lant energy demand was lessened. 

• Economic analyses of each application were performed using the ECONMAT 
computer code, yielding results such as present value and discounted payback 
period. 

• The results of the case study were written into a report and submitted to thP. 
plant staff f.or review. Cornments received by SERI were incorporated into the 
report. 

The primary tools used in the cRse study analyses were the PROSYS/ECONMAT 
computer codes. A complete description of these codes can be found in Brown et al. 
(1980). Appendix A includes a brief explanation of the codes, including the analysis 
techniques, assumptions, etc. For the purposes of each case study, the PROSYS code 
calculates the long-term average performan~e of the generic types of solar collectors 
that are capable of supplying the desired process load. To size the collector field, it is 
assumed that the maximum thermal output of the collectors can be absorbed by the 
process. Since no thermal storage is incorporated in the delivery system (back-up energy 

2 



S5~1.1fll __________________ _____c::.T..::..::.R-____:;3..:::....:...23 

sources can supply 100% of the process load), sizing is simply a matter of dividing the 
process load by the maximum delivery rate (at whatever time this occurs during .the year) 
per square foot of collector surface. 

Information stored within the data bases of the ECONMAT program is used to dete~mine 
the initial cost of the installed ~lar system. Auxiliary equipment serving to transport 
the collected energy to the process is costed bal)ed on the simplified system schematics 
illustrated in Appendix B. Heat is generally delivered as either hot air, hot water, or 
steam. These fluids can be passed directly" through the collector field, or an auxiliary 
heat transfer fluid can be used with a heat exchanger to indirectly impart heat to the 
process. The advantages and disadvantages of eaCh scheme are also briefly discussed in 
Appendix B. General information of relevance to this report is presented in Appendix C 
(United States insolation maps-both of direct normal and total solar radiation on a 
horizontal surface) and in Appendix D, which illustrates graphically the dependence of 
various types of solar collectors on the temperatures at which they operate. Appendix E 
is a brief comparison of high-temperature water and steam heat delivery systems. There 
are many technical and economic factors favoring liquid-based systems. Such systems 
are also more easily integrated with ~lar technologies. 

The case studies described in this report represent a part of SERI's initial effort to define 
near-term industrial process heat. applications fo.r currently available solar technolo
gies. They were not intended as detailed ,audits of energy use or conservation potential, 
nor were postulated improvements in future solar collector performance or ~onomics 
included. However, the case studies do serve as good indicators of needed improvements 
in ~lar and auxiliary equipment. This work· identifies those technical, econo·mic, and 
site-specific factors most likely to influence the early adoption of solar technologies to 
provide supplemental industrial process heat. 
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SECTION 2.0 

IPH CASE STUDY: CRUDE on. DEWATERING 

An industrial process heat case study was performed for a crude-oil/water separation fa
cility owned by im independent oil producer. The particular facility chosen was one 
among 15 small units operated by the company in Wyoming. The study was performed at 
their request. 

2.1 .DESCRIP'I10N OF PROCESS 

A schematic of the separation facility is shown in Fig. 2-1. The crude-oil/water emulsion 
enters the separator tank at 80°F from a nearby oil well at a rate of 725 lb/h. The fa
cility normally operates 24 hours per day, 7 days per week, on a year-round basis. The 
ratio of crude oil to water in the incoming emulsion is about 59 to 1 by volume. The 
emulsion is heated in the separator tank ,to 135° F by a propane burner system. A heat 
rate of about 20,000 Btu/h is required to increase tge emulsion temperature by 55°F. 
This corresponds to an annual energy use of 1.75 x 10 Btu. Once heated to 135°F in the 
separator tank, the emulsion separates into its individual crude oil and water compo
nents. The less-dense crude oil floats to the top of the tank, where it is skimmed off, 
and water is drained from the bottom. 

Burner Exhaust 
' Gases 

Crude Oil 

Fire Tube 
~....- ...... _---.-----· - -=--=~-==~=--==-=:~a=::j ....____. ___ ~--------~· l 

Crude Oil Out 

Propane 
Burner 

Crude Oil/Water In 

Process Data 
725 lb/h of Crude Oil/Water Emulsion 
Required Heat Rate: 20,000 Btu/h 
Required Annual Energy Use: 1.75 x 1()8 Btu 
Process Temperature: 135° F 
Propane Usage: '1,370 gal/month 
Propane Energy Input: 1A9 x 109 Btu/yr. 

Figure 2-1. Crude Oil/ Water Separator Tank 
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Many oil wells, particularly during their initial phase of production, produce natural gas, 
which is used as the fuel source for the separators. However, wells similar to the one 
considered here produce little or no gas, so propane is used as a source of fuel for the 
separation process. As of March 1B79, the company was purchasing propane at 52e/gal, 
which is equivalent to $5.62/10 Btu (assuming propane has a heating value of 
92,500 Btu/gal). Approximately 1370 gal/month of propane are used in the sep~rator at 
the well under itudy, resulting in an annual propane energy input of 1.49 x 10 Btu/yr. 
Since 1. 75 x 10 Btu/yr are rP.quired for heating the crude-oil/water emulsion, this im
plies a net propane energy utilization efficiency of about 11.7%. 

The low-efficiency use of propane in the system results from the design of the separator 
tank. The tank has a diameter of 4 feet and a length of 20 feet. It is oriented horizon
tally, with the propane burner located at one end. A fire tube, of approximately 6-in. 
diameter, runs axially through toe tank from the propane burner, connects with a 90-
degree bend outside the tank on the end opposite the burner, and then extends vertically 
into the air above the tank to disperse the burner exhaust gases to the atmosphere. When 
the propane burner is turned on, high-temperature gases flow down the fire tube, thus 
transferring heat to the emulsion. This mode of heat transfer is inherently inefficient. 
Consequently, only 11.7% of the heat content of the propane is transferred to the liquid 
in the tank. The remaining 88.3% of the propane energy content leaves the separator 
tank through the vertical fire tube extension and is lost. 

2.2 ENERGY CONSERVATION AIIALYSIS 

An evaluation of energy conservation measures indicated little potential for additional 
energy savings with the existing system design. The separator tank currently has foam 
insulation (exact thickness unknown) encased in aluminum sheathing. Assuming 2.0 in. of 
foam insulation and an ambient temperature of 0°F, the heat loss from the tank to the 
environment would be approximately 3400 Btu/h. Thus, energy losses during most of the 
year would be less than or equal to this value. Additional insulation could be added to 
the tank to reduce the losses, but the amount of energy that could be saved would be in
significant compared to the amount lost in the burner exhaust gases. Insufficient infor
mation was available to estimate how much of the burner exhaust gases, if any, could be 
recycled to the burner to reduce the use of propane. 

2.3 SOLAR ENERGY APPUCATIONS ANALYSES 

The computer codes PROSYS/ECONMAT (Brown et al. 1980) described in Appendix A 
were used to analyze the potential applications of solar energy for the separator tank 
heating. Relevant economic parameters for this appli~~tion are listen in Tables 2-1. 

Different solar system configurations can be employed to heat the emulsion. The follow
ing three systems were examined: 

• An oil-through-collector system (Fig. 2-2), where the crude-oil/water emulsion is 
pumped from the well directly to the collector array, heated to the process tem
perature, and sent to the separator tank; 

• An external heat exchange system (Fig. 2-3), where the crude-oil/water emulsion 
is heated to the process temperature by heat exchange with a closed-loop liquid 
collector system before entering the separator tank; and 
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• An in-tank exchange system (Fig. 2-4), where the crude-oil/water emulsion is 
pumped to the separator tank from the oil well and is heated to the process tem
perature by a closed-loop liquid collector system by a heat exchanger inside the 
separator tank. 

Each system has advantages and disadvantages, which will be examined in the following 
paragraphs. 

Table 2-1. ECONOJIIIIC PARAMETERS USED IN 
ECONMAT LIFE-cYCLE AHALYSIS 

Rate of Return 
General Inflation Rate 
Real Fuel Escalation Rate 

·Operation, Maintenance, Property Tax, 
and Insurance as a Fraction of 
Investment 

Corporate Tax Rate 
System Lifetime 
Solar Tax Credit 

12% 
6% 
5% 

2% 
50% 

20 years 
20% 

Interest During Construction 
Conventional Fuel Cost (propane) 
Labor Rate 

9% 
$5.62/106 Btu 

$19/h 

Crude Oil/Water 
80°F 

Flat Plate Collectors 

Area: 176 ft2 

Avg. Temp.: 117°F 

Check Valve 

Isolation 
Valve 

Pump 
I 
I 

Isolation 
Valve 

L--~-~--------
Controller 

Separator 
Tank 

135°F 

Figure 2-2. Crude Oil/Water Separation Facility 
Oil-Thru-Collector System 
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The oil-through-collector system (Fig. 2-2) is the simplest of the three, because no heat 
exchanger is required. Using th~ PROSYS software in conjunction w~th ERSATZ weather 
data for Casper (Cinquemani et al. 1978), it was found that 176ft of a commercially 
available flat-plate collector (see Table 2-2) was required to supply one-third. of the 
annual energy requirement. The average operating temperature of the flat-plate collec
tor array would be 117° F. Since no thermal storage was included, this system would be 
operative only during the daylight hours. The full-scale propane backup system is in 
place, so storage is not essential and was not considered. Under these operating condi
tions, the portion of the process heating load provided by the solar system would vary 
each day, and the solar system would act as a supplement to the conventional propane 
burner system. 

'I'able 2-2. SOLAR SYSTEM PARAMETRRS 

011-Through- External Heat In-Tank Heat 
Collector Exchange Exchange 

Collector Type Flat Plate Parabolic Trough Parabolic Trough 
Collector Area (ft2) 176 156 195 
Average Collector Operating 

Temperature f F) 117. 137 158 
Average Annual Solar 

5.8 X 107 5.8xl07 5.8xJ07 Energy Supplied (Btu) 
Average Annual Propane 

5.0 X 108 5.0 X 108 5.0 X 108 Energy Displaced (Btu) 
Collector Cost ($) 3,536 4,924 5,022 
System Cost($) 4,900 6,169 6,228 
Total Cost ($) 8,436 11,093 11,250 
Net Present Worth($) 33,900 31,600 3lt500 

During a typical year, the solar system rould displace approximately one-third of the 
process energy requirement, or 5.8 x 10 Btu/yr. However, when the propane energy 
utilizatign efficiency is included, the res~ting average propane energy displa_cement is 
5.0 x 10 Btu/yr. Thus, the solar system dtsplaces morf:' propane energy than tl supplies 
to the process by a factor of 8.5 due to the low propane energy utilization efficiency. 
The propane cost savings in current dollars is about $2000/yet:tr. · 

The flat-plate collectors chosen in the analysis cost a total of $20.ll/ft2, resulting in a 
total installed collector cost of $3536. The cost for the remainder of thP. gystem, includ 
ing n pump, piping, valves, controls, collector skid mount, and installation was estimated 
to be $4900 (Guthrie 1969; Perry and Chilton 1973; Peters and Timmerhaus 1968). Thus, 
the total installed oil-through-collector system cost was estimated to be $8436. 

Using life-cycle costing techniques in the ECONMAT software, the net present worth of 
the solar system was determined (i.e., the excess of the fuel-savings returns compared to 
the cost of the solar/conventional hybrid system). The assumptions used in the analysis 
regarding inflation rate, propane escalation rate, etc., are summarized in Table 2-l. A 
positive present worth indicates that the solar system is more cost effective over its 20-
year assumed lifetime than a conventional propane system over the same period. For the 
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oil-through-collector system, the present worth was $33,900, indicating that the solar 
system was competitive with the propane system. In fact, the payback period for the 
&>lar system was less than 4.5 years. These favorable economic results are due to: 

• Direct liquid heating is generally the most economical solar configuration. 
• The propane used by the company is relatively expensive. 
• The propane energy utilization efficiency in this case is low. 

The oil-through-collector system does pose at least one significant problem. Although it 
appears that the crude-oil/water emulsion could be pumped through a collector without a 
substantial penalty for pumping costs or collector corrosion, paraffin in the crude oil 
could be a problem if the temperature dropped below its melting point. This would occur 
at night as the collectors cooled. To solve this problem, the collector system would have 
to remain idle each morning until the system temperature was high enough to melt the 
paraffin, or it would have to be drained each evening. Both of these options detract from 
the feasibility of the oil-through-collector system. 

The second potential configuration is the external exchange system sh~wn in Fig. 2-3. 
The PROSYS simulation for. this system in Casper indicated that 156 ft of a commer
cially available parabolic trough collector (see Table 2.,-2) was the most cost effective. 
The parabolic trough collector was preferable to a flat-plate collector because of the in
creased average collector temperature in the external exchange system (137° F) as com
pared to the oil-through-collector system (117° F). The thermal efficiency of the para
bolic trough is higher than a flat plate at the increased operating temperature. 

Pump 

lsolatibn 
Valve 

Crude Oil/Water 

Parabolic Trough Collectors 

100o F Area: 156 ft2 155° F 
Avg. Temp.: 137~F 

t------. To Expansion 
Tank 

Check 
Valve 

Isolation 
Valve 

Crude Oil 

Bypass 

Separator 
Tank-

135°F 

1 Control 1 
I Valve 1 

L---------[]-----------~ 
Controller 

Figure 2-3. Crude Oil/Water Separation Facility 
External Heat Exchange System 
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The external heat exchange system was sized to displace ~roximately one-third of the 
process energy requiremeDt during a typical year {5.8 x 10 Btu/yr). As before, the solar 
system displaces 5.0 x 10 Btu/yr of propane energy due to the low propane utilization 
efficiency. 

The parabolic trough collectors used in the simulation of the external exchange 
system {156 ft2) cost a total of $4924. The remainder of the system costs were estimat
ed to be $6169 {Guthrie 1969; Perry and Chilton 1973; Peters and Timmerhaus 1968), re
sulting in a total installed cost of $11,093. The life-cycle cost analysis showed that the 
external exchange system had a positive net present worth equal to $31,600 when com
pared to the conventional propane system. Thus, the solar system is competitive with 
the existi~ propane system and has a payback period of 6.6 years. The high propane cost 
combined with its inefficient use account for this result. · 

The external heat exchange syst~rn does not appear to have any major disadvantages. 
The collector array and heat excha.nger can be mounted on a single skid for ease of mo
bility. No modifications to the separator tank would be required. Thus, this configura
tion is a good candidate for a heater-treater utilizing solar energy as a supplement to the 
existi~ propane burner. 

I 

The last solar system considered for application to the separator tank was an in-tank ex
change system {Fig. 2-4). Using Casper weather data, the PROSYS simulation showed a 
parabolic ~ough collector {see Table 2-3) to be the most cost effective and indicated 
that 195 ft of collector· was needed to displace one-third of the annual energy require
ment. The average collector operating temperature would be 158°F-higher than either 
of the other solar system configurations. As before, the higher average operating tem
perature resulted in the choice of a parabolic trough over a flat-plate collector. The 
solar energy supplied and propane energy displaced by the in-tank exchange system are 
equal to those of the external heat exchange system, 

~arabollc TrOUOI'I Collectors 

Area: 159 ft2 

Avg. Temp.: 158° F 

To Expansion "-r------'--T""' 
Tank 165°F 145°F 

cnec:k 
Valve 

Isolation 
Valve 

Crude Oil/Water 

.---...,...Crude 011 

&oporator 
Tank 

L........--water 

Controller 

Figure 2-4. Crude Oil/Water Separation Facility 
In-Tank Heat Exchange System 

10 



$5,1~-; -------'-----------------T_R-_3_23 

The total in-tank exchange system cost of $11,250 was composed of $5022 for the collec
tors and $6228 for the remaining system cost (including installation on a skid and the 
heat exchanger installation inside the separator tank). The life-cycle cost analysis indi
cated that, compared to the conventional propane system, the in-tank exchange system 
was competitive, with a positive present worth of $31,500. The payback period for this 
system would be 6.7 years. 

The in-tank exchange system is a feasible solar option, but the requirement for separator 
tank modification is a disadvantage. Installation of a heat exchanger in the tank would 
require disassembly of the system, opening of the separator tank, and possible interfer
ence with the existing propane heater system. 

2.4 CONCLUSIONS 

Based on the analysis performed for this case study, it appears that any one of the three 
potential solar systems previously described would be feasible as a supplement to the 
separator tank propane burner system (potential problems associated with pumping crude 
oil through collector receivers in the oil-through-collector system were not examined in 
detail). In addition, each pa;sibility is cost effective when compared to the propane sys
tem and have payback periods of 6.7 years or less. They ·are all capable of displacing an 
average of one-third of the propane energy used in the existing configuration. 

The preferred solar system for this application would use external heat exchange. This 
avoids problems- associated with the other configurations, such as the necessity for sys
tem draindown each evening or modifying the existing separator tank assembly. A 
variety of nonfreezing heat transfer fluids could be used in the cla;ed-loop collectors, 
eliminating problems of collector contamination or blockage from paraffin or other sub
stances present in the crude oil. The system could be controlled to automatically turn on 
when the collectors heat to a sufficiently high temperature each morning, and to tum off 
and bypass the neat exchanger each evening. In fact, pressure drop through the exchang
er is probably small enough to allow the bypass piping to be dispensed with entirely. 
Little monitoring by maintenance personnel should be required for such a system. 

Figure 2-5 illustrates the cost effectiveness of the external heat exchange system for 
displacing conventional fue1s in the separator tank. The plot shows the net present worth 
of the solar system (156 ft of a parabolic trough collector) as a function of conventional 
fuel cost. The costs of natural gas, fuel oil, and propane are indicated on the plot for 
comparison. The solar system is cost effective (i.e., i~ present worth is greater than or 
equal to zero) for all fuel~ costing more than $1.50/10 Btu. The payback period varies 
with conventional fuel .cost. The plot is based on the assumption that any conventional 
fuel used in the existing separator tank would have a utilization efficiency equal to that 
of the present propane system, or 11.7%. Electrical immersion heaters could be used in 
the tank in a more cost-effective manner than the conventional fuels shown in Fig. 2-5, 
because the heaters would have essentially a 100% utilization efficiency. A detailed 
study of the cost effectiveness of the solar systems compared to electrical immersion 
heaters has not been made, but it is estimated that the life-cycle costs of the two system 
types would be approximately equal. 

It is pa;sible that additional propane energy could be displaced by using the separator 
tank as thermal storage. This could be accomplished by solar heating the tank to 200° F 
rather than the requited 135°F. During the times when the solar system was not opera
tive, the propane system would function only if the temperature fell below 135°F. 

11 
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Figure 2-5. Crude Oil/Water Separation Faci!_ity: 
Present Worth of External Heat Exchange 
System Versus Conventional Fuel Cost 

Indicated propane cost is for Casper, WY in March 1979; costs for natural gas and fuel oil are for 
Denver, CO in March 1979; the same energy utilization efficiency of 11.7% was assumed in all cases. 

Thus, when the solar collectors turned off each evening, the 200° F emulsion in the 
separator tank would drop in temperature as 80° F emulsion was added, and as heat was 
lost, until the tank temperature was 135°F. At that time, the propane system would turn 
on to maintain the 135° F emulsion temperature for the remainder of the night. 

·Assuming that this procedure would not cause operational problems, the fraction ot' 
propane energy displaced by the solar system could be increased from one-third to 
between one-half to two-thirds. The increased solar load, greater heat loss rate, and 
increased average collector operating temperature (hence, lower collector efficiency) 
would increase the required collector area. Although this mode of operation has not been 
examined in detail, it is probable that the solar system would be cost effective. 

If potential problems. should be identified regarding blockage of the external heat ex
changer by- paraffin or other materials, then the in-tank heat exchange system would be 
the next choice. This system would still eliminate the need for collector draining each 
evening while avoiding potential heat exchanger blockage. The same benefits would re
sult as with the external heat exchange system, namely, net cost savings compared to the 
conventional propane system and the conservation of fossil fue1s. 

12 
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SECTION 3.0 

IPH CASE STUDY: ALUMINUM CONTAINER MAHUFACTURING 

A case study was performed for a process unit manufacturing aluminum cans. 

3.1 DESCRIPTION OF PROCESS 

The process consists of shaping and trimming to produce the can bodies, followed by 
washing and drying. The cans are then printed and bottom coated, passed through an 
oven to cure the ink and coating, and are cooled. Next, they are coated internally, cured 
in an oven, cooled, necked, tested, and palletized. 

Process heat is supplied to heat the wash water, to dry the can~ after washing, and to 
heat the printer and internal coater ovens. A schematic diagram of those units requiring 
process heat is shown in Fig. 3-1. The plant operating schedule is continuous 7 days per 
week, 24 hours per day, year-round. With shutdowns, the average operating time is 
24 hours per day, 6-1/2 days per week, 50 weeks per year. 

Cans 

and 
Conveyor 

Can 
W13sher 

1 Dryer I Cooler 

I I 
I I 

Printer 
Oven 

I Cooler 

I 
I 

Figure 3-1. Schematic Diagram of Metal 
Container Process -

I Cooler 

I 
I 

Cans 

Personnel at the plant were highly cooperative with the SERI study team. They conduct
ed a tour of the entire facility and supplied engineering design drawings for the process
heat units. These drawings showed design flow rates and temperatures. The case study 
was performed for one of the three parallel process lines. The total input energy was 
estimated by allocaling natural gris consumption (bRsed on one year's records) to each of 
the three lines according to production rate. 

The initial step was to calculate energy-balances on the process units based upon the data 
supplied. This showed that the information on the engineering drawings did not reflect 

· actual operating conditions, for energy balance closure could not be achieved even ap
proximately (the numbers showed 2-1/2 times more energy leaving in hot gases as was 
being added). After thts was discussed with the comp~ny staff, they made measurements 
of actual flow rates and temperatures, and supplied these results to SERI. In addition, 
they .supplied information on aluminum throughput, water make-up rate, boiler capacity, 
etc. With the revised data, it was calculated that the sensible heat of the exhaust gases, 
the cans, and the conveyor accounted for 55% of the estimated thermal input. This left 
an energy loss rate consistent with rough estimates for evaporation losses and heat losses 

. to the surroundings. Since the losses could not. be determined independently, the energy 
balance could not be closed by measurement-but the values available are reasonable. A 
more-detailed presentation of the hR.sic data is presented in an appendix (Section 3. 7). 
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The results of the energy balances, showing inputs and outputs, are summarized in 
Fig. 3-2. Examination o~ Fig. 3-2 shows that some 48% of the estimated total energy 
input of 4 GJ/h (3.8 x 10 Btu/h) to the process leaves in the exit hot gases. The re
mainder leaves as heat-of-vaporization of water, heat losses to the building air, and as 
sensible heat of the cgns and can conveyor. The fuel presently used is natural gas, at 
$~.93 per GJ ($2.04/10 Btu) of heating value (December 1978 price). 

Air 
61 90 

(124°F) 
3.2% 

Gas Air 
107°C 400C 
(225~) (1 04°F) 
10.8% 0.5% 

Gas 
172°C 

(34.2°F) 
9.3% 

Air 
43°C 

(109°F) 
3.7% 

Gas Gas 
99°C 82°C 

(210~) (179~) 
11.1% 4.8% 

Air 
50°C 

(122°F 
4.0% 

Can 
Washer 

Printer I Cooler lnter~al Cooler 
Coatmg I · . Cans Cans _........ 

Steam .Air and Air 
22% Nat. Gas 

22% 

Oven · 

HeatingJ Curing 1

1 1740C 1177°C 
(345°F) (350°F) 

Air and 
Nat. Gas 

22% 

Air 

• Estimated Total Energy Input 4 GJ/h 

Oven 1 
Heating I Curing I 
1630C I 2130C 

(32SOF) (415°F) 

Air and 
Nat. Gas 

34% 

• Percentages are Sensible Heat in GAs (Relative to 01nc, 88°F) 
as % of l otal Energy lnpyt 

• Sensible Heat of Off-Gases Accounts for 48% of Energy Input. 
Balance is Due to Water Evaporation and Heat Losses 

Figure 3-2. Metal Container Process Energy Flow Diagram 

3.2 ANALYSIS FOR ENERGY CONSERVATION 

Water for washing the cans is heated via steam from a gas-fired boiler. Water from the 
washer, at about 43°C (ll0°F), is recycled and water is added to make up for evaporation 
losses and blowdown. The water stream is steam-heated. to 60°C (140°F) and rP.turned to 
~he can ~asher. ThP. rate of heat supply tu this heater is estimated to be 0.88 GJ/h, Of 
0.83 x 10 Btu/h (2296 of the total energy input). This energy goes to heating the cans 
and conveyor, vaporizing water, heating the air exhausted through the washer, and heat 
losses to the surroundings. The energy requirement of this unit could be reduced 

· somewhat by additional insulation and by redur!ing the exhaustion of air from the wash
er. Also, evaporation could be suppressed by solids floating on the water surface (P..g., 
foamed polystyrene parti~les). There were not sufficient data to estimate these losses or 
their potential reductions. Nonetheless, the use of a floating evaporation suppressant is 
recommended as is reduction of the induced air flow. No more detailed work was done 
_on conservation in the washing step. · 
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The remaining 78% (3.1 GJ/h) of the process heat is used for drying and curing the cans. 
The dryer, printer oven, and internal-coater oven are each direct, natural gas fired. Sub
stantial excess air is used so as to produce temperatures in the. 163° to 212°C (325° to 

. 414°F) range, as required. About .4596 of the input energy to these units leaves as hot 
exhaust gases. About 14% of the input energy is lost, as warm exhaust air, from the 
coolers, where air is used to cool the cans to near ambient. The other 41% of the input 
energy (1.3 GJ) leaves with the cans and conveyor, as losses to the building air, and as 
heat of vaporization of water in the dryer. 

The sensible heat leaving each cooler with the cans is estimated to be only about 
0.01 GJ/h. Estimating that the conveyor thermal mass rate is ten times that of the cans 
gives about 0.1 GJ/h loss from each cooler, as sensible heat of cans and conveyor, or · 
0.3 GJ/h totaL The remaining 1 GJ/h includes both evaporation and heat-transfer losses 
to building air. These losses could not be estimated independently. The evaporation loss 
cannot be reduced, since water must be evaporated in the dryer. Heat losses to the 
building could be reduced by an indeterminable amount via additional insulation. The 
gas-fired equipment is already quite well insulated. It appears that the total process 
heat requirement could be reduced by less than 0.5 GJ/h (1296 of the total input) by add
ing insulation. 

There is a substantial energy recovery potential in the dryer, ovens, and coolers in the 
form of the sensible heat in the exhaust gases. One means of recovery would be heat 
transfer between the exhaust gases and incoming air. This could be done but, since it is 
gas-to~ir exchange, relatively large exchangers would be required. The most direct 
means of recovering this energy would be to reuse the gases. Indeed, the air used to cool 
the cans should be used as a preheated air supply to the gas burners; this could be done 
whether or not a solar system is used. The possibility remains of recycling some of the 
hot combustion product gases. These alternatives are considered in detail in the follow
ing section. 

3.3 SOLAR ENERGY APPUCATIONS ANALYSIS 

The application of solar energy to this process was examined in three ways: 

• Using solar collectors to supply one-third of
9
the total annual energy required for 

the dryer and ovens {1/3 x 22 TJ/yr, 7.0 x 10 Btu/yr) vin hot air at the maximum 
required process temperature of 213°C (415°F); 

• Using individual collector units to supply either hot air or water to each process 
unit at the maximum temperature required for that unit; and 

• Using a reconfigured process air flow to take advantage of the air preheating in 
the coolers and to recycle a portion of the hot exhaust gases. Solar energy is 
used to further preheat the make-up air. 

3.4 CONDntONS ON SOLAR DESIGN 

The performance and costs of solar collectors feasible to provide ·the required process 
heat was calculated using the PROSYS/ECONMAT computer code described in Appen
dix A. For the first two uses described above, the solar system was sized to supply, on 
the average, one-third of the total annual energy requirement. This allows for an annual 
average of eight hours of collection per day. Smaller solar systems were also analyzed, 
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but those results are not included here. 
analysis. 

No energy storage was considered in the 

To heat water, hot-water-direct and hot-water-exchange systems were considered. 
(Simplified schematics of such systems are illustrated in Appendix B.) The capacity cost 
for a direct system was found to be less than that for· an exchange system for the same 
service. This comes about because the direct system entails less equipment; also, 
because the solar collectors operate at a reduced temperature (and hence higher 
efficiency), less area is required. 

A major assumption was made in the analysis for hot-air-direct systems operating at 
temperatures too hot for flat-plates [above about 66° C (150°F~ -namely, that the over
all performance characteristi~s of the collectors woulu be the same whether air or 
watet·-glycol was the working fluid. This assumption wns made because the only perfor
mance data at the higher tP.mperaturco in the cumput~r model used to prP.rlir:-t collector 
thermal output are for Rn aqueouo working· fluid. Hecause of the many applications of 
hot air and the favorable cost of direct as compared to exchange systems, we suggest 
that research and development on efficient, high-temperature absorbers with air as the 
working fluid should be a priority item. 

The temperature and total gas flow rate of each unit has be~n taken as fixed by the pro
cess requirements throughout the following analysis. 

3.5 SOLAR APPLICATIONS 

• Air heating for an existing process: Results for supplying one-third of the annual 
energy used for heating process air, Rt a process temperature of 213°C (415°F), 
are shown in Table 3-1. The principal observation from these results is the large, 
negative present worth of the project. That is, solar energy is not cost effective 
for this service. 

• Indiviuual solar units for each process unit: Results for individual solar collector 
systems, each supplying energy to a process unit at the temperature required by 
that unit, also are shown in Table 3-1. Each unit shows a large, negative present 
worth. Thus, no solar application to an individual proce$5 unit is cost effective, 
including the heating of hot water to 60°C (140°F). 

These results indicate that solar energy is not cost competitive with efficiently 
used natural gas, at $1.93/GJ, and process tP.mperaturco of G0° C (140° !<') and 
higher; if the solar system must supply the same amount of energy as supplied by 
the displaced natural gas. This result is consistent with our observations, in 
earlier case studies (Brown et al. 1980). It suggests that so.lEn· energy can be ex
pecten to be cost competitive with natural gas at present prices only if the gas is 
used very inefficiently, or if a way can be found to displace more energy from 
natural gas than must be supplied hy solar. 

• Solar heat to the reconfigured p_rocess: As noted above, a solar system has to 
displace more energy than it must supply in order to compete economically with 
efficiently used natural gas. Therefore, the hot air uses in the process were re
examined to determine whether this was possible •. The rest of this analysis does 
not include heating water for the can washer, because for this application, the 
possibility of reconfiguration does not exist. 
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Table 3-1. SOLAR SYSTEM PARAMETERS 

Service 

Total Process Water Can Print Internal 
Hot Air Heating Dryer Oven Coating'Oven 

Collector Type Parabolic Parabolic Parabolic Parabolic Parabolic 
2 Trough Trough Trough Trough Trough 

Collector Area Cm ) 2240 560 630 600 960 
(ft2) 24,100 6100 6780 6450 10,300 

Process . rc) 213 60 193 177 213 - Temperature fF) 415 140 380 350 415 -.::1 

Average Coilector fC) 146 71 133 122 146 
Operating Temperature fF) 295 . 160 271 252 295 

Average Annual 
(TJ = 1012J) Solar Energy 8.1 2.3 2.3 2.3 3.5 

Supplied (lo9 Btu) 7.7 2.2 2.2 2.2 3.3 
System Type Hot Air Hot Water Hot Air Hot Air Hot Air 

Direct Exchange Direct Direct Direct 
Collector Cost (thcusand $) 742 193 209 205 318 
Total Cost (thousand $) 800 244 226 222 343 
Capacity Co$t ($/GJ/yr) 98 105 97 95 99 
Delivered Energy Cost ($/GJ) 11 12 11 11 11 
Net Present Worth (thousand $) -440 -117 -123 -120 -189 
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About half of the energy input to the ·process leaves in the form of heated exhaust 
gases. These hot gas streams offer· significant waste heat recovery potential. The tem
perature, volume flow rate, and energy flow rate of each exhaust stream are compiled in 
Table 3-2. Waste heat could be partially recovered by heat exchange with incoming air. 
However, since this requires relatively difficult gas-air. exchange, this option was not 
considered in detail. Another possibility would be to "cascade" the gases, that is, to use 
higher temperature exhaust gases for lower temperature purposes. However, the re
quired temperatures and flow rates do not match up, as is· ·revealed by examining 
Table 3-2, so little could be gained by doing so. · 

Table 3-2. ENERGY CONTENT OF EXIT GAS STREAMS 

Temperature Flow Rate at STP 
GJ /hE?toW~~ulh> Gas Stream Sourct:i oc r:F> m3 /min (ft3 /min) 

Print Oven 172 (342) 35.1 (1240) 0.37 (0.35) 
Can-Washer Drier 107 (225) 75.9 (2680) 0.44 (0.42) 
IC Oven Heater 99 (210) 86.9 (3070) 0.43 (0.41) 
IC Oven Cure 82 079) 49.3 (1740) 0.19 (0.18) 
Can-Washer Exhaust 51 (124)' 84.4 (2980) 0.13 (0.12) 

Total Exhaust Gas 331.6 (11,710) 1.56 (1.48) 

IC Oven Cooler 50 (122) 110.4 (3900) 0.16 (0.15) 
Print Oven Cooler 43 (109) 172.7 (6100) 0.15 (0.14) 
Can-Washer Cooler 40 (104) 38.2 (1350) 0.02 (0.02) 

Total Cooler Air Flow 321.3 (11,3!;0) 0.~3 (U.31) 

a Energy with r~spect to 31° C (88° F). 

As shown by Table 3-2, the total flow rate of air through the three can coolers is essen
tially equal to the total exhaust gas flow rate of the ovens, dryer, and washer. Thus, the 
coolers could be used to preheat all the air to the ~as burnP.rs to about 46° C (116° F), as 
showu schematically in Fig. 3-3. This action would reduce the total process heat re:.. 
quirement by about 8.2%. It could he RP.P.nmpli~hed at the co3t of the auuiliumtl ducting, 
blowers, and controls needed, even if a solar system is not used. Although no design 
without solar has been done, it would probahly prove to be cost effective. In the rest of 
this analysis, the fuel savings achieved by preheating have been credited to the oolnr sys
tem, even though it could be accomplished without a solar syst_em. 

Next, the use of solar to further heat the preheated air was considered, as illustrated in 
Fig. 3-4· Solar was examined for heating the air to several temperatures, ranging from 
102° to 213°C (215° to 415°F). None of these systems was found to be cost effective. 
There is some temperature between 46° and 102°C (115° to 214°F) at which such an ar
rangement would break even with natural gas, but this was not explored further. 

Next considered was recovery of some of the energy in the hot. exhaust gases, by 
recycling them to the process, as well as the use of a solar preheat, as shown schemati
cally in Fig. 3-5. 
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Figure 3-3. Schematic Diagram of System Using Can Coolers 
to Preheat Incoming Air 
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Figure 3-4. ·schematic Diagram of Solar Preheating 
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Figure 3-5. Schematic Diagram of Recycling Hot Gases 
and· Solar Preheat 

There are three factors that might limit exhaust gas recycle: 

• Organic solvents are vaporized in the printer and internal coater ovens. The sol
vent vapor concentrations must be maintained at less than 25% of the lower ex
plosion limit. 

• Water is vaporized in the can-washer dryer. The water vapor concentration must 
be· maintained he low s~;~.turation at the lowest temperature in the gas ducting, to 
prevent condensation and corrosion. 

• The air used for combustion becomes depleted of oxygen. Sufficient fresh air 
must be introduced to supply at least the minimum oxygen required for combus
tion. The amount of gas that must be hurned is that required to bring the gases 
back to the temperatures required in the process. 

One of these factors will determine the maximum total amount of gases that can be re
cycled, and/or the amounts of dryer or oven off-gases that can be recycled. 

Calculations to determine the maximum amount of recycle were based on these consid
. erations. A basic guideline was to use all the hottest off-gas first, then the next hottest, 
etc. The results were as follows: 

• If the solvent vapor concentration in the total off-gas is limited to the same 
value as is presently reached in the internal-cooter oven, the maximum recycle is 
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55% of the off-gas streams. At this recycle rate, the soivent vapor concentra
tion in the coater oven off-gas would be twice its current value if no combustion 
of the recycled vapors occurs. It is suspected that these vapors will bum in the 
gas-combustion zones, effectively removing them from the recycle streams; 
however, this has not been demonstrated. If, in fact, they are combusted, an 
even higher recycle fraction could be used. 

• The water vapor does not become limiting before the solvent vapors do, and thus 
it presents no problem-since the moist gas from the dryer is diluted by mixing 
with other gas streams, reducing the relative humidity, and the lowest mixed-gas 
temperature is about l03°C (2l7°F). 

• In considering oxygen depletion, the ratio of fresh air to natural gas was kept the 
same as the current ratio. This may not be a necessary limitation, for at present 
considerable excess air is used, and it may be possible to operate with a lower 
fresh air-to-natural gas ratio. However, there is not sufficient information about 
the combustion to resolve this matter now. Based on the current ratio, a maxi
mum of 25% of the off-gases could be recycled if solar heating is not used, be
cause of the natural gas and make-up air needed. If the fresh air is preheated by 
solar, however, less natural gas must be burned, less oxygen will be required for 
combustion, and more off-gases can be recycled. Indeed, there is no oxygen limit 
to the fraction that can be recycled if sufficient energy is added via solar 
heating. 

From the foregoing analysis, the accumulation of solvent vapors in the system is the key 
factor that limits the amount of recycle. The following results are based upon 50% 
recycle of the off-gases, rather than the maximum 55% calculated, to be. somewhat 
conservative. 

The minimum temperature to which the incoming air must be heated by solar was cal
culated such that 50% of the off-gases could be recycled; it was found to be 
87° C (189°F). 

The final air flow configuration is shown in Fig. 3-6, and consists of the following: 

• Incoming air passes through the can coolers. The hottest of this air, that from 
the internal-coating oven can cooler and about one-third of that from the print 
oven can cooler, is circulated to solar collectors, where it is heated to 
87°C (l89°F). 

• The off-gas from the print oven, the can-washer dryer, and about two-thirds of 
that from the internal-coater-oven heater section are mixed with the solar pre
heated air. 

• This mixed-gas stream is then used as preheated combustion air to the gas-fired 
units: the can-washer dryer, the print oven, and the internal coating oven. 

The advantage of this 
0.48 GJ/h (0.45 M~tu/h), 
1.8 GJ/h (1. 7 x 10 Btu/h). 

configuration is 
the natural 

that while the solar system supplies 
gas displaced is equivalent to 

The characteristics of the solar system are summarized in Table 3-3. The striking result 
·is that the total system shows a positive present value. That is, the life-cycle economic 
analysis indicates that this integration of solar energy into the system is cost effective. 
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Figure 3-6. Flow Diagram of Recycling Hot Gases 
and Solar Preheat 

Table 3-3. SOLAR SYSTEM PARAMETERS: 
SOLAR PREHEAT TO 87° C 
(189°F) 

Colleetor Type 
_.Collector Area 

Process Temperature 
Average Collector 

Operating Temperature 
Average Annual Solar 

Energy Supplied 
System Type 
Collector Cost 
Total Cost 
Capacity Cost 
Delivered Energy 

Cost 
Net Present Worth 

22 

Parab~lic Trou~1 
274m (2950 ft ) 

87° C (189° F) 

73°C {164°F) 

1.2 TJ (1.1 GBtu) 
Hot Air Direct 

$94K 
$102K 

$88/GJ/yr 

$9.8/GJ/yr 
$28K 

@ 48°C 
(118"F) 
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The system shown has not been completely optimized with respect to the energy supplied 
by solar collectors. If the preheat temperature were increased-, more hot off-gases could 
be recycled (assuming that organic vapor combustion occurs in the gas flame). In this 
case, a cost-effective system could be sized with a larger fraction of the energy supplied. 
by solar. 

3.6 SUMMARY OP SOLAR APPUCA'l10NS 

The use of solar to replace natural gas, and its use strictly as a preheat for incoming air, 
did not prove to be economical. However, when solar was used in combination with air. 
preheating and partial recycle of hot off-gases, an economical design was found. This 
design consisted of recycling the hottest half of the off-gas streams, using the can cool
ers to preheat incoming air, and then using solar .collectors to further preheat this air. 
The can coolers supply 5% of the total process energy requirement (for an average of 8 
of the 24 operating hours per day), solar supplies 12%, and the recycled gases supply 
27%. The remaining· 56% is supplied by buming natural gas. The energy recovery from 
the can coolers and some of that from the recycle of hot gas could be achieved without 
the solar system. However, more gas can be recycled with a solar system than without 
it. 

3.7 APPENDIX: DATA USED IN THE CASE STUDY 

The data supplied by the plant and used in the case study are: 

e Total energy input: Natural gas consumption on the case-study ranufacturing 
line, allocated according to line throughput, was 3490 milli~ ft in one year, 
7982 operating hours. Heating value of the gas was 840 Btu/ft • 

• Process unit operating temperatures, measured by plant personnel, and energy 
inputs, estimated in cooperation with plant personnel: 

Temperature - Energy Input 
Unit oc OF GJ/h. MBtu/h 

Can Washer 60 140 0.88 0.84 
Can Dryer 193 380 0.88 0.84 
Printer Oven 0.88 0.84 

Heating Zone 174 345 
Curing Zone 177 350 

Internal Coating Oven 1.33 1.26 
Heating Zone 163 325 
Curing Zone 213 415 

• Stream flow rates and temperatures. Gas flow rates and temperatures measured 
hy plant personnel: 
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Unit 

Can Washer 

Cl:lu D1·yer 
Can-Dryer Cooler 
Printer Oven 
Printer Oven Cooler 
Internal Coating Oven 

Hell.ting Zone 
Curing Zone 
Cooler 

Stream 

Water 
Make-up Water 
Exhaust Air 
Exhaust Air 
Exhaust Air 
Exhaust Air 
Exhaust Air 

'Exhaust Air 
J::xhaust Air 
F.xhAII~ Air 

Flow Rate 

350 gal/min 
15 gal/min 
2980 SCFMa 
2680 SCFM 
1350 SCFM 
1240 SCFM 
6100 SCFM 

3070 SCFM 
1740 SCFM 
3000 SCFM 

8sCFM =standard cubic feet per minute at 1 atm, 60°F. 

Temperature 
fF) 

140 
65 

1'24 
225 
104 
345 
109 

210 
179 
122 

Make-up air enters from the building (at 88° F when measurements were made), 
except for the internal co!lter oven cooler, where air is drawn from outside. 

• Other information: boiler rating, 125 hp; boiler operating pressure, 15 psig; sol
vent vapors-maximum allowable concentration= 25% of lower explosion limit; 
and solvent evaporation rate for the printer oven is 0.7 lb/h and for the internal 
coater oven it is 15.4 lb/h. 
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SECTION 4.0 

IPH CASH STUDY: CORN WET MILLING 

4.1 INTRODUCTION 

The corn wet milling process produces corn sweeteners, starch, oil, and animal feed by
products. At present, 18 plants (Casper 1977) are primarily engaged in corn wet mill
ing. They are mainly located in the Midwest corn-growing region. The industry con
sumes about 6% of the U.S. corn crop, which has exceeded 7 billion bushels for the last 
two years. ( A bushel of corn weighs 56 lbs.) Plants range in size from 15,000 to 150,000 · 
bushels per day capacity, with an average of about 50,000 bushels per day. Production is 
continuous, 24 hours per day, 7 days a week. 

The industry is in a state of expansion. Conventional corn syrups have always shared a 
percentage of the sucrose sugar market. · However, technological advances in the last 
five years have resulted in the advent of high-fructose corn syrups, which are consider
ably sweeter than .conventional corn syrups and sucrose, for the same calorie content. 
Fructose corn syrups have gradually increased their penetration of the sucrose sugar 
market, and have recently gained acceptance by soft drink manufacturers. · 

The corn wet milling process is extremely energy intensive. The average energy re
quirement for plants in 1971 was 242,600 Btu per bushel of corn processed, with a varia
tion of between 176,000 to 360,000 Btu (Casper 1977). Energy usage at some of the new
er corn wet milling plants, which produce primarily syrups, is below 150,000 Btu/bushel. 
For comparison, this average, on a per pound of throughput basis, is twice the energy 
consumed in the oil refining industry. Energy costs represent a significant portion of the 
final product cost. Consequently, the industry has devoted considerable resources for 
conservation and efforts to improve energy efficiency. As a result of rising natural gas 
and fu~l oil prices and increasing restrictions on their use, the industry is actively 
considering alternative energy sources such as coal and solar energy. 

The following report describes art JPH case study performed for a Midwestern corn pro
cessing plant. 

4.2 CORN PROCESSING OPERATIONS 

The corn .wet milling process involves a large number of unit operations. A schematic 
outline of the process is shown in Fig. 4-1. For the purposes of this study, the corn 
steeping, starch drying, and feed drying processes were chosen as representative of the 
type o.f fuel usage. 

4.2.1 Com St~ing 

In the first step of the corn wet' milling process, cleaned corn is fed to a large vat. 
Deionized water, containing 0.1 to 0.3% sulfur dioxide, is added. Due to its previous use 
in downstream processes, such as starch washing, the water has already picked up heat 
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.r---------- Shelled Corn 

Starch and 
Nutritive 

Sweeteners 

Germ 

Bran 

Gluten 

Gluten 
Meal 

Gluten 
Feed 

Germ 
E.v.tractor; 

Corn 
Germ 
Meal 

Figure 4-1. Schematic Outline of the Corn 
Wet-Milling Process (Brenner) 

Stccpwatcr 
Evaporators 

Corn 
Oil 

and some soluble material._ The contents of the vat are heated to about 125°F by circu..,. 
lation through a heat exchanger, and then allowed to steep for 24 to 30 hours. The pro
cess is continuous in the sense that there are enough vats that all stages of the steeping 
operation occur simultaneously. Process heat requirements are estimated at approxi
mately 4000 Btu/bushel (166 kJ/kg) of corn processed. 

For the purpose of this study, a vat of nominal heat capacity 500,000 BturF (949 MJ;oc) 
is used. Heat at the rate of 10 million Btu/h (2.9 MW) is supplied to raise the vat tem
perature from 85° to 125°F (29° to 52°C) over a period of two hours. Heat losses are 
neglected. The calculations are documented in an appendix (Section 4.6.1). 
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4.2.2 Starch Drying 

Starch is a major product of the corn milling process. It can be sold directly as a prod
uct, but most is hydrolysed to a wide variety of corn syrups tailored for specific end
uses. This includes liquid dextrose syrups and solid dextrose hydrate, as well as high
fructose syrups. Care must be taken in drying the starch, since it will gelatinise at 144° 
to 162°F. Consequently, an indirect air drying process was employed in the plant under 
study, with steam generating the required heat. The equipment used was a through
circulation conveyor dryer such as is shown in Fig. 4-2. 

Steam 
coils 

Conveyor 

Figure 4-2. Section View of Continuous Through-Circulation 
Conveyor Dryer (Perry 1973)-

Starch enters the high-temperature zone of the through-circulation conveyor dryer from 
rotary vacuum filters at about 100° F, 42% water content. Moving on perforated convey
ors, the starch is contacted with hot air blown through the bed. This air is preheated by 
low-pressure steam and brought up to process temperature by contact with .coils contain
ing 125 psig steam-. From here, the starch passes to the low-temperature zone heated by 
low-pressure steam. Finally, the starch is air cooled to about ll5° F. This preheated air 
is directed to the low-temperature dryer. 

Theot•etical heat requirements for this prn~P.s.c:; were calc,mlated at 880 Btu/lb (2 MJ/kg) of 
product starch. An appendix (Section 4.6.2) details calculations for a typical dryer oper
ation, whereby 125,000 lb/h (56,000 kg/h) of air are heated ·from 70° to 270° F (21° to 
132° C) to supply a process heat load of 6 million Btu/h (1. 7 MW). 

Starch drying technology has improved considerably in the last 10 years. As a result, for 
the latest installations, steam-heated, belt-driven dryers have been replaced by direct 
gas-fired, flash-type dryers •. The operation of (lash dryers is explained in the following 
section. · 

4.2.3· Gluten Feed Drying 

This process consumes the major part of plant natural gas supplies. No. 6 fuel oil can be 
used as a substitute energy source if gas is unavailable. The plant used pneumatic:
conveyor or flash-type dryers similar to equipment illustrated in Fig.-4-3. 
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Wet 

Air 
heater 

Vent fan 

Dry-stage 
cyclone 

+ 
Finished 
product 

Cage mill 

Figure 4-3. Two-Stage Pneumatic Conveyor Dryer 

Fuel is burned with a large excess of air to prociii~P. gas temperature9 of about 1000°F. 
The wet feed is injected into this gas stream hy pneumatic or screw conveyors. The solld 
is entrained in the gas stream. Cont,act time is short, since heat transfer and drying 
takes place very rapidly. The solid material is disengaged from the gas stream in a 
cyclone. 

Duri~ this process, evaporation of surface moisture occurs at essP.ntially the wet-bulb 
air temperature. This prevents degradation of the solid rna terial. To continue the drying 
process, but at a lower temperature, a second drying stage is employed. The partially 
dried feed is reinjected into an airstream consisting of gas from the first stage diluted 
with an additional volume of Ambient air. A second cyclone is .used to again Separate the 
gluten feed from the gas stream, which exits at about 220°F (l04°C). This temperature 
is high, maintaining the required temperature driving force necessary for the desired out
let moisture content. Dried feed exits the dryer at about 160°F (71°C). 

Calculations, showing the theoretical heat requirements for the drying process to be 
about 1900 Btu/lb (4.4 MJ/kg) of product, are illustrated in an appendix (Sectipn 4.6.3). 
They are based upon a dryer supplying 9.9 million Btu/h (2.9 MW) to 50,800 lb/h (23,000 
kg/h) of air so as to raise its temperature from 70° to 1000°F (21° to 538°C). 

Technological changes have also resulted in the replacement of flash dryers for gluten 
feed drying by direct-fired rotary dryers. A diagram of such equipment is shown in 
Fig. 4-4. Rotary dryers are similar in design and operation to rotary kilns used in lime. 
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and cement manufacture. The process material passes through a slightly inclined, rotat
ing cylinder. Rotary dryers are usually equipped with flights on the interior for lifting 
and showering the solids through the hot gas stream flowing through the cylinder. Gas 
flow is induced by either an exhauster or an exhauster-blower combination. Such ar
rangements allow the dryer to operate slightly below atmospheric pressure, thus prevent
ing the leakage of dust to surrounding work areas. 

Combustion 
Furnace Feed Chute 

Support 

/ 

Dry Solids 
Discharge 

Figure 4-4~ Direct Heat Cocurrent Rotary Dryer (McCabe 1976) 

4.3 ENERGY ·coNSRRV.A'l10N 

Corn milling plants are large, sophisticated operations. Equipment is complex and highly 
automated. Large technical staffs are employed. A major concem is energy conserva
tion. The efficiency of evaporative processes has been improved by increasing the 
number of effects, and by employing vapor recompression cycles. Heat losses have been 

·reduced by the installation of more insu1ation and by better maintenance procedures, 
such as repairing steam traps. A large percentage of the electrical power consumed is 
generated on site. The degre~ of cogeneration is limited by downstream process heat re
quirements. Boiler efficiencies a:re being increased by the installation of economi:lers 
and air-preheaters. The effici~ncy of electrical generation would be increased. by using 
higher steam pressures. By doing so, less steam would be exhausted, and the degree of 
electrical cogeneration could be increased. When available, and if equipment and envi
ronmental regulations allow, greater use is being made of coal to replace increasingly 
expensive and unavailable natural gas and· fuel oil. Recycling of process water, largely 
the result of environmental regulations, has produced considerable energy savings. 

For the plant under investigation, the feed-drying process is the largest single consumer 
of natural gas. The high temperatures involved allow efficient drying to be achieved at 
high throughput rates in compact units. These facts are reflected in technological 
changes taking place within the industry, which have tended to replace indirectly heated 
equipment, such as belt dryers, with direct gas-fired equipment. High throughput rates 
are often achieved at some sacrifice of product quality. However, this presents no prob
lem for products, such as gluten feed, destined for animal consumption. - . 
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If the relatively clean fluid fuels on which the drying processes depend were unavailable, 
low-temperature drying processes could be employed instead. (Feed is a low-value prod
uct; yet, a greater quantity of energy is consumed .in its production than in producing 
more-valuable corn products.) A low-temperature process could use low-quality waste 
heat resUlting in an increase in the potential for electrical cogeneration. In effect, a 
substitution of coal for oil and natural gas could be made. However, a low-temperature 
drying process would consume considerably more electrical power, since larger gas flow 
rates would be involved. Also, the same evaporative load would require a greater heat 
input. Contact times would be much longer and consequently larger, more expensive 
equipment would be necessary. At very low drying temperatures the quantity of mois
ture in the ambient air would be significant, and an air predrying step could be involved. 
These factors are illustrated in an appendix (Section 4.6.4), where the previous drying 
calcuiation is repeated, but at a lower heater outlet temperature. 

For the given examples, it is shown that a low-temperature process consumes 1.3 times 
as much energy, and requires 5.6 times the air flow rate as compared to the high
temperature process. Yet in spite of this, and even considering the distribution 
inefficiencies in a coal-to-steam system, the change to a low-temperature drying process 
could be economical for this corn milling plant. This arises because the cost of energy 
from natural gas is approximately 50% more than the cost of energy from coal. In the 
future, with newly discovered and imported natural gas selling at 36 cents/therm (as of 
January 1980), the gap between the cost of energy from natural gas and coal is likely to 
widen dramatically. 

As is the case· with most industrial installations, steam is widely used as a heat transfer 
medium. However, there are many advantages to be gained from the use of high
temperature hot water instead, particularly for new installations; where the costs of 
retrofitting do not exist. A brief outline of these advantages can be found in Appendix E. 

4.4 SOLAR ENERGY APPUCA110NS 

Total energy usage for an average-sized ygt corn milling plant is about 500 million Btu/h 
(147 MW) or 4.4 trillion Btu/yr (4.6 x 10 J/yr). To supply a significant portion of this 
energy usage, a solar collector field would be extremely large. Thus, land availability is 
a major constraint. Also, an upwind location is a necessity, because milling operations 
result in much dust fallout. Fallout from syrup operations at the plant under study pro
duces a sticky, water-soluble residue, which could coat collectors and significantly re
duce their performance.* 

In considering solar energy as a partial alternative to conventional fuel supplies for corn 
milling, it is assumed that such a substitution would result in reduced fossil usage. This 
would seem to be the case, since much low-temperature process heat is supplied by cas
cading from high-temperature sources. 

•Problems of dust accumulation on collectors have been observed at several DOE
sponsored solar industrial engineering tests. This was particularly the case at a soybean 
processing plant located in Decatur, Alabama. A laquer-like residue from soybean dust 
accumulated on the flat-plate collectors, greatly reducing their performance. An auto
matic cleaning system was eventually installed, thus allowing collector efficiency to be 
restored to a satisfactory level. 
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Solar cOllector performance data for the following analysis was obtained by testing cur
rently available equipment. Technological improvements would be expected to result in 
increased performance, particularly of collectors operating at the higher temperatures'. 
Predictions of thermal output are based upon the computer code PROSYS developed at 
SERI. This is a simplified code, and the performance of a particular collector can be de
termined rapid).y. Solar ~nergy input is based on long-term weather data. Thus, when in
terpreting the numbers that follow, uncertainties involved in predicting future weather 
patterns, and the imperfect nature of the solar model must be taken into account. 

Collector cost data is based on manufacturers' quotes. Hopefully, economies of s~ale, 
mass production techniques, etc., will keep increases in collector costs somewhat below 
the general cost increase of other manufactured goods. Economic parameters regarding 
the proposed solar systems are determined using the computer code ECONMAT. The 
complete program, PROSYS/ECONMAT, is described in Appendix A. The economic as
sumptions incorporated in the present value calculations for this plant are shown in 
Table 4-1. 

Tabie 4-1. ECONOMIC PARAMETERS USBD IN LIFE
CYCLE COST ANALYSIS 

Rate of Return 
General Inflation Rate 
Real Fuel Escalation Rate 
Operation, Maintenance, Property Tax, 

and Insurance as a Fraction of 
Investment 

Corporate Tax Rate 
System Lifetime 
Depreciation Period (straight-line) 
Solar Tax Credit 
Interest During Construction 
Conventional Fuel Cost (Fuel Oil) 
Labor Rate 

acash, or equity financing HSsumed. 

bF~el use efficiency assumed 80%. 

4.4.1 Com Steeping 

12%a 
6% 
5% 

2% 
50% 

20 years 
20 years 

20% 
9% 

$3.92b 1106 Btu 
$19/h 

Solar heat for the corn steeping process is most economically supplied by flat-plate col
lectors. Efficiencies at low temperatu·res are high, ·and they can utilize the diffuse com
ponent of solar radiation, which forms a large percentage of total insolation in the Mid
west. Indirect heat exchange would allow the solar system to be easily integrated into 
the steep-water heating loop. Typical solar system designs are shown in Appendix B. A 
nonfreezing liquid, such as a water/glycol mixture, would be circulated through the solar 
collectors during periods of solar insolation sufficient to give a net energy output. Heat 
from the solar loop would be transferred to the steep-water via a heat exchanger. 

The solar system is sized to deliver the process heat rate of 10 million Btu/h only at the 
period of peak insolation. In this way, there is no problem of exceeding the process 
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temperature or of having to reject heat. No energy storage is incorporated. Heat not 
provided by the sun is supplied by the existing heating system. If the steep tank is 
maintained in a stratified condition, such that liquid is removed from the bottom and 
returned hot to the top, constant operating conditions can be assumed. The heat is 
supplied to raise the steep-tank temperature from 85° to 125° F. 

4.4.2 Stareb Drying 

Heat to this higher-temperature process is most economically supplied using parabolic. 
trough collectors, which can concentrate solar radiation. These would be aligned north/ 
south and would track the sun east-to-west. This configuration results in maximum 
thermal energy output. 

Three possible systems could be used to supply solar energy to the starch nryi.:ng process: 

• Steam generation: A steam-generating system would interface directly with the 
present starch-drying equipment. Solar-generated steam, when available, would 
simply feed into the existing steam header. The most practical method of steam 
generation in freezing climates appears to be to pump a heat transfer fluid 
through the collector field, and to generate the steam in an unfired kettle boiler. 

• Indirect air heating: Heat would be transferred to the drying air by pumping a 
sblar.-h'eated fluid through additional coils installed in the dryer. 

• Direct air heating: Air blown through the solar collectors would be piped direct
ly to the process. The use of air as a collector working fluid avoids problems of 
freezing inherent to liquid systems, at the expense of increased parasitic electri
cal power inputs. Unfortunately, at this time, there are no collectors on the 
market capable of delivering air at temperatures much greater than those re
quired for space heating. Consequently, a direct air system was not considered 
for this application. 

4.4.3 Gluten Feed Drying 

Solar thermal technologies capable of producing the temperatures currently used in the 
gluten feed drying process are presently only at the experimental stage. Factors forcing 
a shift to low-temperature drying processes would greatly improve the economics of sup
plying energy from the sun. Solar systems such as those feasible for the starch-drying 
process could be employed. 

Solar systems employing currently available technology could be used to prr.heat air for 
high-temperature feed drying. This would preserve nonrenewable fossil· fuels, stabilize 
energy costs, and would give some degree of security against future fuel curtailments. 

4.4.4 Results of So.Iar Analysis 

The results of the solar performance and costing routines are summarized in Tables 4-2 
and 4-3. Competing fuel is taken as No. 6 fuel oil, costing 58 cents/gal. Utilized at an 
efficiency of 80%, the effective cost of energy delivered to the process is $4.90 per mil
lion Btu. Because of the technological constraints discussed above, the analysis was per
formed only for the corn-steeping and starch-drying processes. The economics of 
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Table 4-2. 

Collector 
Type, Alignment, 

Process Location Tilt 

Com Midwest Flat Plate, 
Steeping, North/Soutt, 
Hot Water Latitude 
Exchange Angle 

c;., 
c;., Corn El Paso, Flat Plate, 

Steeping, Texas N/S, Latitude 
Hot Water Angle 
Exchange 

Starch Midwest Parabolic: 
Drying, Trough, N/S, 
Steam No Tilt 
Generation 

Starch Midwest Parabolic 
Drying, Trough, N;s 
Hot Air No Tilt 
Exchange 

SOLAR SYSTEM: ENGilfEERING PARAMETERS 

Average Collector Max Solar 
Process Collector Ar]a 9;utput 

Temperature Temperature ft 10 Btu/h 
°F ("C) °F ("C) (m2) (MW) 

125 122 108,932 10 
(52) (50) (10,124) (2.9) 

125 122 74,683 10 
(52) (50) (6941) (2.9) 

270 447 100,000 6 
(132) (231) (9294) (1.7) 

270 283 88,889 6 
(132) (139) (8 261) . (1.7) 

Energy 
Delivered 

Btu/yr 
(TJ/yr) 

26.4 X 109 

(27.8) 

32.7 X 109 

(34.5) 

18.9 X 109 
(19.9) 

19.6 X 109 

(20.7) 

Process 
Heat Load 

Supplied by 
Solar(%) 

30.2 

3?.3 

35.9 

37.3 

Ill 
Ill 
N -
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preheating air for gluten feed drying would be similar to those presented for supplying 
hot air for starch drying. 

Unfortunately, none of the proposed solar systems installed in the Midwest region appear · 
to be economical at the present time. As explained below, this conclusion is a function 
of location, delivery temperature, and competing fuel costs. 

Insolation maps of the United States can be found in Appendix C. Table 4-2 illustrates 
that a flat plate in El Paso, Texas, can deliver almost twice as much energy per square 
foot as a similar system located in the Midwest. Within the constraints of the computer 
program, producing low-temperature hot water using solar energy in regions of high in
solation is shown to have a positive present value. Still, the discounted payback period 
was over 13 years for El Paso in 1979. · 

Appendix D illustrates the dependence of ~lar collP.I"tt)r types on tempera.tw·l::!~ Flat 
plates are currt:!ntly the most economical type, but because of high thermal losses are re
stricted to low-temperature ~.pplications. A greAt deal of development work is in pro
gress toward Improving the performance and reducing the cost of parabolic trough con
centrators. This could bring the cost of energy delivered by a parabolic trough into the 
range of present flat-plate costs, but the energy would be delivered at a substantially 
higher temperature. 

The cost of competing energy was taken as 58 cents/gal of No. 6 oil. Although this is 
realistic for fuel oil, it is significantly higher than alternatives such as coal or even 
natural gas on an equivalent Btu basis. Using coal as an alternative fuel source, solar 
energy is much less competitive. However, the cost of premium fluid fuels is likely to 
advance rapidly in the future. Table 4-3 shows the effect of performing the economic 
calculations, assuming an escalation in fuel prices 5% higher than the rate of inflation, 
for the years 1983 and 1985. {Recent events could continue to produce much greater fuel 
escalation rates.) Also .assumed are technological advances maintaining the cost of the 
solar sy~'tem {to deliver the energy shown) C!Onstant in dollar terms. ·atven these 
assumptions, heating hot water for prOc:!ess; needs in the Midwest would have a payback 
period of less than 20 years by 1983. However, even by 1985 the payback is too long to 
satisfy usual industry investment criteria of three to five years or less. 

Table 4-3. SOLAR SYSTEM: ECONOMIC PARAMETERS 

Total System !~tailed Present ~alue Dis<;!ounted PAyhA<'I< 
Coot ($10 ) ($JU ) PeriOd (Years) 

Process Location 1979 1983 1985 1979 1983 1985 1979 1983 1985 

Corn Steeping Midwes~ 2.8 2.9 3.0 -0.128 +0.422 +1.011 ~u+ 17 13.3 

Corn Steeping El Paso, Texas 2.U 2.1 +0.663 +I. 763 13 9 

Starch Drying, Midwest :1.3 3.3 3.4 -1.39~ -0.74H -0.303 20+ 20+ 20+ 

Steam Generation 

Starch Drying, Midwest 3.0 3.0 3.1 -I. 090 -0.422 +0.036 20+ 20+ 20 

Air Exchange 
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4.5 CONCLUSIONS 

The corn wet milling industry has a number of characteristics highly favorable to the in
troduction of alternative sources of energy. Energy usage is very "large, and energy costs 
represent a significant fraction of the value added during processing. Processing tem
peratures are largely in the low to intermediate temperature range. Operations are con
tinuous and are supervised by a skilled workforce. Thus, if solar energy is to make a sig
nificant impact on U.S. industrial energy requirements, the corn wet milling industry is 
of a type that solar must penetrate. Upon closer inspection, however, the prospects of 
near-term solar application are slight. The present location of the industry, in-terms of 
available solar insolation, is not favorable. At the plant under investigation, readily 
available-coal allowed the production of electricity and by-product process heat at rela
tively low cost. 

The difficulties illustrated in this example point out the necessity of identifying indus
tries that need alternative energies, and that have desirable locations and process char
acteristics. These "markets by exception" will constitute the only near-term opportuni
ties for solar energy to economically supply industrial process heat. More significant 
market penetration in the long-term will depend upon large reductions in the cost of 

· solar equipment, improvements in reliability and performance, economic incentives, and 
increased cost and scarcity of conventional fuel. 
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4.6 APPENDIX 

4.6.1 Com Steeping 

Vat 

Pump 

Initial temperature of vat = 85°F 

Final temperature of vat = l25°F 

Heat capacity = 5oo,ooo BturF 

Heat required = 500,0UU (125 - 85) 

= 2 X 107 Btu 

Heat rate - 10 7 Btu/h for 2 hours 

Vat capacity = 5000 bushel 

Specific heat consumption = 4000 Btu/bushel of corn 
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4.6.2 St.arcb Drying 

Simplified Diagram 

Air 

Temperature, °F 

Flow, lb/h 

Heater 

Air into 
heater 

70 

125,000 

Relative Humidity,% 

Moisture content,% .Wet Basis 

50 

Specific heat of wet air 
Specific heat of starch 
!Jeat rate 

~H starch 
~H non-evaporated water 
dH evaporation 

Total dH g.9.in 
~H loss by air 

Air out 
of heater 

270 

= 
= 
= 
= 
= 
= 
= 

= 
= 
= 

Specific energy consumption = 

= 

Wet Starch 
100° F 

Dryer 

Dry Starch 
115° F 

Starch into 
dryer 

100 

Starch 6,162.5 
Water 4,462.5 

42 

0.243 Btu/lb ° F 
0.6 Btu/lb ° F · 
125,000 X 0.243 (270- 70) 
6.075 x 106 Btu/h 
55,000 Btu/h 
11,000 Btu/h 

140° F 
Exhaust Air 

Starch out 
of dryer 

115 

6,162.5 
762.5 

11 

3700 · (1122 - 68) = 3,900,000 Btu/h 

3,966,000 Btu/h 
125,000 X 0.243 (270 - 140) 
3,949,000 Btu/h 

6.075 X 106 

6925 

880 Btu/lb of product starch 

Air out 
·of dryer 

140. 

Air 125,000 
Water 3,700 
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4.6.3 Gluten Feed Drying 

Block diagram is similar to Section 4.6~2, except the oil/gas burner is used as the sour~e of heat. Ul 
Ill 

-------------------------------------------------------------------------------------------~ 
Air into 
heater 

High-Temp. Process, ° F 70 

Low-Temp. Process, ° F 70 

Flow, lb/h High Temp. 
Low Temp. 

Relative Humidity,% 

Moisture content,% Wet Basis 

Specific Hef:t of Feed 

High Temperature Pr.oce.:s 

Specific heat of air /gas 
Heat rate 

.1H feed 

50 

.1H non-evaporated water 
.1H e·r~aporation 

Total.1H gain 
.1H less by air 

50,800 
283,000 

Specific energy consumption 

Air out Feed into 
of heater dryer 

1000 120 

300 120 

Feed 5,3E3 
Water 9,942 

65 

0.6 Btu/lb °F 

= 0.25 Btu/lb °F 
-'- 50,800 lC 0.25 X (1000- ?Q) 

= 11.81 X 106 Btu/h 
= 128,000 Btu/h 
= 32,000 3tu/h 
= 9,150 (1153.4- 87.92) 
= 9, 7 49,000 Btu/h 
= 9,909,000 Btu/h 
= ·5o,8oo :: o.2s oooo - 220)· 
= 9,906,000 Btu/h 

11.81 X 10 6 
= 

6145 

= 1920 Btu/lb of product 

Feed out-
of dryer 

160 

140 

5,353 
792 

13 

· Gas out 
of dryer 

Air 
Water 

High Temp. 
Low Temp. 

220 

160 

50,800 
9,150 

20 
18 



Ill 
Ill 
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Specific· heat of air/gas = 0.243 Btu/lb °F 
·i\H feed = 64,000 Btu/h 
i\H non-evaporated water = 16,000 .Btu/h . 
i\H evaporation = 9,150 (1130.2- 87.92) 

= 9,537,000 Btu/h 
Totali\H gain = 9,617,000 Btu/h 

= i\H loss by gas 
i\H loss by gas = M X 0.243 (300 - 160) 

= 9,617,000 Btu/h 
Gas flow rate, M = 283,000 lb/h 
Heat rate = 283,000 X 0.243 (300 - 70) 

= 15.8 x 106 Btu/h 
Specific energy consumption = 2570 Btu/lb of product t.) 

co 

Relative energy consumpti·:>n 

Low-:-temperature process 
= 1.3 High-temperature process 

Relative gas flow rate 

Low-temperature process 
= 5.6 High-temperature process 



Ul
 

Il
l 

N
 -1.1

 
;;

;:
::

~ 

1
1

-D
 • 



$5~1'*' ________________________ T_R_-_;_32_3 

SECTION 5.0 

IPH CASE STUDY: POLYMERIC RESIN MANUFACTURE 

5.1 IlliTRODUCTION 

Paint manufacturing can be broken down into a number of separate processes; these may 
or may not be carried out at a single facility. One of the earliest operations is the manu
facture of polymeric base resins. This appears to be the most heat-intensive process in 
paint manufacturing. Other operations such as pigment manufacture, and the actual 
mixing and formulation of paints, consume energy mainly in the form of electricity. It is 
probable that the large number of plants identified with paint manufacturing are actually 
associated only with the final process of paint formulation. Resins are supplied from a 
smaller number of large operations. A resin manufacturing plant located in the Chicago, 
lllinois area was the subject of an IPH case study investigation. 

5.2 DESCRIP'nON OF PROCESSES 

In the subject plant, both acrylic- and alkyd-type polymeric resins are manufactured. 
Acrylic resins form the basis for latex, water-based paints. Such paints have achieved a 
position of dominance throughout the industry at the expense of alkyd, oil-based paints. 
Both types of resin are produced in reaction kettles by a batch operation. The kettles in-

. corporate a heating jacket with internally located cooling coils. All processing equip
ment is constructed of stainless steel. 

The plant operates continuously five days per week. Energy requirements are primarily 
for heating the reaction kettles, although some heat is also used for heating raw materi
als and product storage tanks, and for space heat. The temperature and means by which 
heat is supplied to a kettle depend upon the type of resin being manufactured. 

5.3 ACRYLIC RESIN MAmJF ACTURE 

Several kettles, ranging in si7.P. from 1000 to 5000 gallon capacity, are used in the produc
tion of acrylic resins. They are loaded for processing as required by production schedul
ing. Liquids comprising 60% of the kettle charge are pumped from external storage. 
Solid material is loaded, often by hand, through hatches on top of the kettle. The reac
tants are stirred to ensure thorough mixing. They are brought up to reaction tempera
tures of no more than 250°F, by injecting saturated steam at 340-360°F into the heating 
jacket. The reaction is exothermic, and hold time is between 16 and 24 hours. A typical 
reaction temperature profile is shown in Fig. 5-l. Temperature control is maintained 
within ±5° F. Cooling is obtained by injecting 60-100° F water into the kettle jacket, and 
by circulating water through the intP.rnal coils. 

Steam is supplied to the entire paint manufacturing complex-of which the resin manu
facturing operation forms a small part-from a centralized facility •. The boilers are fu
eled by Bunker Coil, natural gas, or reclaimed paint solvents, when available. Plant per
sonnel estimate that 72% of the steam produced is used for processing, 8% for receiving 
and storage, a.nd 20% for building heat. 
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Figure 5-1. Low-Temperature Reactor-Typical Temperature Profile 

To gain some measure of base steam load, plant personnel supplied weekly steam con
sumption values for a 10-month period. The ratio of the highest-to-lowest weekly rate 
was 2. 7. A considerable seasonal variation, reflecting space heating requirements, was 
apparent. As a basis for design, the process steam load was taken as 72% of the lowest 
weeki~ steam rate. This was calculated as 4400 lb steam/h, or approximately 
4 x 10 Btu/h. 

Insulated raw .material tanks, located outdoors, are it&am-heatcd to 120-140°F to reduce 
viscosity and to facilitate pumping. Uninsulated product storage tanks located inside the 
process building are likewise heated to the same temperature. No direct information was 
available concerning the energy required for tank heating. Thus~ an estimate was used, 
based upon the 8% figure quoted above, to give a value of 0.4 x 10 Btu/h. 

5.4 ALKYD RESIN MANUFACTURE 

A condensation reaction occurrillg' at tP.mpP.ratures up to 440° F, anu iuvulvlng phthalic 
anhyaride as a major feed constituent, is used to produce alkyd rcAin~. The reaction Is 
revt:m;iblc and mildly endothermic. To push it to conclusion, additional heat is supplied 
to drive off the water produced in the reaction. A reflux system is employed to separate 
water from the evolved solvent, which is returned to the batch. Reaction times vary 
between 10 and 24 hours. A typical temperature profile is shown in Fig. 5-2. 

The plant has several high-temperature kettles of 1000 to 3500 gallon capacity. Heat is 
supplied to the largest kettle using a liquid therminol heat transfer medium. The other 
kettles are heated by Dowtherm A vapor, which is condensed in the heating jackets. 
Cooling is obtained using a second heat transfer loop that can inject cool heat-transfer 
liquid at about 260° F into the kettle jacket. The efficiencies of the heaters are not 
known, but are estimated to be no more than 80% at peak output. 
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Figure 5-2. High-Temperature Reactor~ Typical Temperature Profile 

Plant personnel measured natural gas consumption for three-hour periods over a typical 
week of operations. Heat input to a particular kettle varies drastically with time. How
ever, since there are several kettles and, apart from Monday morning,, they are at various 
stages in the batch cycle, the heat demand profile is somewhat smoothed out. During the 
week, the ratio of the maximum to minimum three-hour demand (excluding the last 12 
hours of the week, when tge system was being shut down) was 2.5. This minimum heat 
load, amounting to 2.7 x 10 Btu/h, was used as a design heat rate. 

5.5 EHERGY CONSRRVA'l10N POTENTIAL 

Nearly all the energy supplied to the process is to heat materials and equipment to reac
tion temperatures, to make up for heat losses from reactors and storage vessels, and to 
supply heat of vaporization of water to ·the condensation polymerization reaction. In 
principle, considerable energy savings could result py consolidating the number of pr6cess 
heaters. None of these heaters are particularly efficient and all are sized to cope with 
more than the peak load, which is of short duration. In practice, however, the opportuni
ty for energy conservation is limited. This arises because of the necessity to maintain 
accurate temperature control; the batch nature of the proce$, which demands heating 
and cooling loads that can occur at anytime, and because of the high temperatures re
quired to drive the reaction process compared to the. low-temperature cooling require
ments. Some energy could be saved by increased insulation of equipment, and by the pos
sible installation of economizers on the process heaters. The possibility of replacing 
steam with high-tempel;'ature hot water to heat the acrylic resins could be considered, al
though temperature control of a jacketed vessel could be difficult. A general discussion 
of the advantages of such a system is described in Appendix E. A liquid system for 
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heating and cooling would remove problems of water-hammer experienced when cooling 
water is introduced to the heating jacket and cooling coils. 

The opportunity exists to use the organic heat transfer fluids, which cool the high
temperature reactors, to supply heat to the storage tanks. The data was insufficient to 
examine this possibility in detail. Some equipment changes would be required, since 
therminol-type fluids are incompatible with water. 

Technical staff at the resin-manufacturing plant suggested that energy savings could also 
be realized by replacirig the present single batch reactors with a series of continuously 
operated stirred tanks. In theory, such a system could result in more consistent product 
qualities, and less energy would be required, because constant heating and cooling loads 
would present greater opportunities for heat recovery. Plant maintenance should be re
duced as equipment is subje~tP.il to less thermal shock. Probably the greatest disadvan
tage of a continuous system results from reduced flexibility' of operation, considering the 
wide range of products manufactured •. 

5.6 SOLAR APPLICATIONS 

Three potential solar applications were examined: 

• supplying hot water to heat the storage tanks; 
• supplying· steam for the low-temperature reactors; and 
• supplying Dowtherm vapor to heat the high-temperature reactors. 

It is envisioned that the hot water supplying heat to the storage tanks would actually be a 
nonfreezing glycol mixture. The solar system could actually be oversized, such that the 
temperature of the tank could be increased during the day to compensate for heat losses 
at night. Thus, no supplemental energy would be required. Steam would probably be 
generated by circulating a liquid heat-transfer fluiil through the collector fi~l1l Hnd an 

· unfired st~HIII boner. When available, steam from tht;> boiler would be fed iulu the exist
ing heau~t·. Such a system could also be employed in generating Dowtherm vapor. ·Alter
natively, it is conceivable that the Dowtherm could be vaporized in the receiver tubes 
directly. In this case, only a liquid/vapor separator instead of a boiler would be required. 

The computer programs used to carry out the AnAlysis, PROSYS/ECONMAT, first calcu
late lite performance of various solar collectors at the given temperature and heat rate. 
The collector array is then sized, such that the maximum solar energy delivery rate 
equals the process heat rate. This eliminates problems of rejecting heat from the solar 
system. The cost of a system of thi.s si:ze is then determiu~u. Finally, a discounted cash 
flow calculation is performed using the economic parameter~ listed in Table 5-l, giving 
the pt'Csent value or the proposed solar investment. The solar· system does not include 
any storage capacity. A description of the computer codes PROSYS/ECONMA'I' is pre
sented in Appendix A. 
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Table 5-l. ECONOMIC PARAMETERS USED IN 
ECONMAT LIFE-cYCLE ANALYSIS 

Rate of Return 
General Inflation Rate 
Real Fuel Escalation Rate 
Operation, Maintenance, Property Tax, 

and Insurance as a Fraction of 
Investment 

Corporate Tax Rate 
System Lifetime 
Solar Tax Credit 
Interest During Construction 
Conventional Fuel Cost, Natural Gas 
Labor Rate 

12% 
6% 
5% 

2% 
50% 

20 years 
20% 

$2.80/1
9ol Btua 

$19/h 

~his is the cost of fuel as provided by the utility. The cost 
of fuel delivered to the process is $3.50 per million Btu 
based upon a fuel use efficiency of 80%. 

The results of the analysis are shown in Tables 5-2 and 5-3. None of the applications are 
economically attractive, even when costs are projected to 1985. ·Future costs are based 
upon a 5% real annual escalation in the price of fuel, collector costs remaining fixed in 
dollar terms. The results can be explained in terms of geographic location, process tem
perature, and present fuel costs. The Midwest is not a particularly attractive region as 
regards &>lar in&>lation. This is illustrated in Appendix C, which shows insolation maps 
of the United States. Solar collectors located in the Southwest can deliver twice as 
much energy as similar collectors located in the Midwest. 

Appendix D illustrates the performance of solar collectors with regard to temperature. 
Flat plates are currently the most economical collector type. However, thermal losses 
increase rapidly at elevated· temperatures, and depending on climatic conditions, 160-
1800F is about their practical economical limit. The performance ·of concentrating 
collootnrs, such as parabo1ic troughs, is less temperature dependent, but they are more 
costly. 

Natural gas at current prices is the most economical fuel source. However, if industry 
were obliged to turn to alternatives such as a fuel oil, and were charged $7 per million 
Btu (the price charged within the company to the resin manufacturing process for this 
type of fuel), then· the situation would be drastically different. Repeating the economic 
analysis to reflect this fuel cost indicated that the solar hot water heating process would 
produce a slightly positive present value, assuming a 20-year life of the solar system. 

Another process that could be amenable to solar application would be to preheat boiler 
feed water. Because only a small fraction of condensate is returned to the boiler, this 
could be particularly suitable to solar because of the low inlet temperature of the make
up water. However, this was not pursued, because the steam was generated at a central
ized location to feed the whole complex. 
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Table 5-2. SOLAR SYSTEM PBRFORMAlfCE 

Delivery Process 
Te:nperature He~t Rate, Collector Collect~ 

Application f'F) (10 Btu/h) Type Area (ft D 

Hot Water Heat- 160 0.4 Flat Plate 5480 
ing of Storage (Facing South, 

~ Tanks Tilted at Lat-
~ itude Angle) 

Steam Heating of 3!:0 4.0 Parabolic 69,700 
Low-Temperature Trough 
Kettles (Aligned N/S) 

Dowtherm AVa- 550 2~7 Parabolic 59,210 
por Heating of Trough 
High-Temperature (Aligned N/S) 
Kettles 

Delivered 
So~ Energy 
(IO Btu/yr) 

0.95 

12.9 

. 8.2 

Delivered 
Solar Energy 
(%Process 

Load) 

27 

38 

34 

Ul 
Ill 
.N ---1 I 
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Application 1979$ 

Hot Water Heating 2.80 
ol:oo of Storage Tanks 
-:I 

Steam Heating 2.80 
of Low-Temperature 
Kettles 

Dowtherm A 2.80 
Vapor Heating 
of High-Temperature 
Kettles 

Table 5-3. SOLAR SYSTEM COSTS 

Fuel Cost 
($/106 Btu) 

Total Installed 
System Cost ($106) 

1983$ 1985$ 1979$ 1983$ 1985$ 

4.25 5.24 0.140 0.148 0.153 

4.25 5.24 2.30 2.35 2.38 

4.25 5.24 1.97 2.01 2.04 
( 

1979$ 

-68 

-1270 

-1228 

Present 
Value ($1000) 

1983$ 1985$ 

-50 -37 

-968 -760 

-1049 -923 

Ill 
Ill 
N -
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5.7 SUMMARY 

The polymeric resin manufacturing industry is unlikely to utilize solar energy as a source 
of process heat in the near future. Energy represents a small fraction of the final prod
uct cost. Thus, even a switch to more costly liquid fuel will produce a small impact. The 
industry is highly competitive, and consequently required payback periods for invest
ments are short. The reliability of solar systems will have to be proven before the indus .. 
try is likely to risk such a.n investment. The locl:ltlon of the industry, primarily in the 
Midwest, is not favorable to the rapid introduction of solar energy. The wide variation in 
process heating loads is also an unfavorable factor. Considerable, probably cost
effective, investments could be made in conservation methods as a means of saving 
energy. 
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SECTION 6.0 

IPH CASH STUDY: FLUID MILK PROCESSING 

6.1 INTRODUCTION 

An industrial process heat (IPH) case study was performed for a dairy located in the 
southwestern United States. In addition to a full range of fluid milk products, the dairy 
produces ice cream and cottage cheese. Throughput averages about 10 million pounds of 
milk per month, and the facility employs 190 people, including drivers. 

The dairy work cycle is dictated by delivery constraints,"and the legal obligation that the 
milk be sold not more than 14 days after it reaches the plant. Milk turnover time in the 
plant is 2 to 2-1/2 days. Taking transportation lags into account, maximum retail shelf
life is about 10 days. As a result of these constraints, the pasteurization process starts 
early in the morning (12:30 a.m.) and is completed by about 10 a.m. Clean-up, an ex
tended, energy-consuming proce$, starts around noon and is completed by 8:30p.m. 
Pasteurization occurs five days per week; the manufacturing process.continues on Satur
day, when cottage cheese is produced. Milk is delivered six times weekly. 

The dairy industry is not in a state of expansion. Per capita consumption of milk has de
creased since 1960 (Casper 1977), although total consumption has increased slightly with 
the population. The industry produces about a 6% return on sales and about a 17% return 
on investment. New investments are based upon achieving a 20% rate of return on capi
tal expenditures. 

6.2 PROCESS HEAT UTDAZATION 

6.2.1 Pasteurization 

Milk is delivered to the dairy in bulk and stored at a temperature of 40° F before pasteur
ization. Pasteurization is performed by rapidly heating the milk to at least the legal 
minimum of 161.5°F for 15 seconds. RP.generative heat exchange is employed to reduce 
the process load. Performance efficiency of this exchange equipment is estimated at 
about 85%, and the pasteurization process is calculated to consume about 20 Btu/lb (46 
kJ/kg) of milk processed. Heat exchange with hot water is used to raise the milk to pas
teurization temperature. At a milk flow of 50,000 lb/h (22, 700 kg/h), this gives a heat 
load of one million Btu/h (0.29 MWth) for approximately nine hours each day and 
five days per week. 

The process temperature depends on whether cottage cheese is the required product. 
Milk destined for cottage cheese production is pasteurized at as low a temperature as 
possible to minimize the ''kill" of active ingredients necessary to initiate cheese fermen
tation. In practice, this is around 165°F, giving some leeway over the legal minimum. 

6.2.2 Deodorization 

Milk destined for direct consumption is deodorized to produce a constant tasting prod
uct. This is done by injecting steam into the milk exiting the pasteurizer to raise its 
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temperature to 185°F. A further heat input of 20 Btu/lb is required. The milk is then 
vacuum-flashed to remove water vapor and odors. The result is a deodorized milk with 
the same &>lids content as the product leaving the pasteurizer. Alternatively, odors can 
be masked by slightly carmelizing the milk by holding it at 180-185°F for 30 seconds. 

6.2.3 Clean-Up 

Clean-up requires considerable inputs of energy, since th•e dirty wash water is discharged 
directly to the sewer. A minimum temperature of l10°F is required to dissolve milk 
fats. This is achieved by mixing steam with city water. Process heat load is estimated 
at 1.4 million Btu/h (0.41 MW) to heat 35,000 lb/h (16,000 kg/h) from 70° to l10°F during 
clean-up oper~.ttions (about noon to 8 p.m.). 

Energy is also consumed in by-product processing and in cottage cheese production. Heat 
is supplied to the open cottage cheese vats by direct steam injection. 

Process heat for the dairy is generated in a 350-hp gas-fired boiler (11. 7 million Btu/h), 
producing saturated steam at 95 psig, 335°F. There is no alternative fuel source. Heat 
is transferred to the dairy processes by direct steam injection or by heat transfer from 
circulating hot water. 

The dairy consumes approximately 27,000 therms of natural gas per month. Assuming 
5-1/4 operating days per week and a 16-hour day, this is equivalent to an average energy 
consumption of 7.5 million Btu/h. Natural gas prices have escalated rapidly, and the cur
rent cost is 23.8·cents/therm. At about 2250 Btu/gal of milk processed, the cost of natu
ral gas represents approximately 0.5 cents per gallon of the final product cost. In 1976, 
value added in processing was 23% of the value of shipments, and this _percentage hHd 
fallen steadily since 1972 (U.S. Dept. of Commerce 1978). Thus, in 1979, fuel costs ac
counted for about 2% of value added. This is small in comparison to the cost of packag
ing and distribution. However, the percentage is no longer insignificant, and in the fu
ture the cost of process fuel is likely to comprise a larger fraction of value added during 
milk processing. Investments in energy conservation are becoming increasingly attrac
tive. Also, even though as a food processor the dairy industry is unlikely to face natural 
gas curtailments, long-term .~oncerns have prompted consideration of alternative energy 
sources. 

6.3 ERERGY CONSERVA'I10N 

To cope with peak energy demands, the steam boiler is considerably oversized-an inher-
~ ently inefficient mode of operation. Overall average thermal efficiency is unlikely to 

exceed 65%. This could be increased &:>mewhat by the installation of an economizer to 
preheat boiler feed water and by measures to reduce condensate losses. Currently, 
dit·ect steam injection is used to heat clean-up water and cottage cheese vats. The in
stallation of heat exchange coils to heat clean-up water would reduce water treatment 
costs and could be an economical conservation measure. 

This dairy appears to be unusual in that the pasteurization process is carried out using 
hot water rather than steam as the heating medium. The circulating water is heated to 

I 

50 



TR-323 
55~1'*' ---------------------------

95°F by exchange with steam at 335°F. This technique allows finer temperature control 
than does the direct use of steam. In fact, the only operation in the dairy that actually 
uses steam directly is the deodorizing process. 

The generation of steam at elevated temperatures to heat fluids at considerably lower 
temperatures is a common occurrence throughout the industry. Package steam boilers 
are familiar and are available "off the shelf." However, there are arguments (summa
rized in Appendix E) in favor of high-temperature water systems to accomplish the same 
purpose, economically and at considerable energy savings. Liquid systems are also more 
easily integrated with solar thermal technologies. 

A conservation measure suggested by plant personnel was to recover waste heat· from the 
refrigeration compressors. This could be used to heat clean-up wa.ter or for space heat
ing. The large, refrigerated storage areas have an electrically heated defrost cycle. 
Possibly a low-quality source of process heat could be used instead. 

6.4 SOLAR ENERGY SYSTEMS 

As illustrated in Appendix C, the Southwest is a region of high solar radiation. At the 
same time, present natural gas prices are low. Distillate typically priced at 80e/gal, 
equivalent to about $6.20 per million Btu, compares unfavorably with natural gas 
presently costing the dairy $2.38 per million Btu. However, gradual federal deregulation 
and foreign gas imports have already resulted in a linkage between natural gas prices and 
alternative liquid fuels. Thus, the rapid escalation of gas and oil prices is likely to con
tinue for the next few years. 

The computer program PROSYS/ECONMAT (described in Appendix A) was used to calcu
late the size and cost of solar systems to supply heat to the pasteurization process and 
for clean-up. System parameters are illustrated in Table 6-1. Flat-plate collectors are 
most suitable for supplying energy for clean-up, because they function efficiently at low 
temperatures and are the cheapest type of collector. To provide higher temperatures for 
pasteurization, a concentrating collector, the parabolic trough, is used. In both cases, a 
nonfreezing, nontoxic heat-transfer fluid circulates through the collector field. Heat is 
transferred to the process fluid by heat exchange, with the back-up steam system making 
up H.uy deficit in temperature. A schematic of a possible solar pasteurization process is 
shown in Fig. 6-1. It. is evident that it is very simple to retrofit a solar system to H 
liquid-based energy delivery system. · 

The computer code used to calculate the results shown in Fig. 6-1 uses average weather 
data and a simplified solar modeL The output of actual collectors will vary :fmewhat 
from these estimates. For this application, it is estimated that over 10,000 ft (almost 
1/4 acre) of flat-plate collectors, at maximum thermal output, would heat 35,000 lb/h of 
process water for clean-up from 70° to ll0°F. The collector outlet temperature would 
be Ht least 120° P to pr~vide the requiren heat-exchanger driving force. For the pasteur
ization process, 9000 ft of parabolic trough collectors, again at maximum output, would 
heat 32,000 lb/h of circulating water from 169° to 200°F to deliver energy to the process 
at 190°F. (For maximum output, the parabolic troughs are aligned horizontally along a 
north-south axis, and the flat plates are mounted facing south and tilted at the latitude 
angle.) 
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Table 6-1. SOLAR SYSTEM PERFORMANCE 

Pr·:>eess Collector Collector 
Collector Type, Temperature Outlet Area 

Process Alignment, Tilt °FfC) °FfC) ft2(m2) 

Hot Water Flat Plate, 110(~3) 120(49) 10,600 
Clean-up North/South, (990) 

Latitude Angle 

Pasteurization Parabolic trough, 16~·(74) 200(93) 9040 
N/S, Flat (840) 

as day-per-week output of .solar field. 

Maximum 
Sol.!lr Output 

106 Btu/h 
(MW) 

1.4 
(0.41) 

1.0 
(0.29) 

Energy 
Delivered 

to Processa 
109 Btu/yr 

(TJ/yr) 

4.0 
(4.2) 

3.1 
(0.29) 
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Figure 6-1. Milk Pasteurization Process 

Solar installations are extremely capital intensive. To obtain maximum benefit from 
such investments, it is important that the entire thermal potential of the solar system be 
absorbed by the process. This can only be achieved for industries such as fluid milk 
processing that do not operate continuously, or that conduct major energy-consuming 
operations at night by using thermal storage and by correctly sizing the collector field. 
The technology of thermal storage is ill-developed at present, and the cost of storing 
large volumes of hot water can be prohibitive. (To store energy as hot water for the pas
teurization process, a pressurized vessel would probably be required.) 

For the purposes of this study, it is assumed that the plant can absorb the full-energy 
output of the collector fields for six days per week. This is fairly reasonable due to the 
fact that the proposed solar systems will not supply the total heat demands of the plant; 
hot water from the flat plates can be used for domestic requirements as well as clean-up, 
and by-product processes could consume energy not utilized by the pasteurization. 

Table 6-2. SOLAR SYSTEM: ECONOMIC PARAMETERS 

Total System Installed Present Value Discounted Payback 
Cost($103) · ($103) Period (Years) 

Process 1979 1983 1985 1979 1983 1985 1979 1983 1985 

Hot Water 293 313 326 -31 61 126 20+ 16 12 
Clean-up 

Pasteurization 340 357 368 -120 -50 -0.5 20+ 20+ 20+ 
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Installation and the delivered costs of solar energy, incorporating the above assumption, 
are illustrated in Table 6-2. Additional economic assumptions are listed in Table ·6-3. 
Systems installed at the present time would not pay back during their lifetime. The dis
continuous nature of the fluid milk industry is a major factor contributing to this 
conclusion. 

Table 0-3. ECONOMIC PARAMETERS USED IN LIFE
CYCLE COST ARALYSIS 

Rate of Return 
General Inflation Rate 
Real FUel Escalation Rate 
Opefa.tion, Maintenance, Property Tax, 

and lru;tn'ance B.! a Fraction of -
Investment -

CorporR.te Tax Rate 
System Lifetime 
Depreciation Period (Straight-Line) 
Solar Tax: Credit 
Interest During Construction 
Conventional Fuel Cost 1979 (Natural Gas)b 
Labor Rate 

acash, or equity financing assumed. 

bFuel ~se efficiency assumed 65%. 

12%a 
6% 
5% 

2% 
50% 

20 years 
20 years 

20% 
9% 

$2.38/106 Btu -
$19/h 

· Perhaps the greatest economic uncertainties concern the inflation rate, tax incentives, 
and the real rate of fuel escalation over the 20-year life of the solar system. Economic 
calculations for 1983 and 1985 are based on assumed advances in solar technologies and 
economies of scale, which maintain collector. costs constant in dollar terms. With fuel 
prices advancing 5% faster than inflation, the solar system producing hot wash water 
would have a payback of 16 years in 1983 and 12 years in 1985. These paybacks are too 
long to satisfy normal industry investment criteria. 

As indicated earlier, present costs of natural gas in the Southwest are low compared to 
other fuels, but are rising rapidly. Prices increased more than 50% during 1979. How
ever, even used at an inefficient 65%, gas costing $2.38 per million Btu delivers energy 

~ to the Pl'Qcess at $3.fl6 per million Btu. To dt:!lt:!t'mlne the eft'ect of another rapid jump in 
fuel price during 1980, the Rhnve calculation~ were repealed, but with a 1980 fuel cost of 
$3~50 per million Btu. For this case, paybacks of 9 and 14 years were indicated for the 
clean-up and pasteurization processes in 1985, respectively. Recent congressional pro
posals include provisions for investment tax credits of up to 30%, and accelet·ated depre
ciation over periods as short as three years. The previous calculation using the high fuel 
cost was repeated using these inputs. Payback periods for 1985 declined to 6 and 9 years 
for the two processes. 

These calculations indicate the effect that government initiatives could have on the use 
of solar technology. A payback of six years approaches the investment "hurdle rate" set 
by many industries. 
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6.5 SUMMARY 

The dairy industry is widely dispersed to satisfy local markets. Numerous plants are lo
cated in areas of high insolation. (Sixteen percent of U.S. milk consumption is in seven 
states with the highest levels of insolation: California, Texas, Colorado, Arizona, Utah, 
New Mexico, and Nevada.) Temperature requirements are low (less than 212°F). In 
areas of high insolation, by the year 1985, and with suitable tax incentives, investments 
in solar technology could be in the range of the industry investment criteria. Hence, the 
dairy industry would appear eminently suitable for the adoption of solar thermal technol
ogies to provide process heat. On the other hand, the industry, as a food processor, is un
likely to be affected by fuel curtailments. In other industries, this has been the major 
drive to consider alternative energy sources. Industries in the Southwest have, in the 
past, been able to obtain cheap natural gas, a situation which is likely to change as the 
price of natural gas rises to reflect the true value of its energy content. However, even 
increased energy costs will represent only a small fraction of the value added during pro-
cessing, and such costs can be passed on to the consumer. · 

The cost of solar energy delivered to fluid milk processes is greatly increased by the dis
continuous· nature of miry operations. As a result, solar equipment could not be fully 
utilized unless costly heat-storage systems were incorporated. Milk is a very valuable 
commodity and is perishable. Thus, any heat-delivery system has to be extremely reli
able. The urban location of dairies, with attendant lack of land and the presence of pol
lution, which could soil collectors, is another disadvantage. Although roof. space is gen
erally available, it is usually not sturdy enough to bear the loads imposed by solar collec
tor->. Finally, the industry is not innovative. It is generally lacking in capital, and except 
for the largest dairies, there are insufficient manpower and skills to operate and main
tain a complex IPH solar system, particularly at the present stage of development. 

Overall, the dairy industry is not a prime candidate -for the near-term adoption of solar
generated IPH. Solar technology will have to be thoroughly proven in other industries, 
both technically and_ economically, before it is likely to be accepted by fluid milk 
processors. 
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SECTION 7.0 

IPH CASE STUDY: BREAD AND BUN BAKERY 

A case study was performed for a large bread and bun bakery located in Denver, Colora
do. Total bakery production averaged about 8100 kg/h (17 ,900 lb/h). 

7.1 PROCmiS D~CRIPTION 

The bakery consists of two bread lines and one bun line. A schematic diagram of the 
· process is shown in Fig. 7-l Dough is loaded onto trays and placed in a proof box where 

the dough rises for about one hour. It then goes to an oven, where it is baked. From the 
ovens, the bread goes to coolers through which room air is drawn and exhaused to the at
mosphere. The buns, however, are cooled directly in the room without the aid of a 
cooler. In addition, there is a washer .where the baskets used for transporting the bread 
are cleaned in hot water. The baskets are dried in a direct-fired dryer. 

Energy is supplied to the process via steam from a low-pressure (14 psig) boiler or by 
direct-firing of natural gas. Fuel oil is the back-up energy source to the boiler. Steam is 
used to heat water to 66° C (150° F) for space heat, to maintain the "sugar room" at 49° C 
(l20°F), and to heat water used for basket washing [82°C (180°F)] and clean
up [71°C (160°F)]. Live steam is injected into the basket wash water to achieve the 
desired temperature. Water used for clean-up purposes is indirectly heated by steam 
coils. Steam in coils also heats the proof boxes and live steam is injected to maintain 
90% relative humidity. The ovens at 232° C (450° F) and the basket-washer dryer at 
204° C (400° F) are heated by direct-firing of natural gas. Propane is the back-up fuel for 
the ovens and dryer when the natural gas supply is curtailed. 

The di~a supplied by th~ bakery included the following [note that M = 106, G = 109, 
T = 10 ]: , 

• Monthly natural gas usage for one year. There is a single natural gas meter for 
the bakery. 

• Propane and fuel oil used when the natural gas supply was cut off. 

• Boiler characteristics. The bakery operates two 350-hp boilers, although one of 
these generally is sufficient to handle the load. The boilers operate at 14 psig 
(about 29 psi a, ll7° C. or 242° F). 

• Design capacities of heat exchangers. Steam heats water for space heat to 66° C 
(150°F) in a 3-GJ/h (2.8-Btu/h) capacity exchanger. Water is heated to 82°C 
(180° F) for the basket washer in a 1.3-J/h (1.2-Btu/h) capacity exchanger. Water 
for clean-up is heated to 7l°C (160°F) in a 3-GJ/h (2.8-MBtu/h) capacity 
exchanger. 

• Equipment operating temperatures, as indicated above. 

• Operating schedule. The bakery operates five days per week. One bread line 
normally operates 8 hours per day with a nominal bread capacity of 2700 kg/h 

· (6000 lb/h). The second bread line operates 12 h/day at 4100 kg/,h (9000 lb/h). 
The bun line usually operates 8 h/day, but runs 24 h/day during the summer 
months. The capacity is 1300 kg/h (2900 lb/h). · 
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Figure 7-1. Schematic of Bakery Process 
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7.2 ENERGY BALANCES 

The seasonal variations· of the total energy input were used to estimate the space and 
proce$ energy requirements. · The total energy input averaged 188 GJ/working day 
(178.5 MBtu/working day) and showed a distinct seasonal variation. The average for May 
through October was taken to represent the process requirement (including sugar room 
heating). This value was 152 GJ/working day (144 MBtu/working day). Energy used above 
this average rate was a$umed to be for space heating. The maximum hourly heat input 
to the process was estimated to be 15.2 GJ/h (14.4 MBtu/h). This was obtained by dividing 
the working-day heat input by 10 hours per working day (weighted average based on 
capacity and operating time of the individual lines). On a unit production basis, the pro
Ce$ heat requirement (not including space heat) is 0.8 million Btu and the total (includ
ing space heat) was 0.99 million Btu per thousand lbs of product. This value compares 
favorably with a value of 0.87 MBtu/1000 lb (including space heat in a south central U.S. 
location), calculated from data reported in a case study of a bakery with a similar prod
uct line by Johns-Manville Corp (1976). A valtie of 0.85 MBtu/1000 ib was indicated by a 
Drexel (1976) study (excluding space heat). 

The distribution of the input energy to various uses within the plant had to be estimated 
because internal flows were not ordinarily measured by the plant personnel. The relative 
use rates of propane and fuel oir provided a partial basis for these estimates, because 
propane was used only in the ovens and basket-washer dryer, whereas fuel oil was used 
only for the boiler. The ratio of energy supplied as propane to that supplied as fuel oil 
was not the same for the two months for which data were available, but their average 
was used as the ratio of direct-gas fired input to boiler input. The estimated space heat 
requirement was subtracted from the total boiler input to yield that portion of the boiler 
input going to process requirements. The calculation gave 6.9 GJ/h process input via 
direct natural gas firing and 8.3 GJ/h input to the boiler for process purposes. A boiler 
efficiency of 80% was assumed (based on manufacturers rating), giving 6.6 GJ/h heat 
transfe~red in the boiler for proce$ purposes. 

This allocation is reasonable, based on the boiler capacities !llld heat exchanger ratings. 
The total proce$ plus space heat generated in the boilers during the two coldest months 
(with the assumed 80% efficiency) was 9.6 GJ/h (9.1 MBtu/h). This is comparable with 
the rated capacity of a single boiler (12.3 GJ/h, ll.7 MBtu/h) and is consistent with the 
plant operations, because generally one boiler was sufficient to handle the total building 
load (although two boilei'S are often used). The estimated average space-heat rate during 
the heating season, when corrected to 24 h/day, 7 days/week, is 2.2 CJ/h, which com
pares reasonably well with the heat-exchanger rating of 3 GJ/li. The total rated capacity 
of the two steam-heated wash-water exchangers is 4.3 GJ/h, compared to the estimated 
6.6 GJ/h supplied as process steam. Since process steam is also used for proof-box heat
ing and humidification, heat for the sugar room, and some direct heating of the wash
water, this comparison is reasonable. 

Moreover, a partial comparison of the allocation can be made with previous case 
studies (Johns-Manville 1976, and Drexell976). The process configuration and the 
breakdown of the energy allocation are somewhat different, so some aggregation has 
been done. In the J-M study, the ratio of the energy supplied to the ovens to the energy 
supplied to the boiler (excluding space and water heating) was 3.4. In the Drexel study, 
the ratio of all dir~t-fired energy input to the boiler input was 2.9. In the present study, 
the ratio of the energy supplied to the ovens and dryer to that of the boiler (again 
excluding water and space heating) was 3.0. Once again, the agreement is reasonable. 
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The foregoing analysis provides reasonable values for total and process heat require
ments, allocation of process heat between steam and direct gas-firing, and a partial al
location of the steam use. The direct-fired natural gas usage cannot be divided between 
the ovens and dryer, however, nor can steam use in the-proof boxes be determined. It 
was concluded that some further data were needed to continue an analysis of energy con
servation and recovery potentials. 

The specifications of most of the bakery equipment were reviewed, and measurements 
were made of process ·exhaust-gas flows and temperatures from the bakery building (the 
loan of equipment for these measurements by the Chemical Enginering Department, Uni
versity of Colorado, is gratefully acknowledged). It was hoped that this information 
would be sufficient to allocate energy inputs to the individual process units. The infor
mation obtained was useful as a guide, but did not give definitive results. For example, 
the measured values indicated 0.8 GJ/h of energy in the equipment exhaust gases, com-
pared to an estimated input of 6.5 GJ/h. The energy contained in the exhaust gases was 
too low. The main reason for this occurrence is that essentially instantaneous measure
ments were made of the exhaust conditions and input rates were not measured concur
rently. Simultaneous measurements averaged over an extended period, such as a week, 
would be needed to obtain reliable data. 

Since detailed energy balances could not be obtained, the following procedure was used 
to estimate these balances: 

• Process input rates (excluding space heat, except for the sugar room) were de
termined as described above. 

• The boiler output rate of process heat was estimated using the input and the 
specificatjons for efficiency (80%) and blowdown rate, and an assumed conden-
sate return flow. · 

• Hot water, steam, and natural gas inputs to the basket washer and dryer were 
estimated from equipment specifications and operating schedule. 

• The cleanup water heating rate was assumed to be 80% of the heat exchanger 
rating. 

• The suga.r room steam-use rate was estimated from the heater specifications. 

• The steam rate to the proof box was taken from the specifications; the split be
tween heating steam and injeated steam was assumed. 

• The balance of the boiler output was unaccounted for losses; it amounted to 
about 12% of boiler output. 

• The energy input to the ovens was divided between exhaust gases and product 
streams in the same proportion as reported in the Johns-Manville (1976) r.tudy. 

The results of this analysis are summarized in Fig. 7-2, which shows the estimated energy 
content of various streams. Input and output energy streams a.re summarized in 
Table 7-1. It is estimated, from measured exhaust-gas flows and changes in humidity, 
that·perhaps 24% of the total energy input leaves as latent heat of vaporization of watt:!I' 
in the exhaust gas streams. 
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Figure. 7-2. Bakery Energy Flow Diagram 

The percentages are shown as percents of the total process input energy of 15.2 GJ/h 
All energies are with respect to 15o·c (60° F) 
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Table 7-1. PROCESS llfPU'f AND OUTPUT ENERGY FOR. THE BAKERY 

Inputs dutpu1s 

%of 
Energy 'Total Tempe::-a:ure Ener:gy 
GJ/h Input Stream oc c>p GJih 

Fuel to: 
C» 
N Boilers 8.3 55 Boiler Blowdown 93 200 O.fl 

Ovens 6.5 43 Wash-Water Drain 38 DO 1.~:6 

Dryer 0.4 2 Basket-Water Drain 82 130 0.~6 
Total ~5.2 100 Boiler Stack Gas 107 225 . 1.67 

Proof Box Exhaust 49 120 0.76 
Oven Exhausts 68 155 0.':'6 
Co·:>ler Exhausts 33 92 4.41 
Dryer Exhaust 100 212 0.91 
Losses, Product 

Unaccounted for 4.~6 

Totals 15.~ 

%of 
Total 
Input 

4 
9 
3 

11 
5 
5 

29 
6 

28 

100 

"' Ill 
~ -
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7.3 CONSERVATION POTHNTIAL ANALYSIS 

Based upon the energy balance results, approximately two-thirds of the input energy is 
contained in warm exit streams offering potential for heat recovery. The following ob
servations regarding energy conservation and recovery potentials are offered: 

• The bakery equipment is reasonably well-insulated. There is no evidence of un
due heat loss from the equipment. The cost of increased insulation on the hot
water storage tank would probably pay back in a short period. 

• The majority of the input energy leaves as sensible heat of hot water and hot gas 
exhaust streams. Reducing water and especially exhaust-gas flows would 
conserve energy. Oven exhaust-gas flows should be reduced to the minimum 
compatible with safe and effective operation. Exhaust blowers for ·the coolers 
and the basket dryer are often not used-probably they never should. 

• Heat exchange could be utilized between makeup water and outgoing clean-up 
water, basket wash water, and boiler blowdown streams flowing to the drain. 
These streams contain an estimated 16% of the input energy and possibly half of 
that could be recovered by heat exchange. A double-walled heat exchanger 
would probably be required to avoid possible contamination problems. 

• The exhaust air from ·the coolers could be used for space heat or as preheated 
combustion air to the ovens or boilers. This exhaust is estimated to contain as 
much as 29% of the input energy at approximately 33°C (92°F).· However, the 
allocation of the exhaust energy between the ovens and the coolers is quite 
uncertain, because it was based on design maximum exhaust rates. The exhaust 
measurements suggest that the oven exhausts include much more energy than the 
cooler exhausts. The 29% figure is an upper limit on the energy in the cooler 
exhaust, whereas the 34% total for the oven and cooler exhaust is more certain. 

• A portion of the oven exhaust gases could be recycled to the oven combustion 
zone. These gases are hot, but they are partially depleted of oxygen as well as 
being increased in humidity, so they cannot be totally recycled. 

• Heat could be exchanged between boiler stack gases and incoming combustion air 
using a recuperator. This would require the conversion of the existing boiler to 
either forced- or induced-draft configurations. 

These energy conservation and recovery possibilities have not been evaluated in detail. 
The output streams mentioned contain nearly 75% of the input .energy, and perhaps one
third to one-half of that, or 25 to 40% of the input energy, is potentially recoverable. 

Figure 7-3 illustrates the energy available in output gas and water streams as a function 
of their temperature. The energy· that could be obtained by .cooling gases from their 
existing temperature to, say, 92° F can be found by subtracting the percent contained at 
92°F f.rom the percent at the maximum temperature {107°C, 225°F). Thus, if all gases 
above 92°F were cooled to 92°F, 19% (56%-37%) of the input energy would be recovered. 

7.4 SOLAR APPLICATIONS 

Possible solar applications to the bakery process were examined by running the PROSYS/ 
ECONMAT simulation program, described irt Appendix A, for various heat rates and 
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temperature requirements of the process. Solar system installation dates of 1979 and 
1985 were considered. 

60~------------------------------------------------------~ 
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Figure 7-3. Estimated Energy Content (as% of Total 15.2 GJ/h Input) 
Versus Temperature 

First, supplying the various loads of the existing process with solar energy was investi
gated. These results are summarized in Table 7-2. None of these direct solar 
applications are economically attractive, as shown by the payback periods longer than 
the 20-year life of the solar system, and negative present worth values. 

The payback period and present worth values were calculated in accordance with 
Dickinson and Brown (1979). The 1979 figures represent a solar system installed in 1979 
with current collector/equipment costs, current fuel prices, and the economic factors 
listed in Table 7-3. The 1985 figures are based on an assumed solar system installation in 
1985 with technological advances and economics of scale assumed to keep collector costs 
nominally the same as in 1979 (i.e., 6% reduction per year), fuel prices escalated at 5% 
per year, and equipment and labor rates inflated at 6% per year. 

Because direct application of solar heating was not attractive, use of solar energy to pre
heat water to various temperature levels was examined. These results are summarized in 
Table 7-4. Once again, none of these applications is economically attractive given the 
eeonomic circumstances prevailing in 1979. When a solar system startup of 1985 is 
considered, solar preheat to 38° C or 54° C results in payback periods nearly equal to the 
system lifetime of 20 years. 
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Tlible 1-2. RESULTS OF SOLAR APPLICATIONS TO EXISTING PROCESS REQUIREMENTS 

Energy 
Process Temperature Supplied 

by Solar 
Application Systemb oc OF (TJ/yr) 

I 

I. Hot Air to Hot Air 232 450 25.0 
Ovens Direct 

2. All Hot Hot Water 82 180 13.5 
Water Direct 

3. Sugar Hot Water 66 150 5.4 
Room Heating Exchange 

4. Basket Hot Water 82 180 2.4 
Wash Water Ex~hange 

5. Clean-up Hot Water 71 160 5.8 
Water Direct 

avalue of displaced fuel = $1.63/GJ •:$1. 72/MBtu) in 1979 dollars. 

bsee Appendix B for schematics of solar systems. 

Present 
6
wortha Payback Period 

Capacity (10 $) (years) 
\ Cost 
($/GJ/yr) 1979 1985 1979 1985 

100 -1.5 -1.1 20+ 

84' -0.49 -0.21 20+ 20+ 

98 -0.26 -0.16 20+ 20+ 

88 -0.09 -0.05 20+ 20+ 

77 -0.18 -0.06 20+ 20+ 

( 
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Table 7-3. ECONOMIC PARAMETERS USED IN 
ECONMAT LIPE-cYCLE ANALYSIS 

Rate of Return 
General Inflation Rate 
Real Fuel Escalation Rate 
Operation, Maintenance, Property Tax, 

and Insurance as a Fraction 
of Investment 

Corporate Tax Rate 
System Lifetime 
Depreciation Period (Straight-Line) 
Solar Tax Credit · · 
Interest During Constl'u~; liun 
Conventional Fuel Cost 1979 (NHtl!rRl etA~) 
Labor Rate 

12% 
6% 
5% 

2% 
50% 

20 years . 
20 vears 

20-% 
H%~ 

$L'7:U 1U0 Btu 
$19/h 

Table 7-4. RESULTS OF SOLAR APPLICATIONS TO PREHEATING BAKERY 
WATER STREAMS 

Energy Present Payback 
Supplied Capacity WorJha / Period 

Systemb,c 
by Solar Cost (10 $) (years) 

Application (TJ/yr) ($/GJ/yr) 1979 1985 1979 1985 

Preheat HWD 5.9 56 -0.1 +0.03 20+ 20 
Water to 
38°0 (100°F) 

Preheat 1-IWD 10.0 63 -0.2 -0.01 20+ 20 
Water to 
54° C (130° F) 

Preheat HWD 13.5 71 -0.1 -0.11 201 20+ 
Water to 
71°C 060°F) 

.avalue of displaced fuel = $1.63/GJ ($1. 72/MBtu) in 1979 dollars. 

hsee AppeucJix B. 

cHot water direct. 

The pa;sibility of heat exchanging incoming water with exiting str~ams and then 
preheating the result with solar energy was also examined. The exchange would heat the 
incoming water to about 31°C (88°F) •. Preheating from this temperature to 100°, 130°, 
and 160°F with solar energy was studied. Figure 7-4 is a schematic flow diagram for this 
type of process. The fuel savings from the heat exchange were credited to the solar 
system, and the results are summarized in Table 7-5. This form of low-temperature solar 
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Wash Water 
Drain at 100°F 

Basket Wash 
Drain at 180°F 

Boiler Slowdown 
at 200°F 

Make-Up Water at 60° F 

Water at 88°F 

Solar 
System 

Water at Preheat Temperature 
to Steam Heaters 

} To o,.;n at 92'F 

·figure 7-4. Schematic Diagram of Heat Recovery and 
.Solar Preheat of Bakery Water 

Table 7-5. RESULTS OF HEAT RECOVERY AJm SOLAR WATER PREHEATING 

Present Payback 
Energy WorJha. Period 

Supplied Energy . Capacity (10 $) (years) 

Systemb,c 
by Solar Displaced Cost 

Application (TJ/yr) (TJ/yr) ($/GJ/yr) 1979 1985 1979 1985 

Preheat "HWD 1. 7 5.0 64 +0.06 +0.19 10 6 
Water to 
38° C (1 00° F) 

Preheat HWD 5.8 9.1 68 -0.05 +0.16 20+ 13 
Water to 
54° C (130° F) 

PreheH.l ·HWD !).4 12~7 77 -0.23 +0.05 ?.0+ 20 
Water to 
71° C (160.° F) 

a Value of displaced fuel = $1.63/GJ ($1. 72/MBtu) in 1979 dollars. 

bsee· Appendix B. 

cHot water direct. 
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preheating, coupled with heat recovery, resulted in a positive present worth for one 
system in 1979 and for all three in 1985. The positive present worth indicates a 
discounted cash-flow rate of return greater than the 12% used in the economic analysis. 
The six-year payback period for 38°C solar preheat in 1985 is very nearly cost effective 
in terms of typical industrial investment criteria. 

Finally, the partial recycling of hot exhaust gases from the ovens combined with solar · 
preheat of the incoming air to 55°C or 232°C was considered. Gas recycle is feasible 
when solar energy is used because less fuel is burned, and, thus, less makeup oxygen is 
required. This configuration is illustrated in Fig. 7-5. The fraction of gas recycled was 
the calculated maximum possible, using the hottest available gas for the solar energy 
delivered. The results of this analysis are summarized in Table 7-6. None of the cases 
examined are economically attractive in 1979, but solar preheat to 55° C showed a 
positive present value and a 12-year payback with a 1985 system installation. 

Exhaust 

~ 
Exhaust 
Gases 

Recycle Gases 
Ovens 

-
Solar Make-up Air 
System 

Figure 7-5. Schematic Diagram of Hot-Air Recycle and 
Solar Preheat of Make-Up Air 

Table 7-6. RESULTS OF PARTIAL GAS RECYCLE AND SOLAR PREHEAT OF 
INCOMING AIR 

Present Payback 
Energy WorJha Period 

Delivered Energy Capacity (10 $) (years) 
by 8olar Disphtct!u Cusl 

Application (TJ/yr) (TJ/yl') ($/C'..J/yr) 1979 1905 1979 198!i 

Preheat 21.5 25.0 100.0 -1.2 -0.74 20+ 
air to 
232° C (450° F) 

Preheat 2.3 4.0 60.0 -0.02 +0.07 20+ 12 
air to 
55°C (131°F) 

a value of fuel displaced = $1.63/GJ ($1. 72/MBtu) in 1979 dollars. 
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-7.5 SUMMARY 

Heat conservation and recovery potentials have been identified for this bakery, and in
clude the reduction of exhaust gas flow rates, heat recovery from warm effluent waters, 
and heatrecovery by the recycle of hot exhaust gases. 

For the insolation conditions of Denver, Colo., and a fuel value of $1.63/GJ ($1. 72/ MBtu), 
direct substitution o.f solar energy for fa;sil fuel is not economically attractive for 1979 
or 1985 solar system startups. This was found to be the case whether the solar system 
was designed to supply water or air at the required process temperature or to preheat to 
lower temperatures. It is worth noting that fuel pr~ces escalated rapidly during 19~9 and 
are likely to continue to do so, at least for the short term. Such price increases greatly 
enhance the economic viability of solar-supplied process heat. 

Solar preheating of makeup water combined with heat recovery from effluent hot water 
streams can be cost effective if. the value of the fuel displaced by effluent heat recovery 
is credited to the solar system. In particular, heat recovery combined with solar preheat 
to 38° C showed a six-year payback period with a 1985 system installation. 

Solar preheating of makeup air to the ovens combined with partial recycle of the oven
exhaust gases was also examined. The fuel displaced by hot-gas recycling was credited 
to the solar system because more recycling is pa;sible when solar heating is used than 
when it is not. This configuration was not economically attractive in 1979, but a 55°C 
solar preheat system installed in 1985 yielded a 12-year payback period. \ 

Thus, when energy conservation measures are combined with solar preheat systems, cost
effective combinations can be pa;tulated for a solar system installed in 1985 or later. 
Heat recovery combined with solar preheating of makeup water shows the most potential 
for this bakery. 
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SECTION 8.0 

IPH CASE STUDY: MEAT PROCESSING 

A case study was performed on a meat processing plant in Denver, Colorado. 

8.1 PROCESS DESCRIP110N 

The m~at processi~ plant is a flat-roofed building with floor space of approximately 
9200 m (99,000 ft ). Adjacent is a truck washing facility that washes semitrailers for 
the meat processing plant as well as for other food processing plants in its vicinity. 

Refrigerated carcasses are brought into the meat plant and processed into whole or 
ground meat products for retail distribution. No slaughtering operations are conducted. 
The plant operates two shifts per day, five days per week, on a year-round basis. The 
truck wash operates the same weekday schedule with an additional daytime shift on 
weekends. 

The major process energy requirementis hot water for sanitary cleaning in both the meat 
plant and truck wash. The major sanitation load in the meat plant occurs from 8 p.m. to 
4 a.m. Hot water in the meat plant is supplied from two hot water generators and one. 
steam boiler. The truck wash has its own hot water heater. Natural gas, supplied 
through one meter, is the sole fuel source for the two hot water heaters and the truck 
wash heater. The primary fuel source for the steam boiler is also natural gas (supplied 
through a separate meter), with #.2 fuel oil artd propane used as backup energy sources 
during natural gas curtailments. 

Although the primary load is from 8 p.m. to 4 a.m. five days per week, there is some load 
during daylight hours. This is in the form of hot water for a basket wash, and steam to 
heat water via shell-and-tube heat exchangers for use in prefab shrink tunnels (meat 
packaging). The steam boiler supplies most of the daytime load. 

Detailed process and energy flow diagrams were not available for the plant. However, 
the following data were supplied by its staff: 

• Natural gas use 

Gas use for the t~'!f meat plant hot water heaters plus the truck wash heater 
was 19,5~1,000. ft for July 1978 to July 1979 (the average daily use was 
50,000 ft ); it was estimated that 17% of the energy we.nt to the truck wash, 
and the remaining 83% was used by the meat plant. 

The meat plant steam boiler used 14,012,400 ft3 of natural gas, II,717 gal of 
#2 fuel oil, and 38,928 gal of J:>ropane during the same period. 

• Boiler ratings 

Two meat plant hot water boilers 

Rated input: 4, 773,000 Btu/h; 

Rated output: 3,818,000 Btu/h; 

80% efficiency. 

71 



h =, TR-323 
5=~.11~)1 -------------------------------
-~ ~ 

Meat plant steam boiler 

Rated 152 BHP; 

Designed to operate at 130 psig, but currently operating at 12 psig. 

Truck wash hot water heater 

Rated input: 1.45 million Btu/h; 

Stack gas temperature: 290u F. 

• Process tem.peratures 

Two meat plant hot water heaters supply 190-200° F water, which is tempered 
to 140°F as it passes into the system through a mixing valve. 

Meat plant steam boiler suppliec; 1 ?.-psig steam to the steam coil in the hot 
water tank; the water is maint:Jiinen 13.t 180°F. 

Truck wash heater supplies water at 140°F. 

• Meat plant hot water load-during heavy sanitation period, total hot water load 
for all meat plant boilers was estimated to be 184 gpm. 

• Truck wash operation 

112 gal of water used per trailer; 

400 trailers washed per week; 

30 gal of water at 87° F recycled per trailer. 

• City water supply temperature: 69°F. 

• Meat plant refrigeration system 

System # 1: 245-ton capacity; 600-gpm flow through cooling towers aJ?,d con
denser; water into condenser at 72°F and out at 77°F. 

System #2: 336-ton capacity; 600-gpm flow through cooling tower and con
denser; water into condenser at 80°F and out at 90°F. 

8.2 ENERGY BALANCES 

The distribution of input energy to heat water for plant clean-up is shown in Fig. 8-1 for 
the two hot water boilers ann the s4eam boiler. ThP [)Pr~entages are tho fraction of the 
total process energy input (3.2 x 10 GJ/yr) contained in each stream. The energies were 
calculated with respect to 21°C (69°F), the input temperRture of the makeup water from 
city mains. Figure 8-2 contains the same information for the truck wash hot wAter hP.at
cr. In ~is case, the pet'Ct:!nbtges are with respect to the total truck wash energy input 
(2.9 x 10 GJ/yr). The energy characteristics of the input and output streams for the 
meat processing plant and truck wash are summarized in Table 8-1. 
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Natural Gas 
+Air, 22% 

Water, 0% 

Natural Gas 
+Air, 22% 

Water, 0% 

Natural Gas 
+Air, 56% 

Water, 0% 

Stack Gases, 4% 

Boiler 
# 1 

Hot Water 
1-------1~ to Drain, 18% 

Stack Gases, 4% 

Stack Gases, 11% 

l-----Steam, 48% 

L------Condensate 

Bl_owdown, 4% 
Return, 7% 

Figure 8-1. Meat Processing Plant Energy Flows: Percentages 
of Total Process Energy lnpilt (3.2 x 104 GJ/yr) 
Relative to 21 o c 1 contai-ned·- in--Each stream. 

Natural Gas 
--~ +Air, 100% 

Water, 0% --~ 

Stack Gases, 54% 

Heater 
# 1 

Hot 
Water, 53% 

Water Recycle, 7% 

Hot Water 
to Drain, 46% 

. Figure 8-2. Truck Wash Energy Flows: Percentages of Total 
Energy Input (2.9 x 103 GJ/yr) Relative to 21° C 
Contained in Each ·stream 
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Table 8-1. PROCESS IllfPUT A1fD OUTPUT ENERGY FOR MEAT PROCEss-
lNG PLMIT 

Inputs Outputs 

%of %of 
Ener~ Total Temperature llnt:rgy Total 
(GJ/yr) Inp~t Stream oc OF (GJ/yr) Input 

Boiler #1 0.7 X 104 22 Boiler #3 Blow 93 200 0.1 X 104 4 

0.7 X 104 
Down Stack Gases-

4 Boiler #2 22 Boilers 4#1, 2~ 3 10?. ?.Hi 0.6 X 10 19 

4 
Hot Water 

2.5 X 104 Rnil Pl' # :~ !.8 X 10 66 to Drain 60 l4U 77 --
TOTAL 3.2 X 104 100 TOTAL 3.2 X 10 4 100 

Truck Wash 
3 

Stack G~ses-
1.6 X 103 Heater #1 2.9 X 10 100 Heater #1 143 290 54 

Hot Water 
1.3 X 103 to Drain 60 140 46 

TOTAL 2.9 X 103 100 

8.3 ENERGY CONSRRVA110N POTEN11AL 

The exhaust streams from the meat processing plant and truck wash, including both the 
stack gases and hot water to the drain, offer potential for heat recovery. The following 
measures could be considered; 

• Ht:!H.l could be exchanged between the makeup water and the hot water streams 
to the drainJi.e., boiler blowdown and used wash water). These exhaust streams 
contain about 81% and 46% of the input energy needed for the meat processing 
plant and truck wash, respectively, up to one ... third of which could be recovet•eu. 

• Heat could be ex~hAnged between incoming comhmrtion air and slHck gnscs for 
the three boilers and the truck wash heater (i.e., recuperation). 

• The meat processing plant uses approximately 581 tons of refrigeration capacity, 
and the heat rejected from this system could be used As preheat for makeup 
water to the meat processing plant boilers or truck wash heater. 

Detailed evaluations have not been made of the feasibility or economic attractiveness of 
these measures. However, it appears that perhaps one-third of the process heat input 
energy to the meat processing plant anc;l truck wash could potentially be displaced 
through energy conservation measures. 
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8.4 SOLAR APPUCA110NS 

The PROSYS/ECONMAT simulation program, described in Appendix A, was used to eval
uate possible solar applications for the meat processing plant and truck wash. Solar sys
tem installation dates of 1979 and 198.5 were considered. 

Although the temperature requirements and type of process heat load (hot water) are 
favorabl~ for solar applications, the plant operating schedule is not. The greater part of 
the process heat load is for clean-up in the meat processing plant, which occurs from 
8 p.m. to 4 a.m., five days per week. The truck wash schedule is more favorable, because 
it operates during daylight hours, seven days per week. However, the mismatch between 
the majority of the process heat load and the availability of solar energy means that 
thermal storage would be required to supply the meat processing plant. 

Schematics are shown in Appendix B of solar systems that can typically deliver hot water 
for the clean-up processes. Collectors usable for this application include flat plates, 
parabolic troughs, Fresnel lens, etc. Although not indicated in the schematics, hot water 
storage tanks would be required for the meat processing plant clean-up water. 

The solar applications analysis was performed for different components of the process 
heat load. In each case, the solar system was assumed to be augmented by the existing 
boilers and heater as needed to supply the total plant load. The results are shown in 
Table 8-2 for flat-plate solar collector systems. 

The methods used in the ECONMAT program for determining the present worth values 
and payback period (grosc;, ignoring inflation and income tax) were in accordance with 
Dickinson and Brown (1979). The 1979 figures represent a solar system installed in 1979 
with current collector costs, equipment costs, and fuel prices. The 1985 figures are 
based on an assumed solar system installation in 1985 with collector costs the same in 
nominal terms as in 1979 (i.e., assumed technological advances and economies of scale 
resulting in a 6% per year real reduction in cost), fuel prices escalated at 5% per year, 
and equipment costs and labor rates escalated at 6% per year. The values shown in 
Table 8-2 for the displaced fuels vary for different applications because multiple fuel 
sources were used for the steam boiler, whereas only natural gas was used for the hot 
water heaters. 

As can be seen in Table 8-2, none of the solar energy applications were cost effective 
with a 1979 installation; i.e., the present worth values were negative and the payback 
periods greater than the 20-year life of the solar system. For a solar system installation 
in 1985, the payback periods for three of the applications were less than 20 years, but 
longer than typically required by industry. The lowest payback period, 13 years for a flat 
plate solar system supplying the truck wash load, resulted primarily from the low effi
ciency of the truck wash heater (-50%) as compared to the other hot water heater and 
steam boiler efficiencies (75-80%). In addition, the truck wash was most favorably suited 
for solar energy application, because it operated during the daylight hours seven days per 
week, thus eliminating the need for energy storage. 

Any differences between the assumed economic para·meters in this study and those actu
ally occurring at the subject plant could significantly alter the results. In particular, fuel 
price increases in excess of the assumed II% over the period 1979 to 1985 could reduce 
the payback periods, making one or more of the applications acceptable to industry. 
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Table 8-2. RESULTS OF SOLAR APPLICATIONS 

Process Energy Present
6 

Wo:-th Payback Period Value of 
Temperature Supplied Capacity (10 $) (years) Displaced Fuela 

by Solar Costa 
Application System o,-. 

-' 
OF (TJ/yr) ($/GJ/yr) 1979 1985 19·79 1985 ($/GJ) ($/MBtu) 

1. Total Meat Hot Water 60 140 31):.2 67 -0.71 +0.29 2D+ 18 1.97 2.08 
Processing· Direct 
Plant and 
Truck Wash 
Load 

2. Meat Process- Hot Water 60 140 2L2 67 -0.37 +0.25 ~0+ 16 2.11 2.23 
-.;J ing Plant Direc~ 0') 

Steam Boiler 
Load 

3. Meat Process- Hot Water 60 140 14.2 67 -0.34 0.00 ~0+ 20+ 1.77 1.87 
ing Plant Direct 
Hot Water 
Heaters 
Load 

4. Truck Wash Hot Water 60 140 0.9 78 -0.01 +0.03 20+ 13 1.77 1.87 
Load Direct 

a 1979 dollars. 

>-3 
~ 
I 

Col) 

1:..:> 
Col) 
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SECTION 9.0 

CONCLUSIONS 

The indUstrial case study program has been very useful. in helping to identify the poten
tial of solar technologies to supply industrial process heat. Only by examining specific 
cases of solar IPH applications through a detailed analytical approach can the unique 
problems and requirements of solar energy be identified. Although SERI has performed 
relatively few case studies to date, some important conclusions about the use of solar· 
energy for IPH have been reached. Factors favoring the application of solar IPH systems 
are listed in Table 9-1, and the most important of these are discussed below. 

Except for some. pa;sible unique instances, solar energy will most likely first become 
economically viable in the southwestern United States. On a unit area basis, collectors 
in the Southwest can deliver at least twice as much energy as collectors located in 
New England or the Pacific Northwest. Consequently, most of the following arguments 
apply to installations in the Southwest. 

Conventional fuel sources available to industry, particularly coal, natural gas, and heavy 
fuel oil, are still inexpensive enough to render solar energy noncompetitive. Solar energy 
appears, on paper at least, to be presently competitive with electric heating, provided 
power demand charges Cfi be avoided. Electricity from new plants costs about 
4-5 ~/kWh ($11.72-14.65/10 Btu). 

The federal deregulation of natural gas will not be complete before 1987, whereas crude 
oil controls expire on October 1, 1981 (OGJ 1980a). This deregulation process, together 
with the increased cost of imported crude petroleum, has produced a dramatic rise in fu
el costs, which tends to favor the introduction of solar technology. When domestic crude 
prices reach marginal world price levels (up to $40/barrel in t~e spring of 1980), the price 
of distillate is liable to rise from about $1.10/gal ($7.90/10 Btu) to perhaps $1.80/gal 
($13.00/106 Btu). The price of residual fuel oil is less because of its poor quality and 
difficulty of use. The tendency now is for the price of fuels (oil and natural gas) to 
better reflect their energy content. Thus, in Januar~ 1980, Canada raised the price of 
natural gas imported to the United States to $4.47/10 Btu (OGJ 1980b). Energy deregu
lation is likely to oovP. Rnother effect: present variation in fuel prices throughout the 
United States is likely to diminish and will reflect only distribution costs and local taxa
tion, rather than differences in regulation. An exception is the price of coal, which is 
much more sensitive to transportation costs. Prior to 1980, the high price of fuel in 
New England was a significant reason to consider solar applications as important in that 
area as in the Southwest, despite very low insolation. With a dimunition in regional fuel 
variation throughout the remainder of this century, this relative advantage will 
disappear. 

Probably more than any other factor, the increased cost of alternative fuels will provide 
the greatest economic motivation for investment in solar technology. While the uncer
tain availability of domestic and imported fa;sil fuels has also been mentioned as a 
strong motivation to consider solar energy, this factor is less likely to provide consistent 
and long-term advantages to solar energy, since both domestic and international political 
situations may strongly enhance or detract from fuel availability. 

Despite the rising cost of alternative fuels, solar technology will penetrate the energy 
market only if solar energy costs rise at a lower rate. The level of success at achieving 
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Table 9-1. FACTORS FAVORING THE APPLICATION OF SOLAR IPH SYSTEMS 

Envil"'OUDeotal Faetors 

• High irsolation levels-either total or direct, depending on the solar technology 
proposed 

• High ambient t.P.m[IPrRtnreo;:-tt:' reduoo thormal lo,:sell ([Jiu·li\!ul!u·ly Cor non
concentrating collectors) and to allow the use of water as R heat transfer fluid 

• A pollution-free microclimate-so as not to dirty or corrode collector surfaces 

• A polluted macroclimate or area with strict air pollution regulations-where no 
additional air pollution emissions are allowed and where such controls are.a re
straint on levels of production 

PI"'OG8£ Faetoro 

• Low-temperature process-so that the cheapest type of collector, operating at a 
high efficiency, can be employed 

• Continuous, steady operations (24 h/day, 7 days/week) where exact temperature 
control is not critical 

• Liquid heating application as apposed to air· or steam heating 

• Built-in process storage-which helps even out fluctuations in the thermal output 
of the collectors, and which can act as a reservoir of heat produced by the solar 
system (during the weekend, or long summer evenings) 

• Easy retrofit of the the solar system-so as to minimize costs 

• Inefficient fuel usage, not easily rectified-so that energy delivered from the 
solar system replaces more than the equivalent Btu content of fossil fuel 

Bcauomtc Faetors 

• High and rapidly escalating fuel costs 

• Uncertainties regarding fuel supplies-such A.s interruptible natural gas contracts 

t Sufficient capital to finanoe inveBtmcnts in a sola.t· energy ~ystem 

• Long payback periods or demand for low rates of return on energy investments 

• High federal, state, or local tax incentives for· solar investments 

• Energy-intensive industrial operation and energy costs representing a large frac
tion of value added 

• All economical enet•gy conservation rneAsi.lres already incorporated 

• Cheap land or a strong roof available clooe to the delivery point of the required 
energy; salt available at little or no cost, if a salt pond is a solar option 

• Low labor costs -because solar installations are labor intensive· 

• New plant-allowing a solar system to be incorporated fr~m the beginning 

Company Faetors 

• Desit·e to Install a solar system and an enthusiastic work force from top 
management down 

• A skilled maintenance and engineering work force-so that the solar system can 
be run and maintained at maximum efficiency 

• Progressive management--which gives some recognition to the noneconomic but 
social values of solar energy, such as public relations, security of long-term sup
ply, and reduced air pollution, leading perhaps to the application of less stringent 
payback criteria to investments in solar systems 

78 



55~1'*' ____________________ TR-'---3_23 

this goal will determine how quickly solar hardware is adopted by industry. Solar collec
tors and the required auxiliary equipment are material and labor intensive. Solar energy 
costs can therefore only be reduced below the general rate of inflation (which is lower 
than the rate of fuel price escalation) by a combination of improved performance, lead
ing to higher operating efficiencies and increased reliability, mass production techniques, 
and through measures to reduce design and installation costs. 

The government will greatly influence the development of the solar industry. This might 
be accomplished through restraints on importing fuel, through direct tax incentives, such 
as credits or the accelerated depreciation of solar hardware, through the direct or indi
rect provision of low-interest investment capital, or through a variety ·of other 
developmental, incentive, or regulatory mechanisms. Putting solar-derived energy on an 
equal footing with conventional fuels would exert a tremendous influence. Currently, the 
cost of fossil energy is tax deductible as a business operating expense. A similar .number 
of Btu's derived from the stm or saved through conservation receive no such favorable 
treatment. The government could also increase funding levels of solar research and 
development. The IPH demonstration program will play a valuable role (if successful) in 
convincing skeptical industrialists of the technical and economic feasibility of solar 
technologies. Provided solar systems are shown to be viable technical options, it is clear 
that industry is most favorably influenced, and in fact will respond to, simple, direct 
economic incentives. 

The above points are apparent to anyone familiar with the development of solar energy 
technology. Other factors that enhance the practicability of solar systems in the exist
ing economic environment have been evoked by the case study program. The first of 
these was graphically illustrated by the case study investigation of crude oil dewa
tering. The propane used as a heat source was expensive and was used extremely ineffi
ciently. Solar heat could be delivered to the process to displace several times the equiv
alent Btu potential of the propane. Assuming that retrofit of the existing heating system 
to upgrade its propane efficiency was uneconomical, this seemed a cost-effective solar 
application. 

A similar multiplying effect can be achieved for direct-fired drying processes that in
volve an excess of combustion air. Hot exhaust gases can be partially reheated using so
lar energy and recycled to the burner. However, the economics of this scheme, which in
volves several fans and elaborate ~ontrol, needs to be measured against alternatives. 

·Other methods could involve~ for instance, the solar preheat of combustion air already 
preheated by heat exchange with exhaust air. 

Another means of using solar energy at an efficiency much greater than that achievable 
by coiwentional fuels is drying via direct solar radiation. Conventional drying generally 
involves large quantities of air. Depending on the temperature, drying can consume from 
two to five times the theoretical quantity of heat required simply to evaporate the water 
from the material being dried (due to heat leaving in the exit air stream). Moving this 
air also consumes a considerable amount of electricity. On the other hand, drying mate
rial (such as gluten feed or coal) exposed tmder glass to direct solar radiation would re
quire a thermal input only slightly greater than theoretical requirements. Air flow rates 
would be small, being only sufficient to control humidity in the exhaust air. Obviously, 
these benefits would be at the expense of increased drying time and at a rate dependent 
on insolation. 

The analysis of the case study program suggests that measures to t•educe energy con
sumption can enhance the prospect of solar energy application. Conservation projects 
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must overcome the same institutional barriers and low fuel cost competition that solar 
technologies face. We are in a period of high interest rates, and both technologies re
quire high front-end investments, the benefits of which are only fully apparent through 
life-cycle cost accounting techniques, rather than the usual industrial practice of apply
ing required payback periods. The implementation of solar and conservation technologies 
in industries that would benefit most from their use is often hindered by the lack of in
formation and engineering personnel. Conservation and solar technologies can greatly 
complicate what was once, in an era of cheap fuel, the simple process of generating en
ergy. A forced-draft heater with recuperator and economizer is more complicated than 
a natural-draft heater without either., Both technologies involve considerable electricity 
for motors that save fossil fuel. This is probably a favorable energy ~rade-off, because 
the future cost of electrical power, being largely dependent on the cost of coal, should 
repeat historical trends in that its price is likely to rise much less quickly than that of 
natural gas or fuel oil. The similarity of problems facing the implementation of conser
vation and solar technologies means that actions such as the dissemination of information 
or the granting of tax benefits, taken to assist one technology, could favorably affect the 
other. 

One important goal of technological development is to reduce energy inputs to industrial 
processes by lowering operating temperatures. For example, this has been done by de
veloping more efficient catalytic processes and detergents that function effectively in 
warm rather than hot water. This trend is favorable to the marketability of solar sys
tems, because the cost of a system increases significantly with temperature for a given 
quantity of energy. Another development, described in Appendix E, concerns the change 
from steam to high-temperature water (HTW) energy transportation systems. While this 
change alone is unlikely to reduce the temperature to which the water must be heated, 
liquid-based solar systems, compared to steam generators, are much cheaper and more 
efficient. · 

Thus, the trend towards increased energy conservation could foster solar energy installa
tions. Solar energy and conservation technologies also present similar research and de
velopment requirements, such as the need to develop inexpensive heat exchangers to 
transfer heat efficiently at small temperature differences. Obviously, conservation 
should be the first means of saving energy at any industrial plant, and a great deal of this 
remains to be done; but once this potential is exhausted, solar energy is one of the few 
alternatives available that actually produces energy. 

The case study program has also shown that more development of air collector systems 
and thermal energy storage is needed to extend the potential of solar IPH. Hot air is 
widely used in many industrial operations for baking and drying. However, solar air sys
tems at present do not fWlction efficiently at temperatures muoh greater than those re ... 
quired for space heating. Considerable benefits would ensue if efficient solar-heated air 
systems operating at small pressure drops (i.e., low parasitic power consumption) were 
developed. Similarly, reliable and inexpensive thermal storage systems would enhance 
the application of solar technologies to noncontinuous industrial operations. 

Land availability is clearly a key issue in applying sola.r technology. Lack of space can 
preclude even the most favorable application. Such considerations highlight the 
advantage of building future industrial installations to include the option of adding a 
solar system. This could entail dedicating land adjacent to the plant or building a 
stronger roof with collector attachment points incorporated. ' 
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The PROSYS/ECONMAT computer codes proved to be very useful for analyzing a wide 
range of solar IPH applications. Their flexibility, ease of data input, and speed were par
ticular assets. Feedback from the case study program resulted in several changes and 
improvements in the codes. Continued development of the codes is warranted, and their 
distribution to the public would allow industry to perform its own initial screening of IPH 
projects for solar energy applications. 

The case study program appears to have been successful in meeting its objectives. To 
further clarify some of the issues that have been raised, a continuation of the program is 
recommended. Focusing on favorable applications directed to SERI by industry could 
help speed up the identification of near-term applications and the actual installation of 
solar systems. For example, the food industry is a logical choice, based on its use of 
large quantities of hot water and its location in every region of the United States. Dry
ing has been identified as a particularly suitable solar application. Additional economic 
studies would help set goals for solar IPH capital cost reductions and the required level 
of government incentives. With the potential role of solar energy for optimum IPH ap
plications better defined, it is hoped that incentiveS could then be made available to 
stimulate the earliest pa:;sible use of solar energy by industry. 

·" 
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APPENDIX A 

A SUMMARY OF THE PROSYS/ECONMAT COMPUTER CODE 

ABSTRACT 

An analytical method for assessing the feasibility of solar industrial process heat applica
tions has been developed and implemented in a flexible, fast-calculating computer 
code-PROSYS/ECONMAT. The performance model PROSYS predicts long-term annual 
energy output for several collector types, including flat-plate, nontracking concentrator, 
one-axis tracking concentrator, and two-axis tracking concentrator. Solar equipment 
cost estimates, annual energy capacity cost, and optional net present worth analysis are 
provided by ECONMAT. User input consists of detailed .industrial process information 
and optional economic parameters. Internal program data includes meteorological in
formation for 248 U.S. sites, characteristics of more than 20 commercially available col
leCtors representing several generic collector types, and defaults for economic param
eters. Because a full-scale conventional back-up fuel system is assumed, storage is not 
essential and is not included in the model. Although the software is neither a dynamic 
·simulation nor a detailed design tool, it yields the advantages of speed and flexibility.and 
provides a method for uniform comparison of diverse solar equipment, IPH applications, 
and locations. Recent updates in performance calculations, the collector array sizing 
algorithm, and system cost estimates have improved the accuracy of the PROSYS/ 
ECONMAT evaluation. Efforts in IPH model comparison and PROSYS/ECONMAT valida
tion have been initiated. The PROSYS/ECONMAT code has been used in a variety of the 
case studies, in-depth applications analyses, and generic system studies. 

EVALUATION PROCEDURE 

Software developed for the analysis of solar IPH applications includes the performance 
model PROSYS, the economic evaluation ECONMAT, and several attendant data bases. 
The main features of the PROSYS/ECONMAT code are summarized in Table A-1 and ex
panded in the following sections. 

DATA BASES 

Characterization and analysis of solar IPH applications require site-specific meteorologi
cal data, detailed industrial process information, Solar equipment performance and cost· 
data, and appropriate economic parameters. This information resides in four data 
bases-METDAT, IPHDB, COLDAT, and ECONMAT. 

The meteorological data base (METDAT) specifies the quantity and quality of the avail
able solar radiation at 248 U.S. locations as determined by availability of SOLMET and 
ERSATZ data (Cinquemani et al. 1978). Values are given for a typical day each month 
and include long-term average daily total radiation on a horizontal surface, clearness 
number, daytime ambient average temperature, and cloudiness index KT for each 
location. 
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Purpose: 

User Inputs: · 

Internal 
Data: 

Prognuu 
Outputs: 

Advantages: 

Restrictions: 

Table A-1. FEATURES OF THE PROSYS/ECONMAT CODE 

Provide a method to assess feasibility of solar IPH applications. 

Detailed industrial process information and optional economic 
parameters. 

Meteorological information for 248 U.S. sites. 
Characteristics of several generic collector types. 
Defaults for economic parameters. 

Long-term average performance prediction for co.ch collector process 
combination. 

Estimate of solar system cost ant1 RnnuHl energy cHpHclly cul:il. 
Optional present worth analysiS. 

Flexible, high-speed evaluation. 
Uniform comparison of diverse solar equipment, IPH applications, and 

locations. · 

Nondyna.mic analysis. 
· Not a detailed design tool. 
Conventional fuel backup assumed, no consideration of storage. 

The industrial process heat data base (IPHDB) is composed of entries for specific 
processes and contains for each of them: temperature, heat rate, and flow rate 
requirements; conventional fuel source and efficiency; and appropriate system types in 
order of applicability (three of a possible six). Each entry is identified as a four-digit 
standard · industrial classification (SIC) and an optional alphanumeric character if 
subprocesses are given. 

At the present time, 20 collectors are represented in the collector data base 
(COLD AT). Of these, eight have performance data derived through tests at the facilities 
of Sandia Laboratory, Albuquerque (Dudley 1978). Both performance and cost 
information is given for each collector, including optical efficiency, concentretion ratio, 
heat-loss coefficients, internal blocking and shading factors, FOB costs, auxiliary costs, 
and installation labor. Generic collector types represented in COLDAT include flat
plate, compound parabolic concentrator, linear Fresnel lens, parabolic trough, line focus, 
and parabolic dish. Collector parameters for flat-plate and parabolic. trough collectors 
are shown in Table A-2. 

The economic data base (ECONDAT) contains site-specific information on labor rates 
and conventional fuel costs, including coal, natural gas, fuel oil, electricity, and pro
pane. Fuel costs often vary with the amount used, contract status (firms, interruptible, 
etc.), and use schedule. In cases where such detailed information is known, the data base 
values can be overridden through card input. 
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Table A-2. COLLECTOR PARAMETERS USED IN PROSYS 
SIMULATIONS 

Shading and Blockage Factor 
Optical Efficiency 
Tracking Efficiency (degrees) 
Concentration ~atio 
FOB Cost ($/ft ) 
Auxiliary Equipmen~ Cost ($/ft2) 
Burdened Cost ($/ft ) 
Required Installation Labor (h/ft2) 
Standard Collector Module Area (ft2) 
Heat Lo$ foefficient 

(Btu/h ft ° F)a 

Flat-Plate 
Collector 

0.0 
0.77 
1.00 
1.00 

15.00 
1.50 
0.00 
0.25 

24.0 

0.81 

Parabolic Trough 
Collector 

0.1 
0.72 
0.98 

25.0 
22.00 

0.00 
1.00 
0.30 

170.0 

0.07 

avalues given are for typical collector operating temperatures; the heat
loss coefficient varies with collector temperature. 

PERFORMMICE MODEL PROSYS 

To assess the feasibility of solar energy for a specific industrial process, it is first neces
sary to calculate the amount of energy that can be delivered by the available solar 
equipment while satisfying the process requirements. The analytical performance model 
applies a method developed by Rabl and Collares-Pereira that predicts the long-term 
average energy delivered by several generic collector types. This procedure is based on 
the classical utilizability concept originated by Hottel and Whillier (1955) and Liu and 
Jordan (1963) for flat-plate collectors. Rabl and Collares-Pereira (1979a, b) have gener
alized and simplified the method by including other collector types and defining the uti-
lizability with respect to the day rather than the hour. · 

Collectors that are modeled include the two-axis tracking concentrator, single-axis con
centrator, nontracking concentrator (compound parabolic conc~ntrator}, and flat-plate 
collector. The calculated deliverable energy per unit area for a single collector is ad
justed to include losses normal to larger systems. Six system types are modeled, includ
ing direct hot water, fluid/water heat exchange, direct hot air, fluid/air heat exchange, 
flashed steam, and unfired steam generator. 

The analytical model is implemented in the computer program PROSYS (Process Heat 
System Model) yielding a tool with which a variety of solar equipment configurations can 
be evaluated. PROSYS is neither a dynamic ~imulation nor a means of detailed system 
design, but instead a method of predicting long-term average performance. While the 
nondynamic nature of the model imposes some li_mitations, it yields the advantages of 
speed and flexibility. The model provides an efficient method for pr~liminary appraisal 
of solar energy for industrial applications, a standard procedure to compare generic col
lector types, and a rapid means of performing a large number of parametric studies. 
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ECONOMIC EVALUATION ECONMAT 

The basic calculation of the economic analysis is the estimation of the total solar equip
ment cost. To allow comparison of systems differing in size and annual energy output, an 
energy capacity cost [$/(GJ/yr)] is calculated by dividing the total equipment cost by the 
annual delivered energy. Additional economic evaluation may include calculation of life
cycle levelized energy cost, net present value, payback period, and break-even fuel 
price (Dickinson et al. 1977, 1979).- For the case study examples, gross payback periods 
(defined in Table A-3) were calculated. 

Table A-3. DEF'DnTION OF PAYBACK PERIOD 

For the case study examples, a gross payback period, ignoring inflation and income tax, 
was calculated, defined by the following equation: · 

where T 
TC 
e 

E s 
Pro 
I 
OMPI

0 

= 
= 
= 
= 
= 
= 
= 

gross payback period, years 
total investment tax credit 
solar effectiveness factor= fuel energy saved by solar system divided 
by solar energy delivered 
annual solar energy provided by solar system at point-of-use 
price of fuel in zero-year 
total initial solar system investment in zero-year dollars. 
average cost of operation, maintenance, property tax, and insurance, as 
fraction of total initial investment in zero-year dollars. 

The .computer program ECONMAT implements the analysis using the precalculated per-· 
formance data from PERFDAT, the collector costs from COLDAT, and labor rates from 
ECONMAT. Given the process demand heat rate and the collector peak delivery rate, 
the collector array is sized such that all energy supplied by the solar system is used by 
the process and no excess energy is produced. Total solar equipment cost is estimated, 
including collector, auxiliary equipment, installation, and system costs. 

The optional net present value analysis depends on economic factors that may vary from 
case to case. The software contains typical default values for economic parameters, 
such as 12% internal rate of' return; 6% general inflation rate; 5% add-on fuel escalation 
rate; annual operation, maintenance, property tax, and insurance at 2% of initial 
investment; 50% corporate income tax rate; 20-year system lifetime; and 20% tax 
credit. Appropriate local fuel price is obtained from ECONMAT. All default economic 
factors, including fuel price and labor rate, may be overridden by user input. 

To allow system size variation for a specific process and to demonstrate the economy of 
scale effect, all calculations are shown for 10 incremental energy levels. A large number 
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of computations are required to evaluate each process-system-collector combination at 
10 energy increments, and a large output results. To facilitate analysis, an option is pro
vided to print only the results for the most economical collector per system. 

AHALY'I1CAL RESULTS 

The analytical tools PROSYS/ECONMAT allow comparison of a variety of collectors for 
diverse process requirements and quick selection of the solar equipment most suitable in 
both cost and performance for a specific process. The software can be used for many 
types of analysis merely by varying the information in the data bases. A ranking of solar 
IPH applications for a given location can be generated by using an IPHDB containing 
average parameter values for many "typical" industrial plants. Conversely, actual case 
studies that provide detailed process breakdown, preheat potential, and/or process recon
figuration can be analyzed with an IPHDB contai11ing specific process data. 
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APPENDIXB 

SOLAR SYSTEM SCHEMATICS 

The ECONMAT costing routines are based upon the simplified schematics shown below. 
Heat is generally transferred to an industrial process as either hot air, hot water (or an
other liquid), or. steam. Transfer can be either direct (with the process fluid passing 
through the collector field), or a heat exchanger can be used to transfer heat from a heat 
transfer fluid, circulating through the collectors, to the process fluid. The figures also 
document a brief discussion of the relative advantages of each approach. 

' 

'-· 
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Solar Field 

I 
I Pump·-----
1 

I 
I 

Water 

TC-Temperature 
Control 

PI-Pressure 
Indicator 

Fuel 

--, 
I 

,--~--L ______ _ :Tc 
I. 
I 
I 

Feed 

Advantages 

1. Collectors at maximum ,efficiency 
2. Minimum equipment 
3. No contamination problems 

I 
I 

Heater 

Existing....._ __ _. 
Equipment 

Disadvantages 

1. Control valves required 

Process. 

2. Freeze protection needed in adverse 
climates by: 
a. Heat Tracing-steam or electrical 
b. Circulation-must avoid dead spots 
c. Draindown Not Feasi~le for. LargeTC 

Systems-admitting air oau:Jc3 
corrosion problems; system must be 
liquid full before pump starts; process 
flow must not be interrupted during 
filling; possible stagnation problems 
with fhH·plaltft:ollecturs 

3. Solids built up in c;;ollector lines 

Figure B-1. Simplified Schematic of Hot Water Direct Solar System 
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SV (Safety Valve) 

Feed 

Advantages 

1. No freezing problems 
2. Simple Controls-no control valves.b-1 

turns pump on and off. Supply always 
flows through heat exchanger 

Expansion 
Tank 

"-
Q) -(/) 

c: 
~ 
1--«! 
Q) 

I 

Existing~ 

I 

Fuel 

LIHLA-Level Indicator. 
High/Low Alarm 

LG-Level Gauge 

Tl-Temperature 
Indicator 

-., 
I 

Heater t-_ __._ __ Process 

Disadvantage~-

1. Higher collector temperature 
2. Possible contamination of water stream if 

leakage. of heat transfer fluid 
3. More equipment 

Figure-B-2. Simplified Schematic of Hot Water Indirect Solar System 
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filter 

Air 
Intake 

Solar Field+----. 
Fuel 

Blower 
I Tl 
I ,-------_j 
I 
I 

I 1 
L,~J. ____ -,-_: __ _ 

I . 
I 

FC 

I I 
~...J 

Existing 
Equipment 

FC-Fiow Control 

--, 
I 
I 

TC-Temperature Control 

A~vantages Disadvantages 
-----

1. No heat exchange, hence lower collector 
temperatures 

1. Air is,puu~ :ht:lal Lra11sh:H fluid. Collector 
efficiencies very)low at elevated 
temperatures 2. No freezing problems 

2. Collector internals exposed to 
contaminants in ambient air 

3. High' parasitic& 

Figure B-3. Simplified Schematic of Hot Air Direct Solar System 
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Configuration exactly the same as hot-water indirect system. 
Cost is increased due to use of liquid-to-air heat exchanger. 

Advantages 

1. Best absorber working fluid can be 
chosen 

2. Energy could be transferred from more 
remote lqcation 

3. Lower power consumption 

Disadvantages 

1. Higher collector temperatures 
2. Heat exchange required and air film heat 

transfer coefficients tend to be low 

Figure B-4. Solar Hot Air Indirect System 
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Solar Field 

Advantages 

1. Simple system 
2. No expensive HTF and inert gas 

blanketing system 
3. Low collector temperatures 

Steam Header 

pr. 

Separator 

L,.-----~-_-_J------;:;~~~~--r,.,.__ BFW Makeup 
(Boiler Feed 
Water) 

Disadvantages 

1. Freeze protection reqi.Jired by tracing or 
circulation 

2. High-pressure system, increasing cost 
· and rating of equipment 

Sat. Steam Temp., °F 
250 
300 
400 
500 

Press., psig 
15 
52 

232 
666 

3. Pump head and power requirements 
11i<:rease drastically above 300u F 

Figure B-5. Simplified Schematic of Water Flash Steam Generating System 
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I I 
I 
I 

-Solar Fiei<.< 

I 
'•' I Tl 

I PI 
I 
I 
L_ 

Inert 
-o-:r--;:::ll_...J:;-"W-- Gc:.s Blanket 

BFW 

Advantages 

1. Low-pressure, low-head, hot oil system 
2. No freeze protection required except 

tracing on boiler 
3. Lower pumping power to produce high

pressure steRm 
4. Steam could be superheated 

Ht---D<t-~ To Steam 
Header 

Disadvantages 

1. Higher collector temperature 

..... 
Q) -C/) 

c: 
~ 
f--ctl 
Q) 

I 

2. Heat transfer fluids costly, possibility of 
fire, if leakage 

3. Larger flow rate 
4. Hir:~her parasitics to produce low-pressure 

steam 

Figure B-6. Simplified Schematic of Indirect Steam Generating System 
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APPENDIX C 

IKSOLA110N MAPS OF THE UNITED STATES 

Figure C-1 illustrates the average daily global solar radiation ori a horizontal surface. 
This is equivalent to the sum- of the direct and diffuse components of solar radiation. 
Figtire C-2 illustrates average daily direct normal solar radiation. This is radiation in
cident on a surface facing directly into the sun. Figures C-1 and C-2 are computer maps 
derived from data obtained.at the SOLMET and ERSATZ collection sites. The list below 
illustrates values of solar radiation in different units: 

26,000 
10,000 

kWh/m2-dy 

7.2 
2.8 

Btu/ft2-dy 

-2290 
881 

The thermal output of a solar collector is greatly influenced by levels of insolation, but 
factors such as ambient temperature, orientation, the type of solar collector, and the 
type of solar radiation must also be taken into account. ·In areas where diffuse radiation 
is a large fraction of total radiation; nonconcentrating collectors are capable of collect
ing more energy at temperatures less than. 93°C (200°F) than highly concentrating 
collectors, such as parabolic troughs and dishes. 
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APPRNDIXD 

Figures D-1 and D-2 are examples of the PROSYS simulation carried out for various col
lectors at representative sites (El Paso, Tex. and Charleston, S.C.). The graphs illustrate 
a great deal, notably: 

• The performance of point-focus collectors is almost independent of temperature, 
resembling the performance of a conventional heater. This results because the 
small area of the concentrating receiver greatly reduces thermal losses. Non
concentrating collectors are most affected by thermal losses due to their large 
area, and thus their performance falls drastically with increased temperature. 
The maximum delivery temperature of flat-plate collectors is about 160-180°F. 
The performanc.e of line-focus collectors, such as parabolic troughs, is dependent 
on temperature to an extent somewhere between flat-plate and point-focus 
concentrators. 

• Concentrating collectors can only collect the direct component of solar radia
tion. Consequently, their performance suffers greatly in environments that are 
cloudy or subject to high humidity. Thus, at low operating temperatures in loca
tions such as Charleston, a flat-plate can outperform a point-focus collector. 

• The performance of point-focus collectors; for highly sunny climates, exceeds all 
other types because the two-axis tracking mechanism allows greater efficiency 
of collection and because the design reduces thermal losses. The output of a 
two-axis tracking collector is bs,sically constant when the sun is shining. This is 
of particular benefit for IPH applications, where the desire is to service a con
stant load. Single-axis (e.g., parabolic troughs) or non tracking collectors (e.g., 
flat plates) exhibit output characteristics, which gradually rise and fall around 
solar noon. Such collectors also exhibit large seasonal variations in solar output, 
partially the result of lower winter ambient temperatures, but more importantly 
because of geometric orientation. The output of a point-focus collector largely 
varies in proportion to the hours of sunshine. 
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Figure D-2. Annual Energy Output of Several Collector Types 
over a Range of Temperatures for Charleston, S.C. 
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APPENDIXE 

THE ADVANTAGES OF UQUID OVER STEAM HEATING SYSTEMS FOR INDUSTRIAL 
PROCESS HEAT AND THE POTENTIAL FOR SOLAR ENERGY APPLICATIONS 

The use of package steam boilers to provide low-temperature process heat is a common 
industrial pra.cti~e. This is true regardless of process temperature requirements. Steam 
boilers are widely used in industries such as dairying and meat-packing, even though al
most the entire process heat load could be supplied using hot water. 

Package steam boilers are available "off the shelf" to provide a wide variety of process 
heat requirements. They are compact and rapid in response. Pumping power require
ments are low, and the pump runs at a low temperature. The condensation process allows 
large quantities of heat to be transferred for a low mass flow rate-a particular advan
tage for direct process heating. However, there is a body of trade literature advocating 
that the package steam boiler is a relic of the low-fuel-cost economy, and that consider
able savings can be realized by heating with liquids instead of steam. 

Process heati~ using high-temperature water (HTW) is feasible to about 400° F. Above 
this temperature, the pressures required to keep water in a liquid state are too high to be 

. practical. Makeup and treatment of water for a hot water system are minimal. Treat
ment of boiler feed water to a steam system is more extensive, and blow-down require
ments result in considerable heat loss. Additional steam system heat losses result from 
leaks from the increased number of fittings, such as traps and pressure-reducing valves, 
and from vents on condensate receivers. 

A forced water-circulating system can give more accurate process temperature control. 
Liquid flow rates can be selected to give very small sensible-heat temperature drops. 
Consequently, uniform heat transfer rates can be maintained throughout the heating 
coil In contrast, steam condensing in a coil yields less uniform heat transfer due to 
variations in satl:U'ation temperature caused by pressure drop along the coil and to 
changes in condensing film thickness. 

Though steam yields 800-960 Btu/lb when it condenses, while a hot water system can 
transfer only 100-150 Btu/lb, the heat capacity of a liquid system is typically about 40 
times that of the equivalent steam system (Teller et al. 1976). This inherent heat stor
age in a liquid system reduces fluctuations in heater output, improving heater efficiency 
and reducing wear. However, high heat capacity is a disadvantage for discontinuous 
operations due to the inertia related to bringing the system back on-line. For a solar sys
tem, high heat capacity can mean high thermal losses when the system is not in 
operation. 

Operation and maintenance costs of a steam system are higher than those of a water sys
tem because oxygen dissolved· in condensate can cause pipe corrosion; because there is 
the possibility of scale formation in boiler tubes; and because there are more fittings. 

Teller et al. (1976) claims a high-temperature water system substituted for a steam sys
tem can result in fuel savings of 20-50%. Systems in the range of 5 to 15 million Btu/h 
(1.5 to 4.4 MW) are regarded as only marginally more economical than steam systems, 
but are often preferred due to more accurate and uniform temperature control. 
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Above about 400°F (204° C), process heating needs often are supplied using superheated 
steam. However, the relative advantages of liquid heating still hold at higher tempera
tures when water is replaced by commercially available heat transfer fluids. These sys
tems have the advantage of operating at low pressure;. but compared to water, heat 
transfer fluids have higher viscosities, lower specific heats, and are often flammable •. 

I 

Liquid-based solar systems are more developed, cheaper, and more efficient than solar 
systems generating steam. It is an easy matter to heat a liquid pumped through a solar 
collector. A system generating steam is much more complex. The use of a liquid heating 
system reduces the difference between required collector temperature and process tem
perature. Because of freezing problems, heat transfer fluids will often be used in solar 
collectors for industrial applications. The problems of retrofitting solar instRllations are 
greatly diminished if the industrial heat delivery system is already liquid based. Overall, 
the economic conversion from steam to liquid process heating greatly increases the po
tential for solar energy applications. 
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