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SUMMARY 

The particular requirements and energy use patterns of end-use demand sectors 
are rece1. v1.ng increasing attention. The industrial sec tor, which annually 
consumes 37% of the nation's gross energy demand and upon whose vitality much 
of the U.S. economy must rely, is of special interest. A large portion of the 
industrial energy demand is for thermal energy for use in the processing of 
goods, known in general terms as industrial process heat (IPH). This heat is 
utilized at temperatures from 140 F to over 3000 Fin thousands of manufactur­
ing processes. Over one-quarter of the total industrial process heat require­
ments are at temperatures below 550 F; thus, a significant fraction of indus­
trial processes· are potential near-term applications of solar thermal technol­
ogy. 

An advantage of solar thermal technology is the capability to control output 
temperatures over a fairly broad range. Solar thermal process heat systems 
can be de.signed with specific end uses in mind and therefore efficiency of en­
ergy conversion can be maximized with respect to the Second Law of Thermody­
namics. Second Law optimization is currently of little economic advantage but 
is directly related to the effectiveness with which our nation's limited ener­
gy supplies are used. 

In order to identify the proper matches of solar collector technology and in­
dustrial process needs, various combinations of collectors, processes, and lo­
cations are evaluated using the method of "end-use matching." Information on 
the nature and location of processes is obtained and various solar collector 
options are tested against load requirements in order to determine which sys­
tems will deliver the required energy at the lowest cost. The solar systems 
are designed to operate as closely to process-required temperatures as possi­
ble so that wasted energy is minimized. Finally, viable near-term solar 
applications are identified by comparison of solar system costs with local 
fuel costs. 

Performance and cost evaluation codes and attendant data bases were developed 
for the end-use matching. Data for industrial process requirements and plant 
locations, meteorological conditions, solar equipment, and economic factors 
are assembled in data bases that may be accessed from the performance code 
PROSYS and the cost and economic evaluation code ECONMAT. PROSYS is based 
upon a long-term average performance methodology developed by Collares-Pereira 
and Rabl. With this code, collector performance in specified operating con­
ditions can be rapidly determined. The rapidity of the calculation allows an 
exhaustive search of all feasible collector/system/process combinations. The 
evaluation code ECONMAT uses site- and industry-specific economic factors to 
determine energy costs for various_ system sizes. Minimum-cost combinations 
can then be selected. ECONMAT may also be used in sensitivity studies and in 
evaluations of the distribution and ranking of application costs in given lo­
cations. 

The concept and methods of end-use matching were tested in a study of indus­
trial processes in six U.S. cities: Fresno, Calif.; Denver, Colo.; El Paso, 
Tex.; Bismarck, N.D.; Brownsville, Tex.; and Charleston, S.C. The results in­
dicate the near-term importance of low-temperature industrial processes and 
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the advantage of southwestern locations for delivering solar energy at low 
costs. As expected, some collectors have advantages over others i~ the vari­
ous operating temperature. ranges, but this segmentation of the temperature 
scale varies significantly with location. This study found relatively few 
competitive applications for solar industrial process heat in the six cities 
given the current state of solar technology and current fossil fuel costs. 
However, 'other applications will become competitive as fuel cos ts increase and 
solar technology improves. 

To evaluate the effectiveness of the end-use matching methodology, case stud­
ies of two industries were performed. The case studies indicate that more 
accurate and complete data on industrial processes are needed in order to 
achieve reliable results with end-use matching. PROSYS and ECONMAT were shown 
to be effective in performing detailed studies of applications for solar in­
dustrial process heat. The case studies offer a wealth of information and im­
proved understanding of the industrial market. For example, industry will 
undoubtedly view its options for energy supply from the broadest possible per­
spective; solar energy utilization is only a part of this perspective. In 
these two case studies several options became apparent for energy conservation 
that could be adopted at little cost and offer significant energy savings (for 
example, 42% of the energy in one process could be saved by simply turning off 
a switch at night). It is important that solar· applications be designed for 
processes in which conservation measures have already been incorporated; such 
measures may often dramatically affect the design of the solar systems. The 
results of the case studies point out the usefulness of solar energy in pre­
heating, particularly when preheated fluids (such as boiler feedwater) can be 
circulated directly in the collector field. Results also point to the impor­
tance of low-temperature hot air applications in industry and to the advan­
tages of displacing expensive or poorly utilized fuels with solar energy. 

The success of the end-use matching methodology as a valuable tool in assess­
ing the worth of solar industrial process heat applications encourages expan­
sion of this effort. Future emphasis will be placed on improvement of the 
PROSYS and ECONMAT routines and on utilization of these codes in studies of 
particular industries for which detailed process characterizations can be ob-· 

.tained. With improved input data, PROSYS/ECONMAT can offer valuable service 
in planning and evaluation in the increasingly important area of solar process 
heat. 

vi 
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SECTION 1. 0 

INTRODUCTION 

Energy is universally acknowledged to be the mainstay of an industrial soci­
ety. Without an adequate supply of energy the social, economic, and political 
structures of the society are in jeopardy. As the world's supply of inexpen­
sive but nonrenewable fossil energy sources decreases, the need for developing 
alternative energy sources and conserving existing supplies becomes critical. 

The energy crisis in the United States today results from the divergence be­
tween America's historically increasing energy demand and its decreasing sup­
plies of oil and gas. At this point it is believed that no single energy 
source will replace oil and gas in the near future. Solar energy is the only 
renewable resource available on a large scale, but the country must prepare 
for a period in which many different energy sources will be used and each one 
is selected for its most appropriate application. 

In the current transition it is expected that scientific and technological in­
novations will motivate the development of conservation measures and renewable 
energy sources. However, in view of the fact that the current transition is 
not towards a single plentiful source but rather towards a combination of sev­
eral different energy sources, the suitability of each of these sources for a 
given task must be determined. In this selection process, energy conservation 
will play the same role as an energy source; in many cases the most logical 
alternative to a solar technology will be a conservation measure. 

The choice among available energy sources for a given task will require tech­
nical and economic trade-offs on the part of the individual investor. From 
the national perspective, however, the effectiveness with which a given energy 
source is utilized may well become an overriding consideration. Since the 
energy supply will be limited in the future, it will become increasingly im­
portant to achieve the highest possible energy conversion efficiency and to 
minimize energy waste. It is with this outlook that the following report 
addresses the development of a methodology to determine the most appropriate 
industrial process heat applications for solar thermal energy in the near 
term. 

1.1 INDUSTRIAL ENERGY USE IN THE UNITED STATES 

A number of studies have investigated the division of energy demand among the 
three major end-use sectors of the economy: residences and commercial estab­
lishments, transportation, ~nd industry. The industrial sector is the largest 
consumer of energy in the United States. In 1977, it accounted for nearly 37% 
of U.S. energy consumption (U. s. Department of Energy 1978) as shown in 
Fig. 1-1. In contrast, combined residential and commercial consumption was 
approximately 37% of the total while transportation accounted for 26% of U.S 8 consumption. Energy demand in the United States during 1977 totaled 80 x 101 

joules (75.8 quads). Thus, it is apparent that industrial applications repre­
sent an enormous potential for solar technology. 
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Residential/Commercial 
37%1 

28.i Quads 
(29.6 X 1015 kJ) 

Industrial 
37% 

27.8 Quads 
(29.3 X 1015 kJ) 

Transportation 
26% 

19.9 Quads 
(21.0 X 1015 kJ) 

Figure 1-1)Approximate Distribution of 1977 U.So Energy Consumption by 
End-Use Sector 

Energy for consumption by industry is supplied from a wide variety of 
sources. Currently, energy is supplied to industry via natural gas (29. 8%), 
distillate and residual oil (24.9%), coal (12.9%), and electricity (32.4%). 
Certain sources of renewable energy are also utilized as industrial fuels but 
are small percentages of the total. (Most notably, the paper and pulp indus­
try in the United States supplies approximately 40% of its demand through the 
use of wood byproducts.) 

Energy consumed by ind us try is used in a number of ways. These uses can be 
grouped into four major categories: process heat, electrical/mechanical 
power, electric process energy, and feedstocks. The distribution of energy 
consumption* among these categories, as given in Table 1-1, is subject to some 
uncertainty, even on an aggregate basis. It is equally important to identify 
energy usage within particular industrial sectors. Figure l-2(a) shows the 

*These consumption figures also include energy wasted in all steps of indus­
trial production, as well as energy wasted or lost in the production and 
transmission of electrical power from utilities. In addition, the figures 
include equivalent energy used in the form of chemical, refining, and metal 
processing feedstocks, such as petroleum and coke. A fifth category--building 
space heating, cooling, lighting, and domestic service energy--might also be 
added. However, data on energy demand for these auxiliary uses are not 
readily available at this time. 
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distribution of industrial energy consumption for the six largest energy 
consumers by major SIC (Standard Industrial Code) categories. Thes.e six 
industrial groups collectively account for approximately 80% of the total U.S. 
industrial energy demand. 

Table 1-1. INDUSTRIAL ENERGY USE BY FUNCTIONAL REQUIREMENTa 

Process heat-total 
(Process steam) 
(Direct heat) 

Electrical/mechanical power 

Electrical process energy 

Feeds tocks 

Unaccounted energy 

aFrom SRI 1972. 
bTotal 1968 energy use= 25 quads. 

Percentage of 1968 
Industrial Energy Useb 

68.4 
(40.6) 
(27.8) 

19.2 

2.8 

8.8 

0.8 

Process heat is defined to be the thermal energy used directly in the prepara­
tion and/or treatment of goods produced by manufacturing processes (normally 
associated with industrial goods produced by SIC categories 20 through 39). 
It is clear from Table 1-1 that process heat requirements constitute the larg­
est use of current industrial energy consumption. This energy can be supplied 
either by means of a heat transport fluid or by direct heating. In practice, 
heat is most often supplied via hot water, low-pressure steam, or hot air. 
While recent evidence suggests that furnaces and direct-heat devices are 
responsible for nearly 60% of process heat consumption, there continues to be 
a substantial requirement for indirect heating by steam and hot water at more 
moderate temperatures· (Hamel and Brown 1976). Figure 1-2 (b) shows the dis­
tribution by major SIC group of process heat consumption. Figure 1-3 shows a 
more detailed breakdown of process heat energy requirements for the total U.S. 
market. 

1.2 SOLAR POTENTIAL FOR INDUSTRIAL PROCESS HEAT 

The technical and economic feasibility of supplying industrial process heat 
(IPR) from a solar collector to a specified task depends on four factors. 
First, there must be an adequate quantity of heat. Heat quantity can be cal­
culated from the first law of thermodynamics and depends on available land 
area and the climate. Second, the heat must be of adequate quality for the 
purpose. Heat quality from solar equipment depends mainly on the type of col­
lector. For example, heat available from a flat-plate collector at 200 F 
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(a) 
28 Chemicals and Allied Products 21.1% 

33 Primary Metals 18.6% 

29 Petroleum and Coal Products 12.1% 

26 Paper and Allied Products 10% 

32 Stone, Clay, and Glass Products 9.92% 

20 Food and Kindred Products 7.85% 

(b) 
33 Primary Metals C :::. = Ill 26.8% 

29 Petroleum and Coal Products PE 19.7% 

28 Chemicals and Allied Products 
-

26 Paper and Allied Products 
. 32 Stone, Clay and Glass Products 

20 Food and Kindred Products 

Figure 1-2. Approximate Distributions of (a) Industrial Energy Consumption and (b) Process 
Heat Consumption Among the Si-x Largest Energy-Consuming Industries 
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cannot be used directly to heat steam to 250 F. Problems of heat quality and 
availability are treated by' means of the second law of thermodynamics. Third, 
the heat must be transferred from the collector to the working fluid passing 
through the collector and, unless the task is to heat this fluid, ·heat must 
then be transferred from the fluid stream to the process or material where it 
is to be used. This is ordinarily a problem in heat transfer, but because of 
the peculiar characteristics of solar energy conversion equipment th±s step 
may also require a reexamination of the process requirements in order to opti­
mize the availability of scila~ energy. Finally, the solar energy must be used 
profitably; this is a question of economics. 

A study by the InterTechnology Corporation (Fraser 1977) describes the distri­
bution of the total U.S. process heat requirements as a function of the tem­
perature at which .the energy is used. The results are summarized in 
Fig. 1-4. According to this study, at least 28% of industrial process heat is 
required at supply temperatures below 415 C (550 F), a temperature level that 
can be supplied by currently available line-focusing concentrating solar col­
lectors. Half of industrial process heat requirements are for end-use temper­
atures below 1100 F. The technical viability of both distributed and central 
solar thermal collectors at these temperatures has been demonstrated. It may 
be concluded that solar thermal systems are potentially applicable to a sub­
stantial fraction of industrial process needs and that the fraction poten­
tially amenable to currently available solar equipment is significant. The 
fraction that may be amenable in the future (50%) comprises a market larger 
than the total thermal consumption of the entire residential sector. 

Two aggregate market studies were carried out to quantify the potential of 
solar industrial process heat (Fraser 1977; Hall 1977). In addition, solar 
industrial process heat was included in the more general market studies per­
formed by Mitre Corporation (Rebibo et al. 1977), Stanford Research Institute 
International (1978), and the U.S. Energy and Research Development Administra­
tion (1977). The industrial process heat market was characterized where pos­
sible by industry, region, and temperature leveL Solar system technology 
options were reviewed, analyzed, and then represented in the penetration mod­
eling by generic systems operating in regionally "typical" climates. There­
fore, the studies yielded aggregate potential markets by time and region that 
may be summed to indicate some future estimate of solar energy displacement 
impact. The results of these studies vary, depending not only on the typical 
costs and performances assumed for future solar industrial process heat sys­
tems, but also on assumed future cos ts of competitive fuels, incremental 
demand, and the strategies of market penetration. InterTechnology Corporation 
(Fraser 1977) estimated a market potential of 7.27 quads in 2000 with uncon­
strained market penetration; Mitre Corporation (Rebibo et al. 1977) estimated 
a market of 10 quads in 2020 under their "Recent Trends Scenario," and 
Stanford Research International (1978) estimated only 0.1 quad in 2020. By 
comparison, recent memoranda from the Domestic Policy Review committees cited 
an expected solar process heat impact of 0.2 to 1.4 quads in 2000 and a pos­
sible maximum potential of 2.0 quads. On a lesser scale, some field surveys 
have been carried out to examine the solar potential in selected industries 
and plants (see, for example, Jet Propulsion Laboratory 1978, Casamajor and 
Wood 1978). 
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1.3 END-USE MATCHING 

The aggregate industrial process heat market studies used SIC code data as a 
means of determining the required quality and quantity of energyo In contrast 
to the SIC code approach is the individual industrial case study that consid­
ers the details of a given process application. A compromise in the level of 
scope and detail between these two kinds of assessment studies is the goal of 
the "end-use matching" approach. This type of applications analysis refines 
the understanding of issues identified in the market studies while directing 
the emphasis and selection of case studies for more detailed analysis. In 
developing this methodology, a primary task is to determine the minimum degree 
of specificity required to obtain a reasonable accuracy for making predictions 
of the suitability of solar energy for various applications. 

End-use matching takes into account the important factors affecting the appli­
cability of solar thermal energy to generic.industrial processes: namely, pro­
cess energy needs, solar collector technology, geographic location, and eco­
nomics. The result of the end-use matching procedure is an identification of 
the most cost-effective combinations of currently available solar system hard­
ware and particular industrial processes ·within a given location. End-use 
matching is not intended to be a design tool for a specific plant, but rather 
a planning tool for determining where and for what general applications solar 
systems would seem to appear economically viable in the near- to intermediate­
term. Consequently, it is important to recognize that end-use matching is not 
a sys~em optimization procedure since it deals only with generic systems and 
because system optimization requires a closer look at given load and resource 
characteristics than undertaken here. Hence, the research objective is the 
development of a concept and a degree of detail that will allow for appropri­
ate planning decisions and provide for comparisons among different applica­
tions and locations. It is too much to expect that end-use matching can ana­
lyze industrial plants as single entities. For example, the food industry 
includes too many different processes to be treated as one aggregate solar 
application. On the other hand, it may be possible to approach all milk 
pasteurization applications as one generic process in which the economic via­
bility of solar energy can be studied. Once the end-use matching process is 
developed and applied, individual case studies can serve as a means of cali­
bration and confirmation of the more general end-use matching approach. 

1.4 METHODOLOGY 

In order to arrive at reliable conclusions, appropriate analytical tools as 
well as data bases with requisite breadth and accuracy are required. Two 
tools were developed for this study: (1) a long-term average performance pre­
dictor for solar process heat systems, and (2) an economic/matching code for 
life-cycle cost comparison and selection of combinations from (1).. These 
tools provide a means of testing the sensitivity of these combinations to the 
variation of several input parameters. 

After considering several possible alternatives for solar system performance 
simulation, the method devised by Collares-Pereira and Rabl (1977) was adopted 
and modified for application to process heat systems, resulting in the long­
term average performance prediction program, PROSYS. The output of PROSYS is 
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an annual delivered energy value based on the total solar collector aperture 
area of various systems. It should be emphasized that no energy storage is 
included in the PROSYS model. The model assumes that· all of the heat deliv­
ered by the solar system can be used in supplying heat to the load at the 
specified temperature level, an assumption that limits the maximum size of 
solar systems that can be used for any given task. This maximum size varies 
among applications, but in no case can it exceed the minimum load required at 
any time of year. Consequently, no optimization relative to solar system size 
can be made with the PROSYS model. Instead, the output of PROSYS is reported 
at ten increments of size based upon the maximum annual load. These size 
increments yield information on size-related cost variations. 

While PROSYS does not yield output data suitable for design purposes, it is 
sufficiently accurate in predicting long-term ( )15 years) annual solar sys­
tem performance to be useful for the purpose of end-use matching. The model 
is flexible with respect to collectors, system designs, and operating condi­
tions, and it offers rapid execution time for large-scale applications 
analyses. 

The economic/matching code (ECONMAT) is a means of selecting economically 
attractive combinations. In order to separate life-cycle economic analysis 
from performance and initial cost calculations, the large file of combinations 
generated in PROSYS is screened first to select the least energy capacity 
cost* [$/(GJ/yr) or $/(Btu/yr)] for each process and system configuration. 
The results are screened further to print only those records at each site 
where energy capacity cost is found to be below an established critical 
level. This screened information can then be used to locate trends showing 
that particular sites, process industries, or collectors have special poten­
tial for near-term application. 

Using PROSYS and ECONMAT, the technique of end-use matching consists of syn­
thesizing and evaluating each possible combination of site, industrial pro­
cess, system configuration, solar collector, and incremental system size. The 
study described in.this report was carried out for six sites, with an average 
of 100 process plants per site, 3 allowable system configurations for any pro­
cess, 8 collectors, and 10 system size increments, resulting in approximately 
144,000 combinations to be tested. Consequently, a cost-limited evaluation 
requires both that the codes be efficient and that they utilize minimal com­
puter time. 

Input data are critically important to end-use matching but often are very 
difficult to obtain. (In particular, the assembly of representative indus­
trial process heat data for particular plant types has only recently been 
initiated in solar energy studies.) Data for this study were collected in 
four major categories: ( 1) industrial process heat requirements and charac­
terization, (2) solar collector equipment specifications, (3) site-specific 
insolation and climatological requirements, and (4) site-specific economic 
characterization. 

*Capacity cost is defined as the total initial capital investment required per 
unit of energy delivered annually, and so it is closely related to the much­
used $/kWe term in electric power studies. 
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1.5 STUDY OBJECTIVES AND ORGANIZATION OF THE REPORT 

In summary, this study was designed to meet the following objectives: 

• Provide an applications analysis, through an end-use matching approach, 
for solar industrial process heat in six UaS. cities, and thereby provide 
a level of detail intermediate between aggregate market studies and case 
studies; 

• Determine, using this analysis, the following: 

the most promising industries for the near-term application of solar 
process heat technology, 
the most likely locations for such a near-term market, and 
an indication of the most appropriate equipment and systems now 
available for solar process heat; 

• Provide analytical tools for performance and economic comparison of 
feasible alternative combinations and illustrate the utility of such tools 
for applications selection, applications comparison, and sensitivity 
studies. 

Section 2.0 of this report describes the data bases utilized for the end-use 
matching. Section 3.0 outlines the simulation model PROSYS, which was devel­
oped for use in assessing the performance of various solar industrial process 
heat systems. Section 4.0 describes a separate form of life-cycle cost eco­
nomic analysis and, in an associated appendix, outlines ECOmfAT, the inte­
grated economic and matching routine. The economic and matching analysis 
evaluated technically feasible system/process/location combinations and pro­
vided an economic ranking. The basis of this selection and a summary of these 
results are discussed in Section 5.0. Certain selected sensitivity studies 
are also described in Section 5. 0. Section 6. 0 presents the results of two 
case studies of the potential industrial application of solar energy; these 
case studies were performed primarily as special tests of the validity of data 
and methods used in end-use matching. General conclusions about the methodol­
ogy of end-use matching and the results of our assessments are discussed in 
Section 7.0. For completeness, appendices are included giving the details of 
the data base contents, the methodology for collector performance evaluation, 
a detailed description of the economic matching code, and technical observa­
tions associated with the case studies. 
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SECTION 2.0 

DATA BASES 

The value of the end-use matching process depends on the extent and validity 
of the data bases for industrial processes, meteorology, collector perfor­
mance, and economics. The collection and expansion of these data bases is a 
continuing effort; the matching process is particularly difficult in some 
areas due to lack of data and inadequate accuracy and completeness. Neverthe­
less, sufficient information was available for this study to arrive at sup­
portable conclusions. Moreover, the process of establishing these data bases 
has provided valuable insight regarding the steps necessary to develop more 
complete and useful data for future studies. 

The following subsections describe the input data used in this analysis, 
delineating the sources of information and the restrictions and limitations of 
each data base. More detail on the contents of data bases is included in the 
appendices. 

2.1 INDUSTRIAL PROCESS HEAT DATA BASE (IPHDB) 

In order to determine the most economic match between currently available 
solar technology and industrial process heat requirements, a large data base 
is required. All relevant technical information regarding the industrial pro­
cesses must be included in the data base. IPR needs have been studied only 
recently as industrial energy conservation has become an important issue. 
Data on process conditions are often proprietary or unknown even to plant per­
sonnel. The Standard Industrial Classification (SIC) code identifies approx­
imately 1,500 industrial processes, and this listing could be expanded to 
200,000 processes by matching SIC codes to a large industrial plant locator 
data base, such as the U.S. Census of Manufacturers Data Base. Thus, the 
assembly of a complete IPHDB for all industrial processes· and locations is a 
very large, time-consuming task. For this study, the objective was to collect 
IPR data in sufficient detail for the end-use matching described in this re­
port and also to allow future refinements in the analysis (such as the inclu­
sion of thermal storage). 

Process heat data were collected for selected industries in six cities: 
Bismarck, North Dakota; Brownsville, Texas; Charleston, South Carolina; 
Denver, Colorado; El Paso, Texas; and Fresno, California. These cities were 
selected because they represent large variations in geographical location, in 
major types of industrial activity, and in the annual amount of solar insola­
tion. The data collected for the IPHDB represent an initial effort to provide 
sufficient information for assessment of solar IPH potential in these six 
cities. The IPHDB will be updated and expanded by staff at the Solar Energy 
Research Institute (SERI) when possible. 

2.1.1 Requirements and Structure of IPHDB 

To determine a good thermal and economical match between IPH requirements and 
solar equipment, several items of information are required: the industry and 
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process type as identified by Standard Industrial Classification (SIC) 
(U.S. Executive Office of the President 1972), energy sources and heat trans­
fer fluids used in the process, temperature and pressure, heat rate, and oper­
ating schedule. 

The information categories of the IPHDB are shown in Table 2-1. A complete 
set of information for a particular industry, as indicated in this table, en­
ables sizing of a solar IPH system and determination of the resulting system 
cost. Certain solar IPH system characteristics have not been evaluated, such 
as thermal storage requirements; only the data denoted by asterisks in 
Table 2-1 were collected. A list of the codes used for the information col­
lected is given in Table 2-2. 

2.1.2 Sources of Information 

In compiling infoimation for the IPHDB, data assembled during previous studies 
of IPH requirements was used in order to avoid. unnecessary duplication and to 
best use existing resources. The first step in the data collection process 
was to determine which industries were present in each of the six cities and 
to classify each industry according to a four-digit SIC code. Table 2-3 lists 
all industries for which data were collected in the six cities. State Manu­
facturer's Directories were used to compile this information.* 

Next, several sources were consulted to determine the IPH require~ents listed 
in Table 2-2 for as many industries as possible in each city.*~'< The IPR in­
formation, which was usually given as annual energy use for the total indus­
try, was revised to indicate IPH requirements for an average-sized plant by 
normalizing the total annual energy use by the number of plants in the indus­
try. To use the IPHDB, a SIC code for an industry located in a particular 
city is chosen from Table 2-3; the corresponding IPH data for an average-sized 
plant of that industry is then obtained from the IPHDB. 

Therefore, when the systems code (PROSYS) is run with data from the IPHDB for 
a particular industry in a particular city, the results are indicative of a 
hypothetical, average-sized plant in that city, not an actual plant. The out­
put from PROSYS for a particular industry will vary from city to city due to 
differences in local fuel costs, labor rates, insolation and other meteorolog­
ical conditions, and other factors. If it is desired to run PROSYS with IPH 
requirements for an actual rather than hypothetical industrial plant, the 
actual data may·be entered into PROSYS. 

*For the directories consulted, see the following references: California Man­
ufacturers Register 1977, North Dakota Business and Industrial Development 
Department 1976, South Carolina Planning and Research Division 1976, U.S. 
Executive Office of the President 1972, University of Colorado 1977, and 
University of Texas 1977. 

**The references consulted include: A. T. Kearney, Inc., 1976a; A. T. Kearney, 
Inc., 1976b; Byer et al. 1976; Casper 1977; Ford, Bacon, and Davis, Inc., 
1976; Fraser 1977; Gordian Associates, Inc., 1976; Hall 1977; Hamel and Brown 
1976; Lyman 1969; Rogan 1977; SCS Engineers, Inc., 1976; Schorr et al. 1976; 
and U.S. Department of Commerce 1973. 

14 



5 -~1 1;.;;;~ TR-091 =~ 1-1-------------------------------------

Process Code 
SIC code* 

Process Data 
Fluid used* 

Direct heat* 

Table 2-1. 

Process description 

Temperature Data· 
Temperature* 
Tolerance 
Supply temperature 

Heat Rate Data 
Heat rate'~ 
Tolerance 
Energy use* 

Energy use - unit 
output 

Pressure Data 
Pressure 
Tolerance 

Electric.al Data 
Peak electricity 
Average electricity 

INDUSTRIAL PROCESS HEAT DATA BASE 

Description/Comments 

Standard Industrial Classification code 
describing process 

1 - Air 
2 - Water 
3 - Steam 
4 - Other 

0 - Direct (collector fluid direct to 
process) 

1 - Indirect (intermediate heat exchanger) 

Description of process (cooking, washing, 
etc.) 

Maximum temperature required for process 
Tolerance of temperature 
Minimum supply temperature 

Heat rate required for process 
Tolerance of heat rate 
Average annual energy required for process 

in a plant of "standard" size 
Average amount of energy required per unit 

of industrial output 

Pressure required for process 
Tolerance of pressure 

Peak electric.al power required for process 
Average electrical power required for 

process 

aData ·items collected for current IPHDB indicated by asterisks. 
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Table 2-1. INDUSTRIAL PROCESS HEAT DATA BASE (Concluded) 

Itema Description/Gomments 

Operation Schedule 
Operation code* 

Seasonal operation 
Season beginning 

Season ending 

Weekly operation 
Monday-Friday shifts 
Saturday shifts 
Sunday shifts 

Daily operation 
Shift 1 start 
Shift 1 end 
Shift 2 start 
Shift 2 end 
Shift 3 start 
Shift 3 end 

System Applicability 
1st applicable system* 
2nd applicable system* 
3rd applicable system* 

-Process name 
Process name* 

0 - Continuous 
1 - Batch or other 

We~k season begins 
(0 if year-round) 

Week season ends 
(0 if year-round) 

0 - No shift 
1 - Shift 1 
2 - Shift 2 
3 - Shifts 1 + 2 
4 - Shift 3 
5 - Shifts 1 + 3 
6 - Shifts 2 + 3 

7 - Shifts 1 + 2 + 3 

Military time when each shift starts or ends 
(to nearest hour) 

Possible systems in order of applicability: 
1 - Direct hot water 
2 - Heat exchanger/hot water 
3 - Direct hot air 
4 - Indirect hot air 
5 - Flashed steam 
6 - Steam generator 

Name of process 

aData items collected for current IPHDB indicated by asterisks. 
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Label 

SIC 

ALPHA 

NAME 

TMP 

HEATR 

FLOWR 

SAE 

SYS 

1 
2 
3 
4 
5 
6 

BF 

1 
2 
3 
4 

OP 

1 
2 

SOP 

0 
1 

ENERGY 

UNIT 

Table 2-2. CURRENT CONTENTS OF IPHDB 

Description/Comments 

Standard Industrial Classification code describing 
process 

Alphanumeric character to distinguish segmented process 

Description of industry 

Required process temperature (C or F) 

Required process heat rate ("MW or MBtu/h) 

Maximum required steam flow rate (kg/s or 103 lb/h) 

Standard annual energy use [10 13 J/yr or 1010 Btu/yr) 

Possible solar systems, in order of applicability: 

Direct hot water 
Indirect hot water 
Direct hot air 
Indirect hot air 
Steam flash 
Steam generator 

Backup fuel: 

Natural gas 
Electricity 
Oil 
Coal 

Operation schedule: 

Continuous process 
Batch process 

Seasonal operation: 

Continuous 
Seasonal 

Energy required per unit of industrial output 

Unit of production for ENERGY 
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Table 2-3. INDUSTRIES CONTAINED IN IPHDB 

Location 

Browns- Charles- El 
SIC Industry Bismarck ville ton benver Paso Fresno 

2011 Meat Packing Plant X X X X 

2013 Sausages/Prepared Meat X 

2016 Poultry Dressing Plant X 

2021 Creamery Butter X X X 

2022 Nat. and Processed Cheese X X 

2023 Condensed/Evap. Milk X 

2024 Ice Cream X X 

2026 Fluid Milk X X X X 

2032 Canned Specialties X X 

2033 Canned Fruit/Veg. X X X 

2034 Dried Fruits/Veg. X X 

2035 Pickled Fruits/Veg. X X X 

2037 Frozen Fruit/Veg. X X 

2038 Frozen Specialties X X 

2041 Flour/Grains X X X 

2043 Cereal X 

2045 Flour/Grain Mixes X 

2047 Pet Food X 

2048 Animal Feed X 

2051 Bakery Products X X X X X 

2052 Cookies/Crackers X X 

2065 Candy/Confections X X 

I 2066 Chocolate Products X 

2077 Animal Fat/Oils X 

2079 Shortening/Oils X 

2084 Wines X 

2085 Liquors X 

2086 Soft Drinks X X X X X X 

2087 Flavoring/Extracts X X 

2091 Canned Seafoods X X 

2092 Fish/Seafood X X 

2095 Coffee X 

2097 Ice X X 

2098 Macaroni X X X 

2099 Misc. Foods X X X 

2211 Cotton Weaving X 

2241 Small Weave Fabric X 

2253 Knit Outerwear X X 

2261 Finishing Broad Cotton X X 

2262 Finishing Broad Fabrics X 

2271 Woven Carpets/Rugs X X 

2293 Upholstery Fillings X 

2295 Coated Fabrics X 

2311 :Male Coats X 

2321 Male Shirts X X X 
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Table 2-3. INDUSTRIES CONTAINED IN IPHDB (Continued) 

Location 

Browns- Charles- El 
SIC Industry Bismarck ville ton Denver Paso Fresno 

2327 Hale Pants X X 

2329 Male Misc. Clothes X 

2331 Female Tops X 

2335 Female Dresses X X 

2339 Female Misc. Clothes X 

2352 Hats/Caps X X 

2361 Girls Outerwear X 

2369 Girls Misc. Outerwear X 

2386 Leather/Sheep Clothes X 

2387 Belts X 

2389 Misc. Attire X 

2392 House Linens X 

2395 Decorative Adorning X 

2396 Auto Apparel X 

1 
2399 Misc. Fabric Products X X 

2421 Saw Mills X X 

2426 Hardwood Floor Hills X 

2431 Millwork X X X X X X 

2436 Plywood X 

2441 Wood Boxes X X X 

2491 Wood Preserving X X 

2499 Misc. Wood Products X X X 

2511 Wood Furniture X X X 

2512 Wood Furn. w/Upholstery X 

2515 Mattresses X X 

2519 Misc. Furniture X 

2521 Wood Office Furniture X 

2522 Metal Office Furniture X X 

2531 Public Office Furniture X 

2541 Wood Partitions X X 

2542 Metal Partitions X X 

2591 Drapery Hardware X X X 

2599 Misc. Furniture X 

2631 Paperboard X 

; 2641 Coated Paper X 

2642 Envelopes X 

2643 Bags X X 

2645 Die-Cut Paper X 

2649 Converted Paper X 

2651 Folding Paper Boxes X X 

2652 Set-Up Paper Boxes X 

2653 Cardboard Boxes X X 

2655 Fiber Cylinders X X 

2661 Building Paper Mills X 
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Table 2-3. INDUSTRIES CONTA~NED IN IPHDB (Continued) 

Location 

Browns- Charles- El 
SIC Industry Bismarck ville ton Denver Paso Fresno 

2711 Newspapers X X X X 

2721 Periodicals X 

2731 Books X 

2732 Book Printing X 

2751 Letter Press X X X X X 

2752 Lithograph X X X X X 

2761 Manifold Printing X X 

2782 Blank Books X 

2789 Book Binding X X 

2791 Typesetting X 

2793 Photoengraving X 

2813 Industrial Gases X X X X 

2819 Industrial Inorganics X X 

2821 Plastics X 

2822 Synthetic Rubber X 

2831 Biological Products X 

2834 Pharmaceuticals X ~ 
2841 Soaps/Detergents X X 

2842 Sanitation Goods X X X 

2843 Surface Agents X 

2851 Paints X X 

2865 Cyclic Organics X 

2869 Industrial Organics X 

2873 Nitrogenous Fertilizer X 

2874 Phosphate Fertilizer X 

2879 Pesticides X X 

2891 Glues/Sealants X 

2892 Explosives X 

2893 Ink X 

2899 Hise. Chemicals X X 

2911 Oil Refining X X X 

2951 Paving Material X X X X 

2952 Asphalt X X 

2992 Greases X X 

2999 Petroleum/Coal Products X 

3069 Misc. Rubber X X X 

3079 Misc. Plastic X 

3111 Leather Processing X 

3161 Luggage X 

3171 Handbags X 

3199 Misc. Leather Goods X X 

3211 Flat Glass X 

3229 Blown Glass X X 

3231 Glass Products X X X 
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Table 2-3. INDUSTRIES CONTAINED IN IPHDB (Continued) 

Location 

Browns- Charles- El 
SIC Industry Bismarck ville ton Denver Paso Fresno 

3241 Hydraulic Cement X X 

3251 Brick/Clay Tiles X X 

3253 Ceramic Tiles X X 

3259 Misc. Clay X 

3269 Pottery X X 

3271 Concrete Blocks/Bricks X X X X 

3272 Misc. Concrete X X X X X 

3273 Ready Mixed Concrete X X X X X 

3274 Lime X 

3275 Gypsum Products X 

3281 Cut Stone Products X X X 

3291 Abrasives X 

3292 Asbestos X X X 

· 3293 Gaskets/Seals X X 

3295 Ground Minerals X X X X 

3296 Mineral Wool X X 

3299 Nonmetal Hinerals X X X 

3317 Steel Pipe/Tube X 

3321 Gray Iron X X 

3333 Zinc Refining X X 

3334 Aluminum Refining X X 

3339 Misc. Metals Refining X 

3341 Alloys X 

3356 Hise. Metal Forming X 

3361 Aluminum Casting X X X 

3362 Alloy Casting X X 

3369 Misc. Castings X 

3411 Metal Cans X 

3423 Hand Tools X 

3429 Misc. Hardware X 

3431 Enameled Iron Plumbing X 

3432 Brass Plumbing X 

3433 Fuel Heaters X 

3441 Structural Metal X X X X 

I 3442 Metal Doors X X X X 

3443 Boiler Shops X X X X X 

3444 Sheet Metal Work X X X X X 

3L~49 Misc. Metal Work X X X X 

3451 Screw Machines X 

3452 Nuts/Bolts/Screws X 

3471 Metal Plating X X X 

3479 Misc. Metal Surface Treatment X X X 

3493 Steel Springs X 

3494 Pipe Fittings/Valves X X 
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Table 2-3. INDUSTRIES CONTAINED IN IPHDB (Continued) 

Location 

Browns- Charles- El 
SIC Industry Bismarck ville ton Denver Paso Fresno 

3496 Wire Products X X 

3499 Hise. Metal Products X X 

3519 Internal Comb. Engines X X 

3522 Farm Machinery X X X 

3524 Garden Machinery X X 

3531 Construction Machinery X X 

3533 Oil Field Machinery X X 

3541 Metal Cutting Tools X 

3542 Metal Forming Tools X 

3544 Tools X X 

3545 Machine Tool Access. X 

3551 Food Products Machinery X X 

3559 Special Machinery X X X 

3561 Pumps X X X 

3566 Gears X X 

3568 Power Trans. Equipment X 

3573 Computers X 

3576 Weighing Devices X 

3582 Ind. Laundry Machinery X 

3585 Refrig./Heating Equipment X X 

3589 Misc. Service Machinery X X 

3599 Misc. Machines X X X X 

3612 Transformers X 

3621 Motors/Generators X 

3622 Industrial Controls X 

3623 Welding Apparatus X 

3629 Elect. Ind. Apparatus X 

3641 Electric Lamps X 

3643 Hise. Electrical Parts X X 

3644 Elect. Insul. /Fittings X 

3651 Radio/TV X X 

3652 Phono Records/Tapes X X 

3661 Telephone Telegraph X 

3662 R/TV Transmit X X 

3672 Cathode Ray TV Tubes X 

3674 Semiconductors X X 

3679 Misc. Elect. Components X 

3691 Storage Batteries X X 

3694 Elect. I.e. Engine X 

3711 Motor Vehicles X 

3713 Trucks/Buses X 

3714 Motor Vehicles Parts X X 

3715 Truck Trailers X X 

3721 Aircraft X 
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Table 2-3. INDUSTRIES CONTAINED IN IPHDB (Concluded) 

Location 

Browns- Charles- El 
SIC Industry Bismarck ville ton Denver Paso Fresno 

3728 Aircraft Parts X X 

3731 Ship Building X 

3732 Boats X X X 

3751 Motorcycles/Bicycles X 

3811 Engineering Instruments X 

3822 Automatic Controls X 

3841 Medical Instruments X 

3842 Medical Supplies X 

3843 Dental Equipment X 

3851 Ophthalmic Goods X 

3861 Photo Equipment X X 

3911 Jewelry X 

3914 Silverware X 

3931 Musical Instruments X X 

3949 Sporting Goods X X 

3951 Pens/Pencils X 

3953 Marking Devices X X X 

3955 Carbon/Paper Ink Ribbons X 

3961 Costume Jewelry X 

I 3962 Artificial Plants X 

I 3964 Needles/Pins/Hooks X 

3999 Misc. Manu. Products X 

Number of industries for which 
data were collected 18 33 63 222 51 57 

Total number of industries 21 42 75 294 60 80 

. Percentage of total industries 
for which data were collected 86 79 84 76 85 71 
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2.1.3 Contents of IPHDB 

IPH data were collected for over 70% of all the industries in the six cit­
ies. As indicated in Section 2.1.2, data in the IPHDB for a particular indus­
try are the same for each city in which the industry is located since the 
IPHDB is based upon hypothetical, average-sized industrial plants. Sample 
data from the IPHDB for selected industries are given in Table 2-4. 

The complete IPHDB is listed in Appendix A according to SIC code. The data 
format and units are the same as those shown in Table 2-2. The IPHDB data re~ 
fleet process characteristics for individual processes within an industry for 
which the necessary data were available (for example, SIC 2022 contains sever­
al entries, each representing a particular process in cheese production). 

2.1.4 Limitations of IPHDB and Future Plans 

There are certain limitations of the IPHDB which must be kept in mind in 
interpreting the results from PROSYS. First, the IPHDB is based entirely on 
previous IPR studies. We did not survey industrial trade associations, pro­
cess heat engineering firms, or other potential sources of IPH data. Second, 
as previously discussed, the iPR data were redefined to describe a hypotheti­
cal, average-sized plant for each industry. Using the IPHDB in conjunction 
with PROSYS results in an overall assessment of the potential for solar IPR in 
each city. A case study, as described in Section 6.0, would be required to 
determine if a solar IPH system could be used economically for an actual 
plant. 

The IPHDB could be extended in two areas. For further evaluation of end-use 
matching in the identification of viable economic industrial applications of 
solar energy in the near- to intermediate-term, the data base must be extended 
to additional cities and must cover more industries. Also, verification of 
the end-use matching approach and a more detailed evaluation of the industrial 
application of solar energy require more detailed process information. Both 
of these needs are being considered in the continuation of this study. 

2.2 COLLECTOR DATA BASE (COLDAT) 

2.2.1 Requirements and Structure of COLDAT 

Matching of solar systems to specific industrial processes in the near term 
requires that the characteristics of currently available solar collecting 
equipment be modeled. Among the component subsystems that constitute a solar 
IPR system design, the collector subsystem has the greatest degree of sensi­
tivity with regard to location, operating requirements, and cost. Therefore, 
it is important that all of the relevant performance and cost information 
available on currently manufactured collector subsystems be assembled in a 
data base for use in the analysis. While it is important to consider the cost 
and performance characteristics of the several other subsystem components in 
any particular solar process heat system, the PROSYS simulation model does not 
model discrete combinations of subsystem components. Instead, PROSYS calcu­
lates an approximate annual energy delivery based on collector performance and 

24 



Table 2-4. SAMPLE AVERAGE PLANT DATA FROM IPHDB 
----------·-------·---------1r---------

Process Heat FJow Stan,fard Annual 
Temperature l(aLe Rate Energy Use 

SIC Industry C F N\4 Mlltu/h kg/s 10] lb/I, 1010 kJ/yr: 10IO Bt11/yr 

2011 Fluid Milk 77 170 1.16 3.97 0.55 4. 35 0.88 0.83 
N 
Ul 2051 ll read/ Bake<l Goo<ls 232 450 0.8!1 2.89 0.10 0.77 0.95 0.90 

2086 Soft Drinks n 170 0.91 3.11 0.18 1.42 1.02 0.97 

2411 Mill.work 9'} 2ll0 0.21 o. 72 0.04 0.28 0.30 0.28 

2653 Canlh,lar<l !loxes 1!19 300 0.23 0.79 0.50 4.00 2.85 2.10 

3444 SlwHt Nelal Works 93 200 0.07 0.24 0.02 0.12 O.L14 0.42 

-------·--------------- -----
0 See Tahle 2-1 for identification of codeY. 

I. 

FOR SELECTED 

System Backup 
Typea Fuel 

6 2 l Nat. g.us 

4 3 2 Nat. gas 

2 6 0 Nat. g.us 

l 3 6 Nat. gas 

3 l 6 Nat. gas 

3 l 6 Nat. gas 

INDUSTRIES 

Op1:ration Sea:.onal 
Sclu,Jule Operatloa 

l 0 

l 0 

I 0 

0 0 

0 ,0 

(J 0 

Energy /Unit 

U/kg lltu/lb 
-------

25.J 21,.0 

Ill 
Ill 
,v -

I~! 
~ 

~ 
0 
\.0 
1-1 



S:il 1.} ---------------------------'-.,--------T_R_-_0_9_1 

assumed system losses. Specific attention is given to capital cost estimates 
for the balance of the solar system beyond the collector field. It was not 
necessary, however, to collect technical data on nonsolar equipment it~ms for 
incorporation in the data base. 

The information on solar collectors required by the PROSYS model is listed in 
Table 2-5. Current cost and installation information is required in order to 
make accurate capital cost estimates for the solar collector subsystem. 

Although preliminary data were collected on approximately 25 solar collectors 
during the course of this study, only 8 collectors were used in the final end­
use matching analysis. The collectors used were selected on the basis of the 
following criteria: 

• The collector is of a generic type amenable to modeling by the simu­
lation procedure selected. Fixed flat-plate collectors, fixed com­
pound parabolic collectors, one-axis tracking parabolic trough or 
fresnel lens collectors, and two-axis tracking parabolic dishes may 
be modeled. 

• The collector must be currently manufactured. 

• Only performance data collected in verifiable tests or verified in 
field applications are acceptable. 

• Only collectors amenable to the assumptions made in system perform­
ance and cost estimates (which have been generalized) can be used. 
For example, results for parabolic dish collectors are subject to 
significant uncertainty because system models do not account for 
larger piping heat losses encountered in these systems. 

It should be noted that although COLDAT solar collector data represent best 
estimates of the actual state of currently manufactured collectors, no manu­
facturers' names are reported. Collector·s are identified only by generic type 
and by letter code. 

2.2.2 Sources of Information 

Collector specifications were acquired from a number of sources. In most 
cases, the optical efficiency, heat loss coefficients, and other physical 
characteristics were obtained from product literature provided by the manufac­
turer. When verified test results became available, the input data were modi­
fied to reflect test results. Usually, test results yielded physical charac­
teristics that were less optimistic than manufacturers' first estimates. Most 
of the verified tests used to supplement the collector data base were per­
formed by Sandia Laboratories, Albuquerque, as part of the Collector Module 
Test Facility program to characterize several selected collector modules 
(Dudley and Workhoven 1978). 

Information on collector costs was obtained, where possible, from quotes given 
directly by current manufacturers. In certain cases quotes could not be ob­
tained and collector costs were estimated from the information supplied in re­
ports describing the installation of collectors as part of field engineering 
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Label 

A 
KMUG 
PHI-AHA 

CR 
DTILT 

$/SQM 
A$/SQM 
B$/SQM 
HR/SQM 

M-AREA 

0 

1 
2 
3 

TEST 
MFG 
DES 
EDNR 
CDBE 

u 

Table 2-5. COLLECTOR DATA BASE CONTENTS 

Description/Comments 

Shading and blockage factor 
Optical efficiency 
Tracking efficiency, where applicable;. 

acceptance half angle for CPCs (degrees) 
Concentration ratio 
Difference in tilt from a polar axis mounting (degrees) 

if= 999, collector is horizontal 
F.O.B. cost per m2 of collector($) 
Auxiliary equipment cost per m2 of collector($) 
Special additional costs per m2 of collector($) 
Required hours of installation labor 

per m2 of collector (person-hours) 
Standard area of one collector module (m2) 

Collector Type 

Flat plate 
Parabolic trough 
Compound parabolic concentrator (CPC) 
Parabolic dish 

Annotation of Data Origin 

Data derived from test data 
Data derived from manufacturer information 
Data derived from design information 
Performance efficiency data not verified 
Cost data are best estimate 

Heat loss coefficient as a function of collector 
operating temperature (W/m2 C) 
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tests. Installation labor (person-hours per unit area) was estimated from 
such reports. Where no adequate installation history was available, labor 
hours were estimated from data for similar coilector designs. 

2.2.3 Contents of COLDAT 

Twenty collectors are carried in the data base currently on file. Only the 
eight collectors selected on.the basis of the criteria given in Section 2.2.1 
were used in the final end-use matching. These eight are denoted by asterisks 
in the complete listing of COLDAT given in Appendix B. 

2.2.4 Limitations of COLDAT 

While COLDAT contains a fairly complete listing of line-focusing concentrating 
collectors manufactured today, it is deficient in information on the wide va­
riety of flat-plate collectors currently being manufactured. Only representa­
tive flat plates are included. COLDAT should be expanded to include at least 
ten of the best flat-plate collectors now manufactured and useful in indus­
trial applications. 

Nearly all solar system analyses suffer from the lack of adequate verified 
collector performance data. As more collectors undergo controlled performance 
tests, their physical speci,fications should be added to COT.,DAT. In particu­
lar, more reliable data on end losses, blockage losses, and shading losses are 
required for determination of daily cutoff times. 

Actual F.O.B. collector equipment quotes can be included in COLDAT. However, 
the costs of special fittings, suppor~s, etc. ($/m 2); the costs of special ad­
ditional items such as shipping ($/m ); and the number of labor person-hours 
required for installation (person-hours/m 2) are difficult to estimate. Sub­
stantially more experience in collector subsystem installation (particularly 
for concentratin.g collectors) is required for better. estimates. Collector­
specific estimates of operation and maintenance costs would also be useful and 
should eventually be included in COLDAT. 

2.3 METEOROLOGICAL DATA BASE (METDAT) 

2.3.1 Requirements and Structure of METDAT 

In order to match industrial processes and solar systems throughout the United 
States, local meteorological data A.re needed for a number of representative 
sites. The meteorological data base (METDAT) was established using the fol­
lowing criteria: 

• The data must contain the parameters required for the collector per­
formance model. 

• The data are to be available for a number of representative sites 
across the United States. 

• The data should be accurate • 
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• The data base should be easy to access by the computer program, pref-
erably by disk to avoid time-consuming magnetic tape manipulation. 

A suitable collector performance model, such as that described in Appendix D, 
requir~s the site latitude and the following meteorological parameters for 
each month.of the year: 

• 

• 

• 

HT, long-term
2

average da1ly total insolation on a horizontal 
surface (kJ/m or Btu/ft); 

KT, long-term average cloudiness index (equal to HT/average daily 
extraterrestrial insolation); and 

TA, long-term average daytime ambient te~perature (C) • 

Also included for calculating the annual efficiency of concentrating collec­
tors is the parameter DIR, the average annual direct normal incident radia­
tion. 

In addition, the collector cutoff calculations require clear-day instantaneous 
profiles of direct normal and total radiation incident on a surface of given 
tilt. These parameters are generated by SIM, a solar irradiance computer 
model (Hulstrom et al. 1968) which requires the additional input of CLNO, the 
clearness number •. 

To provide the required parameters while meeting the criteria for accuracy and 
representative U.S. coverage, the SOLMET data network, consisting of 26 U.S. 
cities, was selected. Denver, Colo., was added to facilitate local case stud­
ies. A map of the 27 sites is shown in Fig. 2-1. 

2.3.2. Sources of Information 

The Department of Energy (DOE) has identified SOLMET data as the standard for 
solar energy studies; therefore, SOLMET· insolation data was used for the 26 
available sites (excluding Denver). The long-term average daily total insola­
tion on the horizontal surface, HT, contained in the SOLMET data base is de­
rived from 23 years of historical data (Schlagheck 1977). 

Because the cloudiness index KT is not contained in the· SOLHET files the 
available values of KT from the £-Chart data base (Beckman et al. 1977) were 
corrected by the ratio of the SOLMET total insolation to the respective 
f-Chart total insolation as follows: 

HT SOLMET 
KT= KTf-Chart 

HT £-Chart 

For Denver, the total insolation HT and cloudiness index KT were taken from 
the £-Chart data base (Beckman et al. 1977). 

The average daytime ambient temperatures for the 26 SOLMET sites are given by 
Liu and Jordan (1963), but this information is not available for Denver. The 
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24-hour average ambient temperature for Denver is included in the f-Chart 
data. Temperature data for Grand Junction, Colo., are available from both Liu 
and Jordan (daytime average) and f-Chart (24-hour average). The monthly dif­
ferences between av~rage daytime and 24-h average temperatures were calculated 
for Grand Junction, and tµe f-Chart Denver averages were adjusted by these 
differences. 

The clearness numbers for all sites were obtained from Threlkeld and Jordan 
(1958), with adjustments made by Hulstrom et al. (1968). 

The annual average direct normal incident radiation was derived from SOLMET 
data by the Aerospace Corporation (Melton 1978) for all SOLMET sites. The SIM 
computer program (Hulstrom et al. 1968) was used to calculate this parameter 
for Denver. 

2.3.3 Contents of METDAT 

For each of the 27 sites, METDAT contains the site name, latitude, and annual 
direct incident radiation, as well as average monthly values for daily total 
insolation on a horizontal surface, cloudiness index, daytime ambient tempera­
ture, and clearness number. Complete METDAT contents are listed in 
Appendix C. Examples of typical METDAT values for Denver, Colo., and 
Brownsville, Tex., are shown in Table 2-6. 

2.3.4 Limitations of METDAT and Future Plans 

Perhaps the most limiting aspect of METDAT is the availability of information 
for only 27 sites. However, this number can be expanded by an additional 220 
sites when the NOAA-ERSATZ data become available (Cinquemani 1978). The data 
base can also be improved by replacing the current daytime ambient temperature 
data with more accurate data calculated from the 23-year SOLHET data. 

2.4 ECONOMIC DATA BASE (ECONDAT) 

2.4.1 Requirements and Structure of ECONDAT 

A c_omplete site-specific analysis of the feasibility of solar process heat 
systems requires that site-related economic information be taken into 
account. For example, while the estimated time to assemble and interconnect 
solar collectors and interfield piping on the job site may be reasonably con­
stant, the average cost of labor to perform this installation varies rather 
widely across the United States. This variation ,may make a significant dif­
ference in total system capital investment for large systems in which the col­
lector subsystem cost is a substantial fraction of total system cost. Fur­
thermore, fuel prices differ significantly by location. An analysis of 1975 
No. 2 distillate oil prices showed a 33% price difference between two states 
located within the same region (New Mexico and Nevada). Even within one 
state, prices may differ by as much as 15% from city to city (Sherman H. Clark 
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Table 2-6. SAMPLE OF METDAT DATA FORMAT FOR BROWNSVILLE, 

---------

Jan. Feb. Mar. Apr. May June . Tuly 
----------------
llcownsvllle, Tex. 

(Latitude: 25. 55°) 
ttT (kJ/m 2) 10373.00 12827.00 16834.00 19540.00 21696.00 24475.00 25630.00 
iiT (Btu/ft 2) 913. 97 1130.19 1465.62 1721.67 1911.63 2156.119 2258.26 w 

0.44 0.46 0.51 0.53 0.5.5 0.61 0.65 N TA 

TA (C) 17.39 19.28 21.50 24. 56 27.44 29.59 30.28 
TA (F) 63.30 66.70 70.70 76.21 81.19 85.10 86.50 
Clearnes:; nrn,1her 0.76 0.76 0.76 0.76 0.81 0.81 0.81 

Denver, Colo. 
(LatJ tude: 39.58°) 
ttT (kJ/m 2 ) 10676.00 14152.00 18247 .oo 21729.00 2Li367 .oo 27381.00 26502.00 
iiT (£\tu/ft 2) 91~0.66 12,,6.93 1607.7ft 1914.54 2146.98 2412. 511 2335.09 
KT 0.69 0.69 0.67 0.63 0.62 0.66 0~66 
TA (C) -0.83 I.67 5.00 11.22 19.06 23.28 27.06 
TA (F) 30. 'll 35.01 41.00 52.20 66.31 73.90 80.71 
CLNO u. 9'i 0.95 0.95 0.95 0.95 0.95 0.95 

TEX., 

Aug. 

23140.00 
2038.87 

0.61 
30.50 
86.90 

0.81 

211785.00 
2183.81 

0.68 
25.44 
77. 79 
0.95 

AND DENVER, COLO. 

Sep • Oct. Nov. Dec. 

19462.00 16435.00 12169.00 9784.00 
1714.80 !!148.09 1072. 21. 862. 07 

0.57 0.56 o.so o.,,4 
28.94 26.06 2lo50 18.44 ' 

84.09 78.91 70.70 83.19 
0.81 0.81 0.76 0.76 

20682.0U 15491.00 10970.00 9!27.00 
1822.29 LJ64.9l 966.57 804. 18 

0.69 0.69 0.66 0.65 
20.89 11,. 61 , •• 56 -3.33 
69.60 58.30 40.21 26.01 
0.95 0.95 0.95 0.95 
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Associates 1978). These differences are very important in an economic analy­
sis of fuel-saving solar process heat systems since the results depend direct­
ly upon the purchase cost of the displaced fuel. Many other cost and economic 
factors vary with respect to the locati9n and type of _industrial plant. It is 
important to supply several of these most c;ritical parameters in a site- · 
specific data base. Other parameters (such as required rate of return, tax 
rate, lifetimes) are difficult to specify by plant or site. Consequently, 
typical ranges of these parameters are specified. Specific values of the 
parameters may be selected by the analyst to replace "default" values and used 
to determine a multiplier for life-cycle cost, as shown in Section 4.0. 

Two sets of economic information supplied to the end-use matching are pre­
sented in this section. First, the economic data base (ECONDAT) is de­
scribed. ECONDAT is designed to be accessed when a net present value analysis 
(ECONMAT) is performed as an integral part of the end-use matching. ECONMAT 
contains default values of discount rate, fuel price escalation rate, and in­
flation but contains actual data on local fuel prices and labor rates. The 
second set of information concerns fuel prices and escalation rates alone. 
This information may be used to compare with solar costs derived using the 
multiplier described in Section 4.0. Ranges of value are also presented for 
investment parameters used in calculating the multiplier. 

2.4.2 Contents of ECONDAT 

The contents of ECONDAT (i.e., conventional fuel prices and average labor 
rates) are shown in Table 2-7. Other economic parameters required in the net 
present value analysis are shown in Table 2-8. In the program ECONMAT, each 
of these parameters is held constant for the six sites at a default value. 
While these parameters probably vary from site to site, it was not possible in 
this study to identify more specific investment parameters. 

2.4.3 Economic Information for Separable Analysis 

Since life-cycle economic analysis can be treated separately from capital cost 
and performance estimates, it is possible to calculate life-cycle costs by 
establishing economic parameters separately. This allows the analyst to se­
lect economic parameters on the basis of more detailed information·. Table 2-9 
lists the economic parameters that are required for life-cycle cost analysis 
and the typical range of values that can be assigned to these parameters under 
current conditions. Each item is denoted as site-specific, industry-specific, 
or nearly constant. 

Table 2-10 presents projected conventional fuel costs (Sherman H. Clark 
Associates 1978) for the states in which this analysis was conducted. Note 
the difference between these costs and the calculated projected costs from 
ECONDAT in which the default real escalation rate of 0.05 is used. Table 2-11 
shows the levelized cost of delivered conventional fuel energy over 20 years 
at two discount rates for several base years. These costs may be directly 
compared to implicit solar costs such as those given in Section 5.0. 
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Table 2-7. CONTENTS OF ECONDAT: FUEL COST AND AVERAGE LABOR RATE 

Fuel Cost($ per 106 Btu delivered heat equivalent) 

Natural Gasb Residual Oilc Coald Electricitye 
Average Conversion Average Labor 

City "' Eff iciencya 0.75 0.80 0.75 1.00 ($ per person-hour)f 

Bismarck, N.D. 3.25 2.20 1.20 9.25 19.98 

I 

Brownsville, Tex. 3.20 2.40 0.96 8.50 15.00 

Charleston, S.C. 2.00 2.80 1.55 8.15 14.63 

Denver, Colo. 1.83 2.90 1.23 7.80 19.38 

El Paso, Tex. 3.20 2.40 1.30 7.75 15.63 

Fresno, Calif. 3.27 3.15 2.008 9.64 23.44 

aEfficiency estimates are for typical, noneconomized, industrial steam boilers. From Ver Schave 1974. 
bGas costs are by state for 1976, from AGA 1976. Costs in 1976 are extrapolated at recent rates to 

1978. 
cOil costs are for residual fuel oil sold to utilities by census regions. From U.So DOE 1978. 
dProjected 1978 costs for delivered coal from regional sources to utilities. Prices are first-year. 

prices for long-term contracts. From EPRI 1978. 
eElectrical costs are typical for industrial customers. 1 kWh= 3412 Btu. Average of light and heavy 

industrial rates in 1976 escalated at 7% to 1978 by state except where specific data available. From 
EEI 1977. 

£Rates given are for local union rates for pipefitters and plumbers; plus 30% for taxes, insurance, 
supervision, and small tools; plus 20% overhead. From Dodge Building Cost Services, and Wood and 
Tower, Inc., 1977. 

gEquivalent cost of heat for "clean" coal due to air pollution regulations in California. 
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Table 2-8. CONTENTS OF ECONDAT: DEFAULT VALUES FOR ECONOMIC PARAMETERS 

Symbol 

g 

eE 

ea 

eG 

ec 

't' 

B 

TC 

R 

N 

Label 

GIR 

FERE 

FERO 

FERG 

FERC 

TAXR 

OMPI 

TAXCR 

ROR 

NYR 

Description/Comments 

General inflation rate 

Real fuel· price escalation 
for electricity 

Real fuel price escalation 
for oil 

Real fuel price escalation 
for natural gas 

Real fuel price escalation 
for coal 

Composite income tax rate 

Fraction of initial cost applied 
to annual operation, maintenance, 
property taxes, and insurance 

Investment tax credit 

Market rate of return 
required 

System lifetime (yr) 

35 

Default 
Value· 

0.06 

o.os 

o.os 

o.os 

0.02 

o.so 

0.02 

0.20 

0.12 

20 
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Table 2-9. RANGES OF VALUES FOR ECONOMIC PARAMETERS USED IN CALCULATING 
A LIFE-CYtLE COST MULTIPLIER 

Symbol 

R 

r 

f 

T 

TC 

N 

LP 

DP 

ONPI 

g 

Item 

Market rate of return on equity capital 

Market rate of return on debt capital 

Fraction of initial cost financed by 
debt capital 

Composite income tax rate 

Composite income tax credit 

System service life or period of 
life-cycle cost analysis (yr) 

Loan repayment period (yr) 

Depreciation accounting lifetime (yr) 

Fraction of initial cost for annual 
operation, maintenance, property taxes, 
and insurance 

General rate of inflation 

Range Remarksa 

0.12-0.30 B 

0.06-0.12 B,A 

0-0.80 B,A 

0.49-0.51 C 

0.10-0.sob C 

10-20 B 

10-20 B,A 

8-20 B 

0.02-0.06 A 

0.06-0.12 C 

~A indicates site-specific; B, industry-specific; C, nearly constant. 
Depends on pending legislation. 
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Table 2-10. FUTURE 

Natural Gas 
City Source 

1980 I99<j 2000 

Uismarck, N.D. s. Ii. Clark pcoJection 3.31 7.05 9.28 
5% real escalJtion 3.58 5.84 9.51 

VJ Brownsville, Tex. s. II. Clark projection 2.70 5.51 7.66 
-....J 5% real escalaLlon 3.51 5.75 9.36 

Charleston, S.C. S. U. Clark projection 3.00 6.20 8.17 
5% real esca]oLlon 2.20 3.59 S.85 

Denver, Colo. S. II. Clat·k project lon 2.13 5.51 7.63 
5% real escalation 2.02 3.29 5.35 

El Paso, Tex. S. II. Clark projecllon 2.70 5.51 7.66 
5% real escalation 3.53 5.75 9.36 

Fresno, Calif. s. H. Clark projection 3.26 6.03 7. 73 
5% real escalation 3.61 5.87 9.56 

CONVENTIONAL FUEL COSTS 

Cost {1978 $ per 106 Btu delivered heat equivalent) 

Residual OU Coal 

1980 1990 2000 1980 1990 2000 

3.94 5.18 6.79 1.6) 2.38 2.97 
2.43 3.95 6.43 1.32 2.16 3.51 

3.90 5.57 6.95 1.31 1.84 2.22 
2.65 4.31 7.02 1.06 l. 72 2.81 

3.18 5.18 6.55 2.50 3.16 4.10 
3.09 5.03 8.19 1. 71 2.78 4.53 

3.88 5.38 6.73 1.23 1.42 1.76 
3.20 5.21 8.48 1.36 2.21 3.60 

3.90 5.51 6.95 1. 31 1.84 2.22 
2.65 4.31 7.02 1.43 2.13 3.80 

3.87 5.4ft 6.82 2.16 2.57 3.16 
3.47 5.66 9.21 2.20 3.59 5.85 

1980 

9.93 
10.20 

8.49 
9.37 

7.55 
8.99 

8.09 
8.60 

B.l19 
8.54 

9.21 
10.63 

-----
Electrl.cHy 

1990 2000 

12. 57 15.29 
16.61 27.0(; 

lJ.60 J 5. 64 
15.27 24.86 

10.88 14. 95 
14.64 23.84 

l l O 90 t!t. 95 
14.01 22.81 

l].60 15.64 
13.92 22.67 

12.57 l'i.64 
17.31 28.20 
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Table 2-11. LEVELIZED FUEL COSTS (OVER 20 YEARS) FOR TWO DISCOUNT RATES R AND FOR 

BASE YEARS 1980, 1985, AND 1990 

Levellzed Fuel Cost 8 (1978 $ per 106 Btu heat equJvalent) 

Discount 
Rate 

Natural Gas Residual OH Coal Eiectrf.ci.ty 
Cl ty 

IH smarck, N. D. 

R 

liase 
LevellzeJ at R • 0.10 
Leveli~ed nt R = 0.15 

Brownsville, Tex. Bnse 

Chacletiton, S.C. 

Denver, Colo. 

El Paso, Tex. 

Fresno, Calif. 

Levelized at R = 0.10 
T.evellzed at R = 0.15 

Base 
Levellzed at R = 0.10 
Levelized at R = 0.15 

Uase 
Levelized at R ~ 0.10 
Levelized at R = 0.15 

Base 
Levelized at R = 0.10 
Levellzed at R = 0.15 

Base 
Levelized at R = 0.10 
Levelized at R = 0.15 

)980 

).58 
9.52 
8.27 

3.53 
9.39 
8.15 

2.20 
5.85 
5.08 

2.02 
5.37 
4.67 

3.53 
9.39 
8. f5 

3.61 
9.60 
8.3!1 

1985 

4. 57 
12.16 
10.56 

4.51 
12.00 
10.42 

2.81 
7 0 l17 
6.49 

2.58 
6.86 
5.96 

'•. 51 
12.00 
10.42 

4.61 
12.26 
10.65 

1990 

5.84 
15.53 
13.49 

5.75 
15.30 
13.29 

3.59 
9.55 
8.29 

3.29 
8.75 
7.60 

5.75 
15.30 
13.29 

5.87 
15.61 
13.56 

1980 

2.43 
6.46 
5.61 

2.65 
7.05 
6.12 

3.09 
8.21 
7.14 

3.20 
8.51 
7.39 

2.65 
7.05 
6.12 

3.47 
9.23 
8.02 

1985 

3.10 
8.25 
7. J 6 

3.38 
8.99 
7.81 

3.94 
10.48 
9.10 

4.08 
l0.85 
9.42 

3.38 
8.99 
7.81 

4.43 
ll. 78 
10.23 

1990 

3.95 
10.51 

9.12 

, •• ] l 
11 .46 

9.96 

5.03 
13.38 
11.62 

5.21 
13.86 
12.04 

4.31 
ll .46 
9.96 

5.66 
15.06 
13.07 

1980 1985 1990 

1. 32 
3.51 
3.05 

1.06 
2.82 
2.45 

J .68 
4.47 
3.88 

1.35 
3.59 
3.12 

1.72 2.18 
4. 55 . 5. 80 
3.95 5.04 

l.36 
3.62 
3. ll• 

L43 
3.80 
3.30 

2.20 
5.85 
5.08 

l.74 
4.63 
4.02 

1.83 
4.87 
4.23 

2.81 
7.47 
6.,.9 

2.16 
5. 7.5 
4.99 

l .72 
4.58 
3.97 

2.78 
7.39 
6.42 

2.21 
5.88 
5.U 

2.33 
6.20 
5.38 

3.59 
9.55 
8.29 

1980 

10.20 
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2.4.4 Sources of Information 

Several sources were consulted to obtain the information shown in ECONDAT and 
in Table 2-10. Complet~ site-specific information was not available for all 
cities in certain references. In these cases, available prices for the near­
est city or region were used. 

ECONDAT fuel prices are expressed in dollars per delivered heat equivalent. 
To obtain these values, conversion efficiencies were assumed. For boiler sys­
tems, a conversion efficiency of 75% was assumed for natural gas, 80% for oil, 
and 75% for coal (VerSchave 1974). Electrically heated systems were converted 
at the rate of 1. 0 kWh per 3412 Btu. 

Base fuel costs are industrial average costs in 1978 dollars. AGA's Gas Facts 
(American Gas Assn. 1976) was the source of natural gas prices. The EEI Sta­
tistical Yearbook (Edison Electric Institute 1977) was used to define average 
industrial per-unit electrical costs. Oil costs were obtained from the EIA 
Monthly Energy Review (U.S. DOE 1978). Coal costs were taken from the EPRI 
Technical Assessment Guide (EPRI 1978) as first-year costs of long-term con­
tracts, except in the case of Fresno, Calif., where equivalent "clean" coal 
fuel costs are cited due to restrictive air pollution regulations. 

Labor rates for each city are from the 1978 Dodge Manual Dodge Building Cost 
Services (and Wood and Tower, Inc., 1977) and are a weighted ~verage for labor 
teams consisting of laborers, pipefitters, plumbers, and foundation workers. 
Fifty-five percent is added for taxes, insurance, supervision, small tools, 
craft benefits, and other overhead items. 
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The end-use matching analytical model was dev~loped to meet the fallowing 
needs: 

• calculation of the performance of· a variety of solar collectors and 
types of process systems; 

• rapid analysis of many site/process/system collector combinations; and 

• prediction of long-term average performance over a time span equivalent 
to the period of a typical economic analysis (~20 years). 

3.1 SOLAR COLLECTOR ENERGY DELIVERY 

The performance of solar collectors is usually specified by instantaneous or 
peak efficiency, based on clear days and normal incidence. In practical ap­
plications, however, the important conditions are long-term average energy de­
li very, cloud conditions, and incidence angles during the year; the ref ore, 
many researchers have advocated average diurnal efficiency as a collector per­
formance measure. Unfortunately, such average efficiency curves depend 
strongly on weather peculiarities for the test day and location and are not 
suitable for long-term energy delivery prediction. 

One approach to circumvent this problem is to input instantaneous efficiency 
and hourly insolation data to a computer program in order to predict long-term 
energy delivery. The results of this calculation are valid only if data are 
representative of long-term weather behavior. Various averaging approaches 
have been tried using several forms of data; for example, real hourly data for 
a single year, real hourly data for several years, averaged hourly data, and 
stochastic data. Use of real data for a specific place and year provides a 
performance simulation for that place and year, but its reliability as pre­
diction for the long-term average is uncertain. Fluctuations in monthly total 
insolation from one year to the next commonly exceed ±10%, and the resulting 
output fluctuations for thermal collectors are even larger. 

An alternative method has been developed by Colleras-Pereira and Rabl (1978), 
in which the Liu and Jordan method (Liu and Jordan 1963) for calculating long­
term average energy collection of flat-plate collectors is generalized to con­
centrating collectors. The only meteorological i~uts needed are the long­
term average daily total hemispherical insolation Hh on a horizontal surface 
and the average ambient temperature. The collector is characterized by opti­
cal efficiency, heat loss (or U value), concentration ratio, and tracking 
mode. With this method, a factor is calculated that converts the daily total 
horizontal insolation Rh to yield the long-term average useful energy Q deliv­
ered by the collector. Although this factor depends on a large number of 
variables, such as collector temperature, optical efficiency, tracking mode, 
concentration ratio, latitude, clearness index, and direct-to-diffuse insola­
tion ratio, it can be broken up into several components that depend on only 
two or three variables and can be presented in convenient graphical or 
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analytical form. In general, the seasonal variability of the weather will 
necessitate a separate calculation for each month of the year; however, one 
calculation for the central day of each month is adequate for most purposes. 

A detailed derivation and formulation of the analytical model for flat-plate 
collectors, compound parabolic concentrators, one-axis tracking concentrators 
(both N-S and E-W), and two-axis tracking concentrators is given in Appendix 
D. This model (via the computer code PROSYS discussed in Section 3.3) allows 
the end-use mat~hing to proceed efficiently, with annual energy delivery pre­
dictions estimated to be within 5% to 10% accuracy. 

3.2 SOLAR SYSTEM DESCRIPTION 

A solar industrial process heat system includes the plumbing and equipment by 
which the energy gained by the solar collector working fluid is transferred to 
the process, as illustrated in Fig. 3-1. Obviously, in order to properly 
characterize the ability of collected solar energy to meet the end-use re­
quirements of an industrial process, it is insufficient to estimate only the 
performance of the solar collector. Although a certain amount of solar energy 
is potentially deliverable from the solar collector field, the actual useful 
heat energy delivered at the process interface will depend upon losses in 
other parts of the system. Such losses include thermal losses in piping, 
valves, and equipment; losses in heat exchangers; and losses in steam produc­
tion or heat conditioning.* Therefore, it is important that typical total 
system losses be included in PROSYS. For example, where saturated steam 

Solar 
Collector 

Field 

I~ 

•t 

Energy 
Transfer 
System 

I~ 

1i 

Process 

Figure 3-1 .. Relationship of Major Subsystems in Solar 
IPH Systems Modeled in PROSYS 

*In addition, significant losses may result from diurnal warm-up and cool-down 
cycles and from collector field losses due to shading, as mentioned in 
Appendix D. 
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is required, it is important that the losses due to the production of steam 
(which may amount to as much as 15% of the collectible energy) and to the in­
creased collection temperature required to allow steam flashing or steam gen-
eration at a lower required end-use temperature (perhaps a 50-F differenee) be 
included in predictions of the long-term average performance of a solar pro­
cess heat system. 

System characteristics, such as parasitic heat losses and temperature differ­
ences required for heat exchange, influence the total performance of solar IPR 
systems. Realistic system models must therefore include these factors. The 
characteristics of the process (e.g., temperature, working fluid, configura­
tion) will determine which systems are particularly suitable for solar appli­
cations. The simulation model developed for this study is not designed to 
evaluate explicitly all of these system characteristics since simplicity was a 
major factor in its development~ Most of the important factors are accounted 
for, however, subject to the following assumptions and constraints: 

(1) The number of system configurations provided in the model must be 
limited in order to limit the number of cases actually simulated in 
an extensive matching analysis. Otherwise, an inordinate amount of 
computing time would be required. This constraint thus forces us to 
find widely applicable general system configurations. 

(2) System optimizations, including those for storage size, field layout, 
and multiple collector hybrids, are beyond the scope of the present 
effort. 

(3) It is assumed that all (100%) energy delivered by tlie collectors and 
system can be used by the process; i.e., . the process can absorb ener­
gy at the peak delivery rate of the solar system. Considerable de­
tail on the dynamic behavior of the solar system and the process 
would be needed to use any other approach. If solar energy is used 
as a supplement to conventional energy sources rather than as a com­
plete replacement, this assumption is reasonable provided that peak 
solar capacity does not exceed the maximum process load during peri­
ods of high insolation. This is expected to be the case for most 
solar industrial applications. 

(4) Collector working fluid is maintained at a constant average tempera­
ture or constant unidimensional temperature distribution for which an 
average in each collector may be calculated. 

(5) The system is supplemental; i.e., because of constant operating tem­
perature requirements, system flow must be variable. Hence the per­
centage of load carried by solar energy will vary. Auxiliary capac­
ity of up to 100% of load requirements generally will be required. 

(6) No storage capability is inc~uded in PROSYS. The strict reliability 
requirements of industrial users probably will necessitate conven­
tional backup capacity. It is likely that most near-term solar IPH 
systems will not include storage and will act as fuel savers by sup­
plementing conventional systems. The third and fourth constraints 
listed above effectively limit PROSYS simulation of storage-coupled 
solar IPH systems; however, this is not a critical inability and 

. attempts will be made to provide storage-coupled simulation capabil­
ity in later program development. 
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In view of these constraints and of the need to uniformly calculate realistic 
solar IPR performance, six typical systems were selected that meet the major­
ity of low- to intermediate-temperature IPR needs. Short descriptions of 
th~se systems are listed in Table 3-1, and schematics of the system configura­
tions are shown in Figs. 3-2 to 3-7. Table 3-2 provides a summary of system 
specifications. 

The six selected systems are deliberately simple in description and broad in 
applicability. Piping, controls, and mechanical equipment items shown in the 
schematics are for illustrative purposes only. The schematics indicate the 
typical placement of certain necessary items of major equipment. The equip­
ment is not specifically sized for a given application. Instead, the modeled 
system is assumed to be designed for optimal thermal performance. Typical 
system loss characteristics are used to translate energy delivered from the 
solar collector field into useful energy delivered to the process inter£ ace 
(e.g., extractable energy in steam). This loss factor includes all .system 
losses and is considered constant with respect to system capacity. These 
assumed loss factors and the corresponding balance-of-system efficiencies are 
shown in Table 3-3. 

Assumptions about system temperatures affect overall solar IPR performance by 
influencing the average operating temperature of the collector, which in turn 
affects the collector thermal efficiency. The average collector operating 
temperature for collector performance calculations is the inlet temperature 
plus two-thirds of the temperature difference across the collector ( outlet 
temperature minus inlet temperature). For direct systems (where air or water 
is heated, supplied to the process, and then discarded), the collector inlet 
temperature is 55 F for water (i.e., a feed water supply at 55 Fis assumed) 
or ambient temperature from METDAT for air, and the outlet temperature is the 
same as the process temperature. This seems reasonable since a direct fuel­
heated system would usually operate in the same way. 

For exchange systems, the process fluid temperature of the inlet to the heat 
exchanger is 55 F for water or ambient temperature for air, and the outlet 
temperature is the process temperature. The solar collector fluid leaves the 
collector at 20 F (for water) or 30 F (for air) above the process temperature 
and leaves the exchanger at a temperature the same amount above the process 
fluid inlet temperature. Thus, for the same process temperature, the average 
collector operating temperature in an exchange system, as compared to a direct 
system, is 20 F greater for a water system or 30 F greater for an air system. 

These assumptions were used for direct and exchange system simulations when 
details of the process were not known; they may not be adequate for all ex­
change systems. When a given amount of energy is exchanged between the solar 
working fluid and the process fluid, an equivalent amount of energy can be 
transferred to the process only if the fluid is cooled to its heat exchanger 
inlet temperature (55 F for water or ambient temperature for air). This seems 
unlikely for many processes. In most exchange systems it may be possible to 
recycle the process fluid through the heat exchanger. In such cases, the in­
let temperature to the heat exchanger would generally be higher than is pres­
ently assumed, making the average collector operating temperature higher and 
the collector less efficient. On the other hand, recycling of process fluid 
means that its thermal energy is recovered, thereby reducing the amount of 
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Table 3-1. SELECTED SOLAR IPR SYSTEM CONFIGURATIONS 

No. PROSYS Label Description 

1 HW-DIREGT 

2 HW-XCHNG 

3 HA-DIRECT 

4 HA-XCHNG 

5 STEAi\f-FLSH 

6 STEAM-GEN 

Water heated in collector and delivered directly to 
process. Feed water assumed to be 55 F. 

Process water heated via heat exchange with collector­
heated liquid. Collector fluid is in closed loop. Feed 
water assumed to be at 55 F. 

Air at ambient temperature heated in collector and 
delivered directly to process. 

Feed air (at ambient temperature) heated via heat exchange 
with collector-heated liquid and delivered to process. 
Collector fluid is in closed loop. 

Steam produced via flashing of water heated in 
collector. Steam delivered to process, liquid returned to 
collector. 

Steam produced in unfired steam generator heated by 
collector-heated liquid. Steam delivered to process, 
condensate returned to steam generator. Collector liquid 
is in closed loop. 

Table 3-2. SYSTEM SPECIFICATIONS 

Assumptions 
Collector field operates at constant temperature: flow control 
No storage: 100% backup 

Specifications Required 
Major items of auxiliary equipment 
Standards for piping and insulation 
Cost estimates: preferably with a size-to-total-cost correlation 
System heat loss estimates 
Required temperature margin (collector output to process input) 

Flexibility 
Accepts any distributed collector field type in any field orientation 
Delivers process loads at any temperature and in any fraction of annual 

load requirements from 10% to 90% in 10% increments 

Output Modifications 
Utilization losses due to operating schedules 
Utilization losses due to heat extraction efficiency 
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Figure 3-2. System No. 1: Direct Hot Water 
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Table 3-3. SYSTEM LOSS FACTORS 

No. PROSYS Label Loss Factor Efficiency (%) 

1 HW-DIRECT 0.06 94 

2 HW-XCHNG 0.08 92 

3 HA-DIRECT 0.05 95 

4 HA-XCHNG 0.10 90 

5 STEAM-FLSH 0.09 91 

6 STEAM-GEN 0.10 90 

energy the collector must supply. The overall effect might be an increase or 
decrease of the collector area required, depending on the particular circum­
stances of the application; the case studies suggest that the required col­
lector area will probably increase~ Thus, PROSYS simulations of exchange sys­
tems do not always adequately reflect the coupling of the solar system to the 
process. The case studies provide guidance in approaching this problem. 

3.3 THE PROSYS COMPUTER PROGRAM 

The PROSYS computer program is an analytical tool that evaluates the abilities 
of various collector and system types to meet industrial process demands at 
selected sites. PROSYS uses information from the meteorological, industrial 
process heat, and collector data bases with the analytical performance model 
to calculate annual deliverable energy. The results are subsequently used in 
the economic analysis program ECONMAT. Figure 3-8 shows the basic relation­
ship of the data bases and the computer programs PROSYS and ECONMAT. PROSYS 
is written in Fortran for the CDC 6000 series. 

3.3.1 Program Logic 

The main elements of the PROSYS program flow are presented in Fig. 3-9. 
PROSYS is designed to work with one site per computer run. For each run the 
identifying site number and the SIC codes for all processes at that site are 
user defined and are read from card input. The meteorological data for the 
selected site is then read from METDAT and additional site-dependent parame­
ters are calculated, including midmonth values for sunrise time, noon solar 
elevation angle, and clear-day profiles for direct and total insolation. All 
information from the collector data base is accessed and stored. 

The program then enters into a series of three nested loops: the outermost 
process loop, the middle system loop, and the inner collector loop. For each 
identified process the respective IPHDB information is accessed. Included in 
this information is the required process temperature and the identification of 
up to three applicable systems. For each system the system loop is entered 
and the average collector operating temperature required to meet the process 
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temperature is calculated. Int~rnal to the program is a table that identifies 
the collectors suitable for each· system. Accordingly, the inner collector 
loop is entered for·each applicable collector. The major performance calcula­
tions are made in the inner loop and are a function of the specific collector 
parameters, the operating temperature, and the previously calculated meteoro­
logical parameters. The results of each collector's annual energy output in 
kJ/m2 (Btu/ft2) are printed and recorded in the performance data base PERFDAT. 

3.3.2 Input 

The normal operational mode . of PROSYS requires only a few input's from the 
user. This input is read from cards in namelist form and includes the site 
identification number and a list of the SIC codes for industrial processes. 
An optional parameter is IPTOR, a flag that describes the orientation for the 
parabolic trough collectors. The default value of O indicates a north-south 
(or polar) tracking axis; 1 indicates an east-west tracking axis; and 2 
indicates both N-S and E-W. Sample input for Denver, Colo., is shown in 
Fig. 3-10. 

3.3.3 Output 

$PRODAT 
ISITE 10, 
NOPRO 

$END 

= 2016,2021,2024,2097,2491,2512,2653, 
3652,2655,3111,3429,3444,3851, 

Figure 3-10. PROSYS Sample Input 

PROSYS output is both a performance report and a disk file PERFDAT that re­
cords information for the companion economic analysis. The principal results 
of the performance report are the long-term average annual deliverable energy 
and annual efficiency for each process/system/collector combination. The re­
port also includes a list of the collector data and meteorological parameters 
for the selected site. A portion of the performance report for Denver, Colo., 
is shown in Fig. 3-11. Useful for program verification or trouble-shooting, 
an optional printout shows month-by-month results for several intermediate 
performance parameters. The information recorded on PERFDAT includes process 
identification, required temperature, heat rate and steam flow rate, standard 
annual energy use, collector and system identification, and the resultant an­
nual deliverable energy. 
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SYST Er,1 -- 6 STEAM-GEN 

COLLECTOR 

PARABOLIC TROUGH D 
PARABOLIC TROUGH E 

LEATHER PROCESSING ANNUAL LOAD= .334372E+11 l<J ( 
PROC TMP = 60.00 C ( 140.00 F) 

OPR TMP = 44. 14 C ( 111.46 F) 

TYPE TILT QEFF Q, BTU/SOFT Q, KJ/SQM 

FLAT PLATE 39.50 .38 .217216E+06 .246518E+07 

OPR TMP = 44.28 C ( 111.70 F) 

TYPE TILT QEFF Q, BTU/SQFT Q, KJ/SQM 

FLAT PLATE 39.50 .65 .364583E+06 .413765E+07 
FLAT PLATE 39.50 .68 .384210E+06 .436040E+07 

CPC .53 .297169E+06 .337257E+07 
CPC - .56 .313424E+06 ,355705E+07 

PARA-T N-5 39.50 .66 .461064E+06 .523261E+07 
PARA-T N-S 0.00 .56 .390416E+06 .443083E+07 
PARA-T N-S 0.00 .55 .381565E+06 .433038E+07 

OPR TMP = 85.00 C ( 185.00 F) 

TYPE TI LT QEFF Q, BTU/SOFT Q, KJ/SQM 

PARA-T N-S 0.00 .54 .356352E+06 .404424E+07 
PARA-T N-S 0.00 .51 .341404E+06 .387460E+07 

Figure 3-11. PROSYS Sample Output 
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3.3.4 Additional Uses 

PROSYS was originally intended as a tool that in tandem with ECONMAT would 
facilitate end-use matching. The str,ucture of PROSYS also lends itself read­
ily to parametric sensitivity studies when temporary data bases are substi­
tuted in the appropriate formats. For example, in order to compare the per­
formance of several collectors over a range of temperatures, only one data 
base must be substituted. A temporary version of the IPHDB is created using 
psuedo SIC codes for entries at the desired temperature values with all other 
process parameters held constant. The user input specifies the desired site 
and the psuedo SIC codes. A comparison of collector types on the basis of de­
livered energy per unit area is shown in Fig. 3-12. The analysis can be made 
for any of the 27 sites, yielding a three-way comparison of collector perform­
ance versus temperature versus geographic location. 

The sensitivity of collector parameters can be similarly investigated by sub­
stituting a temporary collector data base. The , data base contains repeated 
entries of the same collector with all parameters held constant except the one 
to be tested. In addition to the standard performance report, the optional 
debug printout is useful in this kind of sensitivity analysis. 

PROSYS can be used for individual case studies. The standard IPHDB informa­
tion for typical industrial processes can be supplemented by detailed informa­
tion for a specific plant. This data can be added with a real or psuedo SIC 
code. Furthermore, many proces~es require heat at different temperature lev­
els within the process sequence. Each level can be a separate data entry if 
the respective steam flow rate, heat rate, and annual energy use can pe iden­
tified, can be analyzed with a substitute data base, or can be added to the 
standard IPHDB. Processes broken into temperature levels carry the same SIC 
code followed by a distinguishing alphanumeric character. Analysis of all 
levels is accomplished by repeating the SIC code as many times as there are 
IPHDB entries in the user input. The namelist input simplifies this analysis 
by allowing multiplicative definition of repetitive values (e.g., NOPRO = 
5*9001, for five entries of SIC 9001). 

3.3.S Restrictions 

Some restrictions intrinsic to PROSYS should be recognized in order to proper­
ly interpret the performance results. The annual deliverable energy from the 
solar system calculated by PROSYS is based on a collection time of seven days 
per week and the maximum possible hours per day. This approach is appropriate 
in comparing the deliverable energy to the load requirements of typical indus­
trial processes contained in the IPHDB where a seven-day-per-week schedule is 
assumed. For specific case studies, however, the actual operating schedule 
can be approximated, thus yielding more accurate results. For example, for a 
plant that operates only five days per week, the optional input value NDPW 
(number of days per week) would be set to five and the annual deliverable en­
ergy would automatically be adjusted by a factor of five-sevenths. Similarly, 
the standard annual energy use of a plant operating 24 hours a day should be 
modified to reflect only the load demand during daylight hours since no stor­
age capacity is assumed; at optimum conditions, solar supplementation could be 
used during only 10 hours. 
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Figure 3-12. Annual Energy Delivered per Unit Area for a Direct Hot Water System in Denver, Colo. 
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The process temperature range analyzed by PROSYS is limited by individual col­
lector characteristics. The IPHDB contains several processes whose tempera­
tures are beyond those supplied by any collector contained in COLDAT. (The 
maximum temperature obtainable by these collectors is · 540 C, or 1000 F.) 
These high-temperature processes are ignored in the PROSYS computations but 
are included in the data base. Case studies may indicate the need to evaluate 
preheat applications for such processes. 

The deliverable energy per unit area of collector calculated by PROSYS is 
based on the output of a single collector module and does not include the ef­
fects of shading inherent in large collector array configurations. Shading on 
tracking collectors for some installations can lower the energy output 10% or 
more (Collares-Pereira and Rabl 1978). Future expansion of the PROSYS comput­
er program should address collector array geometry and shading effects, as 
well as more details about the process system. -

3.4 AN EXAMPLE OF PROSYS RESULTS 

Although economic factors must be considered in meeting the end-use matching 
goals, performance analysis alone can contribute significant information. As 
an example of solar energy system performance analysis for industrial pro­
cesses, PROSYS was run for SIC code 2051 (Bread and Baked Goods). The analy­
sis was performed for all applicable systems and collectors for six cities. 
The complete PROSYS output for Denver is presented· in Fig. 3-13. The output 
shows that one of the three applicable systems, direct hot air, is eliminated 
because the required temperature is too high for the only collector appropri­
ate for this system. Tables 3-4 and 3-5 show the annual deliverable energy 
from the remaining system/collector combinations for all six cities. The hot­
air and hot-water exchange systems (HA-XCHNG and HW-XCHNG) yield similar re­
sults, but the most applicable HA-XCHNG is lower in delivered energy than the 
third-choice HW-XCHNG. For both systems the parabolic trough has the greatest 
yield. This analysis concerns performance only; economics must be considered 
in selecting the most cost-effective collector/system combination. 

Table 3-4. PROCESS SIC-2051 (BREAD/BAKED GOODS) HOT-AIR EXCHANGE SYSTEM 
.., 

Predicted Annual Deliverable Energy (GJ /m~) 

Collector Bismarck Brownsville Charleston Denver El Paso Fresno 

CPC 1. 3X AHA 38 1. 67 1. 86 1.50 2.42 2.78 2.32 

CPC 1. SX AHA = 34 1. 89 2.09 1. 69 2.73 3.10 2.60 

Parabolic trough D 2.51 2.97 2.34 3.64 4.40 3.69 

Parabolic trough E 2.36 2.83 2.26 3.45 4.20 3.51 
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Figure 3-13. PROSYS Output for SIC 2051 (Bread/Baked Goods) in Denver, Colo. 
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Table 3-5. PROCESS SIC-2051 (BREAD/BAKED GOODS) HOT-WATER EXCHANGE SYSTEM 

Predicted Annual Deliverable Energy (GJ/m 2) 

Collector Bismarck Brownsville Charleston Denver El Paso Fresno 

CPC l.3X AHA=38 1.74 1.98 1.59 2.53 2.91 2.43 

CPC 1. 5X AHA=34 1.95 2.19 1.76 2.81 3.21 2.69 

Parabolic trough D 2.58 3.07 2.47 3.75 4.54 3.81 

Parabolic trough E 2.42 2. 92 2.34 3.55 4.34 3.63 

The performance analysis is more appropriate for sensitivity studies examining 
collector performance. A comparison of energy per unit area delivered annual­
ly by several collector types and a comparison of the effects of variations in 
tilt and orientation of one-axis tracking concentrators are shown in 
Fig. 3-14. In all three cases, the flat plates are tilted at an angle equal 
to the latitude of the site, the CPCs are nonadjustable and tilted at an angle 
equal to latitude, and the parabolic dish has complete two-axis tracking. The 
orientation and tilt of the parabolic trough collector are varied as follows: 

• tracking about N-S axis and tilted at ·an angle equal to the site lati-
tude (N-S-T); 

• tracking about N-S axis and placed horizontally (N-S-H); and 

• tracking about E-W axis and placed horizontally (E-W-H). 

A few observations can be made concerning the graph in Fig. 3-14. The flat­
plate collectors excel only at very low temperatures, while the parabolic dish 
has excellent thermal performance over a large temperature range. The para­
bolic trough shows highest performance when tracking about the N-S axis and 
tilted at an angle equal to the latitude. However, even when the collector is 
horizontal, tracking about the N-S axis yields a higher performance than does 
tracking about the E-W axis. The nonadjustable CPC (with evacuated tube re­
ceiver), tilted at an angle equal to the latitude, is competitive in perform­
ance with the E-W-oriented one-axis tracking concentrators. Thermal perform­
ance alone, however, is not a sufficient criterion for selecting a collector 
array. Because of shading effects, field layout, plumbing connections, and 
line losses, the E-W tracking axis orientation is often more practical for 
large collector array installations than is the N-S orientation. In addition, 
line losses and parasitic power requirements for the parabolic dish system may 
significantly reduce the overall thermal performance of this system. A great 
deal of work remains to ensure that PROSYS accurately reflects these losses in 
evaluating the parabolic dish system. Complete results of the end-use match­
ing analysis are presented in Section 5.0. 
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Figure 3-14. Annual Delivered Energy per Unit Area 
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SECTION 4.0 

ECONOMIC ANALYSIS 

In order to rank the matches of collector, system, process, and location test­
ed in the successive loops of PROSYS, it is necessary to estimate the initial 
and life-cycle costs of the solar IPR system. In the method adopted in this 
study, emphasis is placed upon the determination of initial capital costs of 
the system, since this dominates system life-cycle costs. Estimates of life­
cycle costs of delivered energy can vary considerably due to the different 
sets of economic assumptions made by individual companies. Since such infor­
mation was not readily available for specific plants in the IPHDB, a general­
ized form of analysis, described in this section, was developed. In this anal­
ysis an annual cost multiplier is chosen based on any of a large set of eco­
nomic parameters and multiplied by a specific capacity cost in order to yield 
the levelized cost of delivered solar energy. The matches may then be select­
ed and ranked on the basis of the levelized cost of delivered solar energy. 

4.1 COST ESTIMATING 

4.1.1 Methodology 

Since the initial capital cost of solar process heat systems accounts for an 
overwhelming share of distributed yearly costs of providing energy (due to the 
required capital recovery), the initial capital costs of the systems included 
in this analysis must be identified accurately and consistently. However, due 
to the large numbers of systems evaluated in this analysis, a detailed esti­
mate of the cost of each system configuration for a given load and location is 
difficult; instead, the method of factor estimating is used. As applied in 
the chemical industry, factor cost estimating is typically accurate to within 
15%. However, considerable work is still required in the development of meth­
ods of cost estimating for solar systems. 

Only current identifiable costs are used in this analysis. The end-use match­
ing does not seek to identify or credit future cost reductions in solar equip­
ment or systems. Costs used in COLDAT and in the equipment cost relations of 
SYSCOST (a subroutine of PROSYS) are in 1978 dollars and are typical of 1977 
component costs. 

The method applied is consistent with the methodology initially reported by 
Lang and Chilton and described by Holland et al. (1974). In short, fixed ini­
tial system capital costs may be expressed as follows: 

where 

csys fixed initial system capital cost; 

<Pl = process type factor; 

4>2 1 + fl + f2 + f3 + f4 + f5; 

<P3 1 + f6 + f7 + fs; 
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Stirn of delivered, uninstalled, capital 
equipment costs for major, equipment items. 

As a result of experience and data collection in the chemical industry, values 
for the factors fi have been proposed. These values are listed with their de­
scriptions in Table 4-1. For fluid processing systems, the broad class into 
which we assume solar IPR falls, ~l equals 1.47. 

At the Solar Energy Research Institute the Lang-Cbilton method was applied in 
obtaining the initial cost e·stimates for a large-scale solar IPR test facility 
called SERAPH (Solar Energy Research and Applications in Process Heat). Early 
detailed estimates of the cost of this facility (which includes approximately 
5,000 ft 2 of collector) were about $790,000. An adjusted cost estimate for 
the facility was calculated with the Lang-Chilton method and found to be 
$795,000, less than 1% above the initial factor estimate. 

Major nonsolar equipment is listed for each generic system configuration 
modeled in PROSYS. In most cases, a capital cost equation for estimating 
costs of uninstalled components is assigned so that the equipment may be 
assigned a cost based on capacity. Where necessary, capacity is related to 
solar collector field area, fluid flow rate, or to the assumed heat rate. The 
values for Lang-Chilton £-factors within the ranges specified in Table 4-1, 
chosen to reflect the complexity and character of the various system configu­
rations, are shown in Table 4-2. Systems are identified by numbers as defined 
in Table 3-1. 

Note that the system cost model is applied only to the nonsolar portions of 
the IPR system. Since a large portion of system costs are associated with the 
installed collector field, costs of the collector field subsystem are calcu­
lated separately. To obtain an installed collector field cost, the required 
collector field area as defined in PRO SYS output is multiplied by the in­
stalled cost per unit area. This per unit area cost is obtained from COLDAT 
and ECONDAT in the following manner: 

(1) Collector equipment costs, $/SQM 
$/SQM= F.O.B. collector equipment cost per unit area; 

(2) Installation labor costs, HR/SQM x L$ 
HR/SQM= Person-hours required to install unit area of collector 
L$ = Local composite labor rate($ per person-hour); 

(3). Extra costs, (B$/SQM + A$/SQM) 
B$/SQM = Delivery and other costs per unit area 
A$/SQ1'-l = Cost of fittings and other material per unit area; 

(4) Collector Subsystem Unit Area Cost, CAC = l (1) + (2) + (3). 

The total installed collector subsystem cost is then Ac x CAC' where Ac is the 
required collector aperture area. The total system cost reported in ECONMAT 
output and used in the economic analysis as the total initial investment I is 

I 
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Table 4-1. LANG-CHILTON £-FACTORS FOR CAPITAL COST ESTIMATES 

Factor and Range 

f 1, process-piping factors 

0.07 to 0.10 
0.10 to 0.30 
0.30 to 0.60 

f 2, instrumentation factors 

0.02 to 0.05 
0. 05 to O .10 
0.10 to 0.15 

f 3 , building factors 

0.05 to 0.20 
0. 20 to O. 60 
0.60 to 1.00 

f 4 , facilities factors 

0 to 0.05 
0.05 to 0.25 
0.25 to 1.00 

f 5 , outside lines factors 

0 to 0.05 
0.05 to 0.15 
0.15 to 0.25 

£6, engineering and construction factors 

0.20 to 0.35 
0.35 to 0.50 

f 7 , size factors 

O. to 0.05 
0. 05 to O. 15 
0 .15 to O. 35 

£8 , contingency factors 

0.10 to 0.20 
0.20 to 0.30 
0.30 to 0.50 

~1 = 1.47 

Condition 

Solids processing 
Mixed solids/fluids processing 
Fluid processing 

Little automatic control 
Some automatic control 
Complex automatic control 

Outdoor units 
Mixed indoor and outdoor units 
Indoor units 

Minor additions 
Major additions 
New site 

Existing plant 
Separated units 
Scattered units 

Straightforward plants 
Complex plants 

Large plants 
Small plants 
Experimental plants 

Firm process 
Process subject to change 
Tentative process 

~2 = l + f1 + f2 + f3 +f4 + f5 

~3 = 1 + f6 + f7 fg 
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Table 4-2. SELECTED f-FACTORS 

System Numbera 

Factor 1 2 3 4 5 6 

f1 0.30 0.30 0.30 0.30 0 .. 35 0.35 

f2 0.05 0.09 o.b5 ·O. 09 0 .. 09 0.09 

f3 0.20 0.20 0.20 0.20 0.20 0.20 

f4 0.05 0.05 0.05 0.05 0.10 0.10 

f5 0.10 0.10 0.10 0.10 0.10 0.10 

£6 0.20 0.20 0.20 o. 20 0 .. 20 0.20 

f7 0.10 0.10 0.10 0.10 0.10 0.10 

f3 0.20 0.20 0.20 0.20 0.20 0.20 

¢2 1.70 1.79 1.70 1. 79 1.84 1.84 

<1>3 1. 50 1.50 1.50 1.50 1.50 1.50 

<l>1<l>2<l>3 3.75 3.95 3.75 3.95 4.06 4.06 

aSee Table 3-1. 

4.1. 2 Comparisons 

Successive runs of the PROSYS-ECONMAT code have shown reasonable estimates of 
costs of solar IPH systems consistent with costs for current or proposed DOE 
IPH projects. In most cases, the relative amount of cost attributable to the 
collector subsystem is greater than that found in actual project data. A lack 
of information on direct hot air systems makes estimates of these systems dif­
ficult, however, and cost estimates from ECONMAT seem even more heavily 
weighted by collector costs than for equivalent liquid systems. The lower 
system costs from ECONMAT (as compared with actual data) probably result from 
insufficient design detail for non-collector subsystems and from the exclusion 
of data acquisition and energy storage subsystems in PROSYS-ECONHAT designs. 
Much work in the area of IPH cost analysis remains to be done, including: 

• detailed review of costs of existing IPH projects to separate special 
items of cost and identify cost relationships, 

• development of more accurate and sophisticated cost models for concep­
tual systems, and 

• development of a capability to assess nth unit component and sys tern 
costs in order to study the effects of cost reduction on IPH system 
matchings in future years. 
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Figure 4-1 shows the relative contribution of installed subsystem costs to 
total installed system cost as determined· from published and unpublished data 
of IPR field engineering experiments funded by DOE. The average contribution 
of collector field install.ed costs is 60%. Collector field contribution to 
total cost as determined by PROSYS-ECONMAT varies from approximately 60% to 
90%. 

Heat 
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Figure 4-1. Relative Contribution of Various Installed Subsystem Costs to Total 
System Cost in Current IPH Field Engineering Experiments 

4.2 ECONOMIC ANALYSIS 

A number of evaluation techniques are available to a company considering capi­
tal investment in a given project. Return on invested capital is used as a 
measure of the relative, and sometimes the absolute, desirability of various 
capital investment schemes. Other considerations aside, the investment in a 
solar system must compete with a wide range of other investment options for a 
limited amount of capital. If energy supply systems are needed, the solar 
system probably will be compared to conventional process heaters. If no par­
ticular need for energy supply systems exists, then the solar system invest­
ment must be compared to investment in any number of other capital projects, 
such as plant expansion, production equipment, or business acquisition, or, in 
absolute terms, against the decision not to invest at all. Company management 
is responsible for optimal allocation of the stockholders' funds, with the 
long-term objective of_ maximizing returns on the stockholders' investments. 
It is important to realize that solar system investment will be considered in 
this light. 

The most important techniques available for capital investment evaluation 
include: (1) payback period calculation, (2) annual discounted cash flow com­
parison, (3) net present value analysis, (4) calculation of discounted cash 
flow rate of return, and (5) determination of annual saving~ per investment 
dollar. According to the U.S. Department of Commerce (1977) the methods most 
often· employed by large, energy-intensive industries are the simple payback 
period and the determi"nation of discounted cash flow rate of return (ROR). 
Rates of return of the order of 15% to 30% are often quoted by company manag­
ers as necessary orders of merit; a payback period of from 3 to 5 years 
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appears typical of industry preferences. The 3- to 5-year payback is a severe 
test for large, capital-intensive projects such as solar process heat sys-, 
tems. It essentially requires that accumulated net- revenue ( for example, net 
energy savings) over 3 to 5 years equal, at least, the initial capital invest­
ment in the solar system. Because the 15 or so years of service fallowing 
this "payback period" are essentially neglected, the payback period method 
does not accurately reflect the total return on investment over the project 
lifetime. 

The calculation of discounted cash flow rate of return, or its variants, is a 
more accurate method of comparing possible capital investments. A concise 
discussion of the calculation of the rate of return for solar process heat 
systems is offered in Dickinson and Freeman (1977) and is the basis for the 
net present value analysis presented in Appendix E. The method adopted and 
described in detail in this subsection is a variant of the basic discounted 
cash flow analysis and is known as a "required revenue approach." Given the 
internal rate of return desired and other specifics of a company's economic 
situation, one may calculate the essential "cost" of solar process heat over 
the lifetime of the system. By externalizing factors dealing with local eco­
nomics, company rates of return, and alternative fuel costs, the essential 
cost-effectiveness of any solar system can be isolated from a mire of hidden 
assumptions. Once this levelized cost per unit of delivered energy is ob­
tained, the cost of solar process heat may be directly compared to the lev­
elized cost of conventional alternatives. 

The required revenue methodology described in this section is based on work by 
Dickinson and Brown (1979) on a simplified approach to economic analysis for 
solar process heat systems. This approach seeks to clearly separate the is­
sues of fuel price and fuel price escalation from the assessment of the cost 
of a solar energy system. While the principle of discounted cash flow is the 
same as that used in previous methods (see, for example: Dickinson and 
Freeman 1977; Lameiro and Brown 1978), the placement of variables and elements 
of the basic equations has been modified to clearly separate capital cost and 
performance from investment and tax factors and from fuel price and fuel price 
escalation. In the original versions of our study of IPR end-use matching, a 
net present value analysis was employed. This analysis, extremely useful in 
case studies and sensitivity studies, is described in Appendix E. 

"Required revenue" is a term used in the utility industry for the total amount 
of money that must be generated through sales of power at a given rate over a 
given period of t~me in order to exactly cover the costs of building and oper­
ating the utility system. The costs include adequate .return to investors, re­
payment of debt, and payment of taxes. In an analogous fashion, a "price" may 
be determined that must be charged implicitly for delivered solar heat over 

· the lifetime of the solar process heat system. The revenue thus generated 
should cover the total costs of installing, maintaining, operating, and dis­
mantling the solar process heat system and include an adequate return to cor­
porate capital invested. Since the stream of yearly costs associated with the 
solar facility will be subject to the discounted future value, it is appropri­
ate to levelize the stream of costs. Thus the yearly costs of the facility 
over a system lifetime of 20 years can be expressed as a series of 20 equal 
annual payments in current dollars that completely cover the costs of the sys­
tem. This method is described by Doane et al. (1976) and in almost any stan­
dard engineering economic text [such as Grant and Ireson (1970)]. 
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Figure 4-2 shows a typical stream of before-tax costs and sayings, in actual 
current dollars (i.e., dollars in the year of payment), for a solar industrial 
process heat system.* Note that construction time is assumed to be one year 
(during year O) and that the useful system operating lifetime is N years. The 
figure shows the initial capital cost of the system as a single large amount I 
paid at the end of year O. This amount I includes the value of all expendi­
tures during the construction period, including interest during construction 
and operation check~out and adjustment costs. It represents the future value 
at the end of year O of all expenditures of that year. The present value of 
future costs and savings (years 1 through N) may be determined by using the 
appropriate present worth factors to calculate the present values of the N 
cash amounts. These present values may be summed with I to yield the net 
present value of the total cash flow as of the end of year O. If this is 
done, however, some weighted cost of capital must be defined and applied to 
all future expenses. This method does not allow explicit definition of the 
actual form of solar system financing (part debt, part equity). A more satis­
factory cash flow representation is shown in Fig. 4-3, where actual annual 
payments to repay debt principal and equity capital and to pay debt interest 
and provide return on equity with tax considerations are shown for each of N 
years. The present value of this cash flow, excluding fuel savings, at the 
end of year O (i.e., the beginning of system operation) is then the sum of all 
the net annual costs multiplied by the appropriate present worth factor. Net 
present value at the end of year O is then converted to a series of N equal 
disbursements by multiplying by the capital recovery factor: 

where 
Cs= CRF(i,N) PVs (4-1) 

Cs= levelized or annualized revenue required, before taxes, to cover 
solar system costs; 

CRF(i,N) i(l + il 
(1 + i/ - 1 

= capital recovery factor, where i is the after-tax 
rate of return required over a period of N years; 

PVs = present value of solar system revenue requirements. 

It is convenient to represent all of the terms in the present value analysis 
that are part of variable expenses (such as operation and replacement costs) 
as fractions of the initial total capital investment I. The expression for Cs 
then becomes an explicit function of I. Hence, a proportionality constant M 
which may be termed the "multiplier," as given by Dickinson and Brown (1979), 
is 

*Investment in a solar IPH system is classified as a service-producing invest­
ment, rather than an income-producing investment, since actual income (as from 
external sales of a product) is not generated. However, when compared to 
alternative service-producing investments, the solar IPH system generates net 
savings, which may be considered in the same way as income. 

73 



" .p,.. 

i 

~ 
11 r, n 
II 11 11 
11 11 II 
II II II 
11 II 11 
II 11 : L 
II t1<', 
11 11 "' 
11 II 
'I ~ ~ 
I~ v t 

..._____,..__.-
Actual 
Construction 
Expenditures 
Represented 

as~ 

1~ 

~. 

ll, { 1
) 

V V 
---..-
Actual 

2 

Operating, 
Maintenance, 
Property Tax, and 
Insurance (OMPI) 
Expenditures 
Represented as 

Total Initial 

0 tr 
0 Fuel Savings 0 {} Equipment Salvage 0 
LI 3 u N-2 LI N-1 LJ N LI 

-+---~ ___..H ~ ~ ~ ~ T~~e 
Jl JL Dismantling or 
V Major Replacement V Removal Cost 

,.........,.... End-of-Year 
'"----\/ Costs and Savings 

c-..1') Actual Costs and Savings 
-"\,, at Time of Occurrence " 

Capital Investment I 

Figure 4-2. Typical Costs and Savings for a Solar IPH System over the System Lifetime of N 
Years {without Tax Considerations) 

Ill 
Ill 
-"J -/~=~;} ~~ 

t-3 

~ 
0 
I.O 
1-J 



'-l 
Ul 

(+) Saving, /\ lnv~ment Tax ~j~~:ngs 1( Oepition and R,est OedQions 1( ~ ~'.:1~~
9
:ent 

:: U U LJ LI LI LI LI 1r' 
0 U1 0 2 0 3 0 0 N-3 0 N-2 0 N-1 0 N 0 

I I I I I Jf I I I I > 

(-)Costs n tl~ OM~.I ~ ~tl n~ n~ tl~ ~tl ~~~t 
I I Equity tl I I Principal 
I I and 
l I Interest 

~~~~~ipal~ ~ ~ ~ ~ ~ 

I 
I 
I 
I 
I 
I 
I 
J 
" 

and J ' Major · J ~ Dismantling 
Interest ,} Replacement V and Removal 

~ Annualized Costs or Returns 

c-.=.=:') Distributed Costs or Returns 

Total Initial 
Capital Investment I 

Figure 4-3. Distribution of Costs and Savings, Including Distributed Captial Repayment, for a 
Solar IPH System (with Tax Considerations) 
Note: Lengths of arrows are not to scale. 

IJI 
Ill 
,u -1Wi1 
~~ 

~ 
0 
'-0 
~ 



S:il - TR-091 ,.~ ------------------------------------
~;,;~ 

C 
.fT s 

M = -- = OMPI + CRF(R,N) [ (l _ f) + f(l T)CRF(r,LP) 
CRF(R,LP) + I 1 - T 1 + r 

CRF(r,LP) - r t 
X 

TC 
- T DEF + (1 + i) C CRF ( R t ' , LP ) 1 +R 1 + 

x m( t ) (1 - TC DEF) - s ( ~ + g n (4-2) - T 
C + R 

(See Section 4.4 for definitions of symbols.) 

The expressions contained in this rather complicated equation can be related 
to the portions of annual revenue required to cover several items of cost. 
Figure 4-4 shows the distribution of these required returns for an annual pay­
ment corresponding to the case of 50/50 debt-to-equity financing at a discount 
rate of 15% and with an investment tax credit of 20%. 

In many cases, a number of assumptions are made to simplify the expression for 
M. Since salvage value is uncertain and perhaps quite small due to disman­
tling and removal costs, the term is usually neglected. For example, a net 
salvage value of 10% of the original investment at the end of 20 years and at 
a discount rate of 15% yields a net reduction of only 0.002 in the multiplier, 
or a difference of less than 1%. If the solar system is financed out of gen­
eral operating capital, then a simple weighted average cost of capital, k, may 
be used as the required after-tax rate of return and used to define a capital 
recovery factor for repayment of investment. The assumption that annual oper­
ating, maintenance, insurance, and local tax costs are a constant fraction of 
initial investment leads to further simplification of M. Finally, straight­
line depreciation over the entire system lifetime of N years yields a depreci­
ation factor DEP of 1/N. The resulting simplified multiplier is: 

1 
M =---1 - T 

[ (1 - T)B + CRF(k,N)(l - TC)-~] (4-3) 

where B is the constant fraction of I attributable to variable operating, 
maintenance, insurance, and tax costs. 

Equation 4-3 offers a convenient expression for Mand is presented here as an 
example. Table 4-3 presents an array _of values for M for various reasonable 
corporate investment scenarios. These M values are based on the more complete 
expression of Eq. 4-2 and are the values used in the end-use matching analy­
sis. Selection of an M value appropriate for a particular industrial plant 
allows a correct comparison of sular and conventional process heat costs. 
Note that when 11 is used the cost of solar heat is to be compared to the be­
fore-tax cost of conventional process heat. 
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Repayment at 6% 
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1 + R 

f T CRF(R,N)(i : irs 
g 'r OMPI 

· Figure 4-4. Relative DistribuUon of Annual Required Revenue ( Equivalent 
to Before-Tax Cost of Energy) 
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Table 4-3. TABLE OF MULTIPLIER (M) VALUESa 

Values of M 

R = o.rn R = 0 .12 R = 0.15 R = 0.20 

f 
r = 0.06 0.09 0.06 0.09 0.06 0.09 0.12 0.06 0.09 0.12 

() 0.130 0.130 0 .152 0.152 0.187 0.187 0.187 0.254 0.254 0.254 

0.3 0.098 o. 104 0.110 0.115 0.129 0.135 0.141 0.168 0.173 0 .179 

o.s 0.077 0.086 0.082 0.091 o. 091 0.010 0.110 0.111 0.119 0.130 

0.7 0.056 0.069 0.054 0.067 0.052 0.064 0.079 0.053 0.065 0.079 

aFixed values: g = 0.06, OMPI 0.02, N,LP = 20, -r = a.so, rn(tc) o, DP = 10, TC= 0.20, 
s = o, and st.nn of the years-digits depreciation. 

Use of the multiplier is facilitated by determining the capacity cost of a 
given solar system in an IPH application. The system capacity cost CAP is de­
fined as the total initial capital cost of the solar IPH system per unit ener­
gy delivered per year; i.e., 

CAP = _I_ [$/ (MBtu/yr)] 
Qdel 

(4-4) 

This quantity enables comparisons with conventional process heating equipment, 
which is normally sold based on heating capacity (e.g., MBtu/h). 

The specific derivation of the multi plier expression in terms of levelized 
current dollars requires that the calculated solar process heat "price" be 
compared to the levelized cost of delivered heat from conventional fuels over 
the same lifetime N and at the same discount rate R. This is not equivalent 
to the actual price paid for coal, oil, or gas heat at the present time. Lev­
elizing the expected cos ts of conventional fuels results in significantly 
higher costs. Table 2-7 presents levelized before-tax energy costs for con­
ventional fuels in the six selected sites. 

An alternative to comparison of levelized costs as described above is compari­
son of the levelized cost of solar process heat in real dollars with the cur­
rent price of delivered, conventionally fueled heat during the first year of 
operation (N = 1). This method allows a simpler comparison using current fuel 
prices. The levelized price of solar process heat in c~rrent dollars (annual 
cos ts are the same in nominal terms over N years) may be transformed into a 
levelized price in real dollars (annual costs are the same in constant dollars 
over N years) with a simple multiplicative expression. A diagrammatic inter­
pretation of the two levelizing schemes is shown in Fig. 4-5. Table 4-4 gives 
common values for the resultant proportionality factor p. 

78 



s=~11

"'' - ·~~ 

• 

Table 4-4. TYPICAL VALUES FOR THE PROPOR-
TIONALITY FACTOR .p BETWEEN LEVEL-
IZED COSTS IN NOMINAL AND REAL 

. DOLLARSa 

k g N p 

0.08 0.06 20 0.594 

0.10 0.06 20 0.614 

0.12 0.06 20 0.634 

0 .15 0.06 20 0.661 

0.20 0.06 20 0.702 

0.08 0.08 20 0.491 

0.20 0.08 20 0.616 

0.08 0.10 20 0.403 

0.20 0.10 20 0.537 

0.08 0.06 10 0.742 

0.12 0.06 10 0.755 

0.20 0.06 10 o. 779 

a Initial Annualized Cost in Zero-Year Dollars 
Levelized Cost in Current Dollars 

= ICRF(k,N) u ~ : ) [ 1 - ( i : f ni-1 = 

20.00 

:, 

ii:i 

~ 15.00 

>, 
Cl 

" C: 
w 

Annualized Cost in 

Zero-Year Dollars 

p 

~ 10·00 M!._~-.--------.__-L_eve-liz-ed-Co-st-in -----l 

5.00 

Current or Nominal Dollars 

General lnflation=0.06 
Discount Rate=0.15 

10 

Time (yr) 

20 

TR-091 

Figure 4-5. Levelized Costs of Solar IPH in Terms of Nominal and Real Dollar Values 
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4.3 FACTORS INFLUENCING INVESTMENT 

While a value or price may be attached to solar process heat that accurately 
reflects the quantifiable aspects of the investment problem, a number of con­
cerns often remain nonquantifiable for the plant manager and~ particularly, 
the plant engineer. For example, uncertainty about the future cost of conven­
tional fuels is certainly involved in the plant manager's perception of the 
value of solar energy, as is the nonquantifiable public relations value of so­
lar energy. An important consideration for the plant engineer, whose respon­
sibility is to maintain efficient production, is the relatively little accumu­
lated experience in operating solar systems. The plant engineer must also 
consider, however, that a solar system provides the ability to avoid the risk 
of fuel shortages. In summary, the decision to make a solar system capital 
investment, particularly because it is such a new technology, depends on much 
more than is represented by the multiplier in Section 4.2.2. The factors upon 
which such decisions are based, including the assessment of value, are listed 
in Table 4-5. In this table, concerns of plant managers are distinguished 
from those of plant engineers (operation personnel). The first group is con­
cerned mainly with profitable operation and adequate cash flows; the second 
group is concerned with efficient, smoothly operating production. The con­
cerns of both parties can be grouped into two categories: (1) absolute con­
straints that must be satisfied in order to justify a solar investment, and 
(2) concerns that must be satisfied to some degree in order to make the solar 
investment compatible with normal opportunities for investment.· 
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Table 4-5. FACTORS INFLUENCING INVESTMENT IN A SOLAR IPR SYSTEM 

Management Production 

Constraints 

Project must in some sense meet 
justification criteria in terms 
of adequate handling of stock­
holders capital; e.g., minimum 
adequate return 

Legal responsibilities, such as 
regulations and liability, must 
be minimized 

• 

• 

• 

System must meet minimum design 
and operating specifications 

System must have a useful life­
time consistent with expected 
use of the plant 

System must not interfere with 
production 

• System must have warranty 

• Adequate performance data and 
previous industry experience 
with this equipment or that of a 
similar type must be available 

Concerns 

Company energy consciousness 

Public perception of company's 
efforts in energy conservation 

Fuel costs and availability 

Energy intensiveness of produc­
tion, or cost of energy per unit 
production 

Minimization of 
potential (either 
or operating costs) 

cost overrun 
construction 

• 
• 
• 

• 
• 
• 
• 

Simplicity of operation 

Dependability 

Previous experience with equip­
ment and/or vendors 

Fuel costs and availability 

Effect on product quality 

Safety impacts 

Noise level 

• Benefits in exposure to new 
technology 

• Limited number of 
reduce requirement 
parts inventory 

vendors to 
for spare 

• Availability of equipment, ser­
vice, and spare parts 
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4.4 NOMENCLATURE* 

Cs annualized (or levelized) required revenue to purchase solar en­
ergy 

CRF(R,N) 

DEP 

DP 

f 

g 

g' 

I 

LP 

M 

N 

OMPI 

R 

R' 

R'' 
r 

s 

t 

R capital recovery factor= 
l - (l+R)-N 

present value of depreciation charges as a fraction of initial 
investment 

depreciation period (equal to accounting life fQr tax purposes) 

fraction of initial system investment financed by loan 

assumed general inflation rate over life of system 

assumed inflation rate (including general inflation) of conven­
tional fuel used in backup system; for a real escalation rate e, 
1 + g' = (1 + g)(l + e) 

initial system investment in dollars of construction year 
(t = 0) 

loan period (always to be taken as equal to or less than system 
life) 

the M factor= Cs/I; annualized required revenue per investment 
dollar 

major component replacement cost in year t = tc as a fraction of 
initial investment; this cost is to be estimated in terms of 
dollars of year of construction rather than in current dollars 

system life; also the period over which system costs are 
measured in a life-cycle costing calculation 

levelized annual cost for operation, maintenance, property tax, 
and insurance; expressed as a fraction of initial investment 

after-tax, market rate of return on equity portion of solar 
investment 

after-tax real rate of return on equity= i ! ~ - 1 

1 + R 
1 + r -l 

market interest rate on loan 

net salvage value of solar system in construction-year dollars, 
expressed as a fraction of the initial investment 

year of system operation under consideration (system is con­
structed in year O and operation is begun on 1st day of year 1) 

year in which a major component is replaced 

total investment tax credit rate= T~f + (1 - TCf)TCs 

federal investment tax credit rate 

*All costs are expressed in current dollars unless otherwise stated. 
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s·tate investment tax credit rate 

marginal composite income tax rate= Tf + (1 - Tf)Ts 

Tf marginal federal income tax rate 

Ts marginal state income tax rate 
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SECTION 5.0 

RESULTS 

A substantial portion of the effort in FY78 was directed toward development of 
the end-use matching methodology. Thus, we consider the design of this meth­
odology as implemented in the computer software PROSYS /ECONMAT to be the 
study' s most important product. These tools provide an efficient procedure 
for a variety of _analyses, but only preliminary evaluations were performed in 
the course of this task. Therefore, the analytical results presented in this 
chapter are not comprehensive, but they demonstrate the scope of analyses pos­
sible and provide a few preliminary appraisals of solar IPH. 

Solar industrial process heat applications were investigated for six U.S. 
cities: Bismarck, N.D.; Brownsville, Tex.; Charleston, S.C.; Denver, Colo.; 
El Paso, Tex.; and Fresno, Calif. Analysis for each city included a perform­
ance comparison of several collector types, a ranking of all pertinent four­
digit SIC industrial categories by annual energy capacity cost, and the calcu­
lation of levelized energy costs of two typical industries for several econom­
ic scenarios. Additional parametric sensitivity studies were conducted, in­
cluding effects of changes in collector optical efficiency, collector cost, 
and collector array shading. Because a solar system often supplements a con­
ventional energy system, the economic advantage of the solar system is fuel 
savings. Therefore, fuel price sensitivity is illustrated in examples of net 
present value analysis. The results of these analyses are presented in this 
section. Conclusions drawn from these results are discussed in Section 7.0. 

5.1 COLLECTOR PERFORMANCE COMPARISON 

In assessing the feasibility of solar IPH applications, one first calculates 
the amount of energy delivered by available solar collectors. A comparison of 
the performances of five collector types over a range of process temperatures 
is shown for the six cities in Figs. 5-1 through 5-6. Specified in this ex­
ample is a direct hot water system, and the collector types include flat 
plate, compound parabolic concentrator, linear Fresnel lens, parabolic trough, 
and parabolic dish. The performance at a given temperature for a specific lo­
cation is a function of the quantity and quality of local solar radiation and, 
of course, the collector energy losses. 

5.2 RANKING OF SOLAR APPLICATIONS FOR INDUSTRIAL CATEGORIES 

PROSYS and ECONMAT computer runs were made, using the information in the in­
dustrial process heat data base, for all identified four-digit SIC categories* 
in the six cities. The resultant ranking of solar industrial applications by 
annual energy capacity cost for each city is shown in Figs. 5-7 through 
5-12. The capacity cost used in the ranking is for the best system/collector 
combination for each process and for a system sized to provide 50% of the an­
nual energy specified in the IPHDB. 

*Four-digit SIC categories are defined in Table 2-3. 
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Figure 5-9. Ranking of Solar IPH Applications in Fresno, Calif., on the Basis of Energy Capacity Cost 
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Figure 5-12. Ranking of Solar IPH Applications in Charleston, S.C., on the Basis of Energy Capacity Cost 
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The ranking of the SIC codes for "typical" industrial plants must be inter­
preted cautiously. For example, the fabricated metal processing industries 
(SIC 3440-3449) are shown among the higher ranking (lower cost) ·applica­
tions. The two processes in this industry most appropriate for solar energy 
are hot air enamel drying and hot water washing.. Because the most economic 
system/collector is used, the capacity cost values shown are for a direct hot 
water system with a parabolic trough collector .. Thus, the washing process is 
selected over the drying process. Direct hot air drying is eliminated because 
the collector has low efficiency and thus high cost at all but very low tem­
peratures. An alternate indirect hot air system (liquid-to-air heat ex­
changer) for drying yields costs from $7 to $10/(MBtu/yr) more than the direct 
hot water system for washing. The cos ts for a specific SIC or an individual· 
plant may vary considerably when subprocesses are considered. 

Determination of solar IPR cost range or average is a more reliable interpre­
tation of the ranking histograms. The average solar IPR annual energy capac­
ity cost for each city is as follows: 

$/(MBtu/yr) 

El Paso 87 

Denver 103 

Fresno 103 

Brownsville 113 

Charleston 139 

Bismarck 143 

5.3 LEVELIZED ENERGY COST 

In addition to annual energy capacity cost, the levelized energy cost may be 
calculated, but it is dependent on economic factors which may vary from case 
to case. To calculate levelized energy cost, one computes the product of the 
capacity cost and a multiplier M, where M represents the effect of variable 
economic factors. The multiplier may be expressed in constant dollars (M) or 
base-year dollars (M'). The derivation and equations for M are given in 
Section 4. 2. Table 5-1 shows several typical values of M and H' for corre­
sponding values of pertinent economic parameters, and Table 5-2 shows the 
resultant levelized energy costs for two typical industrial categories in each 
city. 

5.4 COLLECTOR SENSITIVITY STUDY 

Because the solar collector is responsible for a significant portion of the 
total equipment cost, reduction of collector costs is an important goal. 
Alternatively, an effective cost reduction may be achieved by improving col-. 
lector performance. Table 5-3 shows the effects of a 20% collector F.O.B. 
cost reduction and a 5% collector optical efficiency increase for several 
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Table 5-1. VALUES OF THE MULTIPLIER M FOR SEVERAL SETS OF ECONOMIC FACTORSa 

Economic 
Factor 

Rate of return on 
equity R 

Loan fraction f 

Tax rate T 

Tax credit TC 

Operation, maintenance, 
property tax, and 
insurance (OMPI) 

Lifetime N (yr) 

Loan period LP (yr) 

Depreciation period DP 

Interest rate on debt, r 

M 

M' (g = 0.06) 

Base 
Value 

0.12 

0 

0.50 

0.20 

0.02 

20 

20 

20 

0.09 

0.168 

0.106 

Finance 
Variations 

0.15 

0.25 

-- --
-- --
-- --

0.206 0.137 

0.136 0.087 

0.50 

--

--

--

0.107 

0.068 

Tax 
Variations 

0.40 

0.40 

-- --
-- --

-- --

0.154 0.114 

0.098 0.072 

OMPI 
Increase 

0.05 

--

--

--

0.198 

0.125 

Depreciation/Lifetime 
Variations 

10 

10 

10 8 

0.187 0.·148 

0.141 0.089 

aM (constant dollars) is defined in Eq. 4-2 in Section 4.0. SOYD depreciation, no major replacement [:M(tc) = O], 
and no net salvage value are assumed. M' in base-year dollars is 

M' = M/ [ ( l + g ) ( 1 !_ + g )N ] CRF ( R N) 
R-g l+R ' 

Dashes indicate base value. 
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Table 5-2. LEVELIZED ENERGY COST FOR SEVERAL VALUES OF THE MULTIPLIERS MAND M' 

Capacity Levelized Energy Cost ($/MBtu) 
Cost 

[$/(MBtu/yr)] M=0.168 M'=0.106 M=0.206 M'=0.136 M=0 .. 137 M'=0 .. 087 

Bismarck 
2086 Soft drinks 141. 24 23.73 14.97 29.10 19.21 19.35 12.29 
3272 Misc. Concrete 144.33 24.25 15.30 29.73 19.63 19.77 12.56 

Brownsville 
2037 Frozen Fruit/Veg. 86.65 14.56 9.18 17.85 11. 78 11.87 7.54 
2431 Millwork 97.07 16.31 10.29 20.00 13.20 13.30 8.44 

I-' Charleston 
0 2011 Meat Packing 14L14 23.71 14.96 29.07 19.20 19 .. 34 12.28 0 

2421 Saw Mills 141.08 23.70 14.95 29.06 19.19 19.33 12.27 

Denver 
2026 Fluid Milk 82.77 13.91 8. 77 17.05 11.26 11.34 7 .20 
3449 Misc. Metalwork 94.20 15 .. 83 9.99 19.41 12.81 12.91 8.20 

El Paso 
2021 Creamery Butter 69.16 11.62 7 .. 33 14.25 9.41 9.47 6.02 
3444 Sheet Metal 79 .. 85 13.41 8.46 16.45 10.86 10.94 6.95 

Fresno 
2033 Canned Fruit/Veg. 99.85 16.77 10.58 20.57 13.58 13.68 8.69 
2099 Misc. Foods 106.27 17.94 11.26 21.89 14.45 14.56 9.25 
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Table 5-2. LEVELIZED ENERGY COST FOR SEVERAL VALUES OF THE MULTIPLIERS MAND M' (Continued) 

Capacity Levelized Energy Cost ($/MBtu) 
Cost 

[ $/ (MBtu/yr)] M=0.107 M'=0.068 M=0.154 M'=0.098 M=0.114 M'=0.072 

Bismarck 
2086 Soft drinks 141. 24 15.11 9.60 21. 75 13.84 16.10 10.17 
3272 Misc. Concrete 144.33 15.44 9.81 22.22 14.14 16.45 10.39 

Brownsville 
2037 Frozen Fruit/Veg. 86.65 9.27 5.89 13.44 8.49 9.88 6.24 
2431 Millwork 97.07 10.39 6.60 14.95 9.51 11.07 6.99 

+-' Charleston 
0 

2011 Meat Packing 141.14 15.10 9.59 21. 74 13.83 16.09 10.16 ..... 
2421 Saw Mills 141.08 15.10 9.59 21.73 13.83 16.08 10.16 

Denver 
2026 Fluid Milk 82.77 8.86 5.63 12.75 8.11 9.44 5.96 
3449 Misc. Metalwork 94.20 10.08 6.41 14.51 9.23 10.74 6.78 

El Paso 
2021 Creamery Butter 69.16 7.40 4.70 10.65 6.78 7.88 4.98 
3444 Sheet Metal 79.85 8.54 5.43 12.30 7.83 9.10 5.75 

Fresno 
2033 Canned Fruit/Veg. 99.85 10.68 6.79 15.38 9.79 11.38 7.19 
2099 Misc. Foods 106.27 11.37 7.23 16.37 10.41 12.11 7.65 
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Table 5-2. LEVELIZED ENERGY COST FOR SEVERAL VALUES OF THE MULTIPLIERS MAND M' (Concluded) 

Capacity Levelized Energy Cost ($/MBtu) 
Cost 

[$/(MBtu/yr)] M=0.198 M'=0.125 M=0.187 M'=0.141 M=0.148 M'=0 .. 089 

Bismarck 
2086 Soft drinks 141. 24 27.97 17.66 26.41 19.91 20.90 12.57 
3272 Misc. Concrete 144.33 28.58 18.04 26.99 20.35 21.36 12 .. 85 

Brownsville 
2037 Frozen Fruit/Veg. 86.65 17.16 10.83 16.20 12.22 12.82 7 0 71 
2431 Millwork 97.07 19.22 12.13 18.15 13.69 14.37 8.64 

I-' Charleston 
0 
N 2011 Meat Packing 14Ll4 27.95 15.88 26.39 19 .. 90 20.89 12.56 

2421 Saw Mills 141.08 27.93 17.64 26.38 19.89 20.88 12.56 

Denver 
2026 Fluid Milk 82.77 16.39 10.35 15 .. 48 11.67 12.25 7.37 
3449 Misc. Metalwork 94.20 18.65 11. 78 17.62 13.28 13 .. 94 8.38 

El Paso 
2021 Creamery Butter 69.16 13.69 8.65 12,.93 9.75 10.24 6.16 
3444 Sheet Metal 79.85 15.81 9.98 14.93 11.26 11.82 7 .11 

Fresno 
2033 Canned Fruit/Veg. 99.85 19.77 12.48 18.67 14 •. 08 14.78 8.89 
2099 Misc. Foods 106.27 21.04 13.28 19.87 14.98 15.73 9.46 
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Table 5-3.' SENSITIVITY STUDY OF PARAMETERS AFFECTING CAPACITY COST FOR 

SEVERAL PROCESSES 

2016 Poultry Dressing 
Temp.= 140 F 
Direct hot water 
Flat plate B 

2026 Fluid Milk 
Temp.= 170 F 
Direct hot water 
Flat plate B 

2491 Wood Preserving 
Temp= 200 F 
Direct hot water 

2653 Cardboard Boxes 
Temp. = 300 F 
Direct hot water 
Parabolic trough D 

3111 Leather Processing 
Temp.= 140 F 
Direct hot water 
Flat plate B 

3281 Cut Stone Products 
Temp.= 150 F 
Direct hot water 
Flat plate B 

Nominal 
Case 

73.75 

82. 77 

Fresnel 
lens A 
85.20 

90.54 

69.56 

89.81 

Capacity Cost C [$/(MBtu/yr)] 

Collector 
F.O.B. Cost 

,Reduced 20% 

66.88 

74.89 

Parabolic 
trough D 

75.50 

77. 89 

62.69 

82.62 

103 

10% 
Collector Collector 

Optical Array 
Efficiency Shading 
Increased 5% Loss 

66.90 

77.92 

Fresnel 
lens A 
81.46 

86.42 

65.84 

85.22 

Flat plate A 

90.80 

100.21 
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industrial categories in Denver. The effect of the cost reduction d2pends on 
the size of the solar array area; as the array increa_ses, the proportion of 
the total cost, due to collector cost increases. The examples show a 20% col­
lector cost reduction that decreases the total cost from 9% to 14%, depending 
on array size. Increased collector optical efficiency of 5% (with no conse­
quent cost increase) results in an approximate 5% decrease in total cost. The 
effect of collector array shading on the cost of tracking concentrators is 
also illustrated in Table 5-3. For SIC 2653 (manufacture of cardboard boxes), 
a 10% collector shading loss results in an 11% cost increase. 

At the 200 F process temperature required for wood preserving (SIC 2491), the 
energy cost is similar for the flat plate, Fresnel lens, and parabolic 
trough. Small changes in performance or cost may mean that an entirely dif­
ferent collector type is most cost-effective. As shown in the example, the 
Fresnel lens is optimum both for nominal and increased optical efficiency. 
Reducing all collector F. O. B. costs by 20%, however, allows the parabolic 
trough to compete. The assumed shading losses of the tracking ·concentrators 
make the less efficient flat-plate collectors the most cost-effective. 

5.5 FUEL PRICE SENSITIVITY STUDY 

Net present value analysis is an optional part of the computer economic evalu­
ation and is useful in determining the benefit of fuel savings over the solar 
system lifetime. The net present value of the solar system depends primarily 
on the fuel price of the conventional energy system. This dependence is 
illustrated in Figs. 5-13 through 5-15, which show net present value of two 
solar systems over a range of fuel prices for a fluid milk process (SIC 2026) 
in El Paso, Denver, and Charleston. Local fuel prices are estimated for coal, 
natural gas, fuel oil, propane, and electricity. A 20-year solar system life­
time is assumed and sys terns are sized to deliver two levels of annual en­
ergy. Values of economic factors are the "base values" given in Table 5-1. 
For these conditions and the smaller solar system, the net present value for 
fluid milk processing becomes positive when the conventional fuel price is 
above $4.00/MBtu in El Paso, $4.75/MBtu in Denver, and $6.00/MBtu in 
Charleston. For the larger system, positive present values are obtained for 
fuel prices above $3.75/MBtu in El Paso, $4.25/MBtu in Denver, and $5.75/MBtu 
in Charleston. The losses or gains are proportional to system size; i.e., the 
larger tl}e system, the larger the gains if the net present value is positive 
and the larger the losses if the net present value is negative. 
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6.1 CASE STUDY SELECTION 

SECTION 6. 0 

CASE STUDIES 

Case studies provide a field check on the end-use matching methodology and 
indicate procedural improvements. In this study, a commercial laundry and two 
metal ·parts processing lines in a manufacturing plant were examined for energy 
conservation potential and solar heat applications. 

These detailed case studies for two industrial/commercial processes were 
conducted to: 

• identify conservation opportunities and energy-saving modifications of 
the processes; 

• investigate the potential for solar energy use in these processes and 
compare it with conservation measures; 

• compare field data with literature data used in the IPHDB; 

• test the usefulness of the PROSYS program, identify problems in its ap­
plication, and suggest future improvement; and 

• identify conditions unique to the plant process and site that might be 
favorable or unfavorable to solar applications. 

Processes for case studies were selected on the basis of: 

• location in the Denver area to reduce travel cost; 

• cooperativeness of the firm; 

• large energy requirement in the low to intermediate temperature range, 
65 to 175 C (150 to 350 F); 

• widespread use of the process; and 

• usefulness in testing IPHDB and the PROSYS program. 

Initially, the purpose of the study was explained to key personnnel in several 
industries. Of nine organizations contacted, eight indicated interest. The 
selection of four organizations for follow-up meetings was based on their re­
ceptivity and their processes. 

At the follow-up meeting, the SERI end-use matching project and the required 
data were described. The organization personnel discussed their processes, 
energy requirements, and interests in solar energy. Usually the process fa­
cility was toured. At one plant, it was immediately clear that insufficient 
area (unoccupied roof or land) was available for the installation of a signif­
icant solar collector field. In two of the four cases, mutual interest was 
sufficient to proceed with detailed case studies. Data were gathered at sub­
sequent meetings using a form patterned after the IPHDB input data require­
ments. 
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Neither organization could supply all the desired data; therefore, calcula­
tions, conversations, and meetings determined the needed quantities. Addi­
tional process tours usually were necessary, and contacts with equipment ven­
dors and building contractors provided important information. 

6.2 PROCESS ANALYSIS 

The first visit demonstrated that the load characteristics of each plant or 
process did not closely match those in the IPHDB for its SIC code. Repeated 
contacts yielded the process data necessary for analysis. 

Process data for case study analyses must have two major characteristics: 

• they must be amenable to the PROSYS program; and 

• they must indicate temperatures, use rates, supply mediums, and pur-
poses of the delivered energy. 

Considerably more process detail is needed, however, for realistic energy-use 
and energy-need audits. The firms supplied the temperatures and the total 
heat and electricity requirements but did not supply the energy-use rate for 
individual processes or units within the plant. 

For example, the laundry supplied the required temperatures for most uni ts. 
Monthly utility bills (electricity, natural gas, and water) for a recent one­
year period, washing formulas (the temperature and quantity of water required 
for each step of the washing cycle for various materials), and the total 
monthly weight of material washed were also provided. The laundry shared a 
recent consultant's study of energy use. A flow sheet was not included, but 
SERI obtained engineering drawings from the building contractor; however, 
these were 11 years old and numerous changes had been made. From the firm's 
engineering drawings and the operating data and schedule the SERI team con­
structed a quantitative energy-flow diagram. 

The procedure evolved to search for energy conservation included the following 
steps: 

• The total process energy-use rate was determined. 

• The quantities of energy used were established as functions of the re­
quired supply temperature and the supply medium. 

• A period long enough to show seasonal trends and average values was ex­
amined. 

• The purpose of the heat and the importance of its means of supply were 
identified. 

• Mass and energy balances were calculated to determine the end uses of 
the heat. 

• Potential reduction of heat losses was examined. Specifically examined 
were: 

energy use compared to actual needs, 

losses from the process to surroundings, and 

waste heat contained in streams leaving the process. 
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• The process operating schedule and the heating schedule were compared 
to identify opportunities to shut off heat. 

• Heat requirements were identified that might be met by solar systems, 
as indicated by temperature requirements and the use schedule. 

6.3 CONSERVATION POTENTIAL 

The two most common types of conservation potential are: 

• reduction of heat losses to the atmosphere and of waste heat in streams 
leaving the process; and 

• reduction of energy necessary for the process by reducing process 
irreversibilities. 

6.3.1 Commercial Laundry 

The laundry studied is a relatively large and efficient energy user. Energy 
flows estimated from mass and heat balances are shown in Fig. 6-1. About 71% 
of the total heat input is lost as waste heat in streams leaving the process, 
and much of this is recoverable. About 24% is lost by heat transfer from the 
ironing machines, a loss that can be reduced. The remaining 5% loss is 
unaccounted for. The balances are summarized in Table 6-1 and described in 
more detail in Appendix G. 

About 29% of the total energy input leaves as waste heat in the boiler stack 
gas, corresponding to a boiler efficiency of 66%. This efficiency could be 
raised to about 75% by two measures: (1) better control of the fuel-to-air 
ratio by using stack gas oxygen-content control, and (2) installation of a 
stack gas heat exchanger to . preheat the combustion air or the boiler feed 
water. An increase in boiler efficiency from 66% to 75% would increase the 
steam output by 13% at the same fuel rate or reduce the fuel requirement by 
12% at the same steam output. 

An estimated 13% of the total ,energy input leaves in the gases from the natu­
ral-gas-fired driers. This waste heat appears to have attractive recovery po­
tential, but it is especially unmanageable because the gas is laden with lint 
and is very humid, and its flow is intermittent. The boiler could provide hot 
stack gas to heat the driers, but boiler safety codes probably preclude this 
possibility. 

Within the process, the biggest energy consumers are the ironing machines, 
which use 33% of the total energy input. About 6% is consumed in the evapora­
tion of water, 3% leaves as sensible heat with the ironed material, and 24% 
appears to be lost by heat transfer to the surroundings. The machine surfaces 
are heated to about 150 C (300 F). Reduction of the heat loss from the iron 
ing machines has a large conservation potential. 
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Table 6-1. WATER AND ENERGY INPUTS AND OUTPUTS FOR 
COMMERCIAL LAUNDRY 

· Energy 
Water Rate Contenta % of Total 

Stream (kg/day) (GJ/day) Energy Input 

Inputs 
Natural gas to boiler 148 85 
Natural gas to driers 26 15 
City water 3.5 X 105 0 0 

Totals 3.5 X 105 174 100 

Outputs 
105 Waste water 3.3 X 23 13 

Boiler stack gas 50 29 
Drier off gas 0.1 X 105 21 12 
Heat loss from 

ironers 42 24 

Vapor from ironers 0.04 X 105 11 6 
Material from ironers 5 3 
Steam loss from 

105 equipment 0.02 X 13 8 

Unaccounted for 0.04 X 105 9 5 

Totals 3.5 X 105 174 100 

*With respect to water at 16 C (60 F). 

The engineering design required to reduce the ironer heat loss is beyond the 
scope of this study. A shield over the top of each ironing machine, however, 
could substantially decrease the loss by reducing convective heat transfer. 
Such a shield must be transparent for observation of the work, must be quickly 
removable for maintenance, and must allow sufficient air circulation to pre­
vent saturation of the air above the working surface. A flat sheet of acrylic 
mounted a few inches above the ironer rollers, open on the sides and ends, and 
including hooks for hoist-lifting, is a possibility. Additional insulation on 
the bottom of the machines would also help. An added benefit of the reduction 
of heat loss from the ironers would be the decreased temperature of the sur­
rounding working area. On the other hand, more space heat might be required 
for the building during the winter. 

The laundry has a heat-recovery unit that reduces the effluent water tempera­
ture from about 47 C ( 116 F) to 32 C (90 F) by heat exchange with the cold 
water supply. About 13% of the total energy input leaves with the dirty 
water. (This value would be about 21% if there were no heat recovery.) This 
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energy loss could probably be reduced to 7% with more effective heat ex­
change. The laundry may install an effluent water treatment and recycling 
process that probably would reduce the loss to 7% or less, as well as conserve 
water and laundry chemicals. The case study balances indicate that almost 95% 
of the water fed to the system leaves in the effluent to the sewero 

About 20% of the input energy evaporates water in the drying and ironing oper­
ations. It is difficult to reduce this energy requirement. 

Waste-heat recovery, effluent water recycling, and ironer heat-loss reduction 
might reduce the total energy requirement of the process by about one third. 
Since the energy consumers with these conservation potentials are steam­
heated, the boiler load might be reduced almost 40%. The conservation mea­
sures most easily implemented are the heat-loss shields and insulation for the 
ironing machines. Further engineering work on these possibilities is recom­
mended. 

The laundry operating schedule is one daytime shift per day. At the end of 
the operating shift, the boiler is shut off and all steam-heated equipment is 
allowed to cool. The boiler is started two hours prior to the beginning of 
the shift to brtng it and the equipment up to temperature. 

Mass and energy balances for this case study indicated 92% return of the con­
densate to the boiler. Independent studies have reported 50% to 60% conden­
sate return (Pritchard 1977; Garrett-Callahan Co. 1977-78). Since none of 
these values are based on direct measurements of steam 6r condensate flows, 
the differences have not been resolved. 

6.3.2 Manufacturing Process 

Two process units in a manufacturing plant were investigated. One is an alu­
minum "bright-dip" process wherein aluminum parts are moved through a series 
of aqueous chemical and rinse water baths to produce a bright finish. A dia­
gram of the bright dip line is shown in Fig. 6-2. The second is a "strip" 
operation in which improperly finished metal parts are dipped in aqueous chem­
ical and water baths to remove the finish. The processes operate one shift 
per day, five days per week. The processes are heated by circulation of hot 
water (heated by interruptible natural gas at $1.29/GJ, or $1.36/MBtu, as of 
April 1978) via heat exchange and by electrical-resistance heaters (at 
$5.55/GJ, or $5.85/MBtu, as of July 1978). The process data supplied by the 
firm are summarized in Tables 6-2 and 6-3. 

To maintain operating temperatures, heat is required to keep the metal parts 
warm as they move through the baths and to compensate for heat losses to the 
surroundings. When there is no parts throughput, heat is required only to 
offset heat losses. Data were insufficient to determine the heat necessary to 
heat the parts, but it is estimated to be less than 20% of the total heat 
load. Plant personnel have studied the temperature requirements of the pro­
cesses and have found that the temperatures used by the plant are the minimum 
required for proper operation. 
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Figure 6-2. Schematic Top View of Bright-Dip Line 

Table 6-2. OPERATING DATA FOR ALUMINUM BRIGHT-DIP PROCESS 

Operating Heat 
Tank Volume Temperature Input Heat 

No. Operation (rn3) (C) (MJ/h) Source 

1 Soak 11.4 77 a Process hot 
water 

2 Rinse 1.3 21 b 

3 Deoxidize 2.7 38 a Process hot 
water 

4 Rinse 1.3 21 b 

5 Bright-dip 6.1 99 190 Electricity 

6 Rinse 1.3 21 b 

7 Deoxidize 2.7 38 a Process hot 
water 

8 Rinse 1.3 21 b 

9 Coating 1.3 43 a . Process hot 
water 

aData not available. 
bNo heating. 
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Table 6-3. OPERATING DATA FOR METAL STRIPPING PROCESS 

Operating Heater 
Tank Volume Temperature Ratinga 
No. (m3) (C) (MJ/h) 

1 3.0 82 71 

2 1.5 82 52 

3 1. 0 27 23 

4 0.2 21 22 

aAll tanks are heated electrically. The values given are heater ratings 
because actual heating rates were unavailable. 

There are two major potentials for energy conservation in these heated-bath 
processes. The baths are generally maintained at operating temperature when 
the plant is closed. Energy use could be reduced by turning off the heat to 
the inactive baths. Heating would have to be resumed before process start-up 
to allow the operating temperature to be reached before the shift began. 
Appendix F demonstrates that less energy is required for a process if heating 
is shut off when the process is not operating. There may be process-related, 
reasons for continued heating, however. For example, the stability of chemi­
cal baths might deteriorate if the temperature drops. In this process, the 
bright-dip bath tends to gel if it becomes too cold. The data are sufficient 
to make quantitative estimates of conservation for the electrically heated 
bright-dip tank. About seven hours would be required to heat the bright-dip 
bath and about 42% of the total energy requirement would be saved by turning 
off the heat to idle baths. These estimates are illustrated in Appendix F. 

The second possible energy conservation measure involves reduction of heat 
losses from the baths. The baths are open to the atmosphere, so a major heat 
loss at elevated temperatures results from the evaporation of water. The 
evaporation rate and heat loss could be calculated from makeup water require­
ments, but these data were not available. The direct way to reduce heat 
losses is to reduce evaporation. This could be accomplished by covering the 
bath surf ace with plastic balls (similar to table tennis balls). The balls 
would allow parts to move through the bath without interference and could 
result in a heat loss reduction of 75% (Bonne et al. 1974). Estimates based 
on the evaporation rate indicate a 50% reduction in heat loss is achievable 
with evaporation suppression. 

The total energy requirement would be reduced by these two conservation mea­
sures to 0.58 x 0.5 = 0.29 (29%) of the current value. For the bright-dip 
tank alone, pass i ble energy savings are as high as 550 x O. 71 = 390 GJ /yr 
(373 MBtu/yr), and financial savings are about $2000/yr. 
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6.4 SOLAR END-USE MATCHING 

E_nd-use matching is accomplished by inputting process operating data to the 
PROSYS program. Since PROSYS automatically outputs results for fractions of 
the total process load, these results can be examined for the full process 
load and for reductions in the total load resulting from conservation mea­
sures. The economic parameters used in this study were the PROSYS default 
options unless otherwise indicated. 

6.4.1 Commercial Laundry 

All process heat for the laundry is supplied by natural gas. About 85% is 
supplied to the boiler, [interruptible, at $1.29/GJ ($1.36/MBtu) as of April 
1978]. The remaining 15% is for drying and some space heating [noninterrupt­
ible, at $1.70/GJ ($1.79/MBtu) in April 1978]. 

The potential solar applications include: 

• supplying the boiler load (85% of total) by a solar steam system; 

• supplying the hot water load (8% of total) by a solar water system; and 

• supplying the drier loads (15% of total) by a solar air system. 

None of these applications give economically attractive results because of the 
low price of natural gas. Some of the results are summarized in Table 6-4. 

Table 6-4. SOLAR HEATING APPLICATIONS FOR COMMERCIAL LAUNDRY 

Investment 
for Most Present 

Temperature Load Cost-Effective Value of 
Application [C (F)] (GJ/day) Medium System Project 

Boiler load 174 (345) 100 Steam $2.8 X 106 -$2.1 X 106 

(parabolic 
trough D) 

Hot water 82 (180) 14 Hot water $4.2 X 105 -$3.2 X 105 

exchange (parabolic 
trough C) 

Gas-fired 107 (225) 25 Hot air $6 • 1 X 105 -$4.4 X 105 

drier load direct (flat plate A) 

The laundry wanted especially to reduce the boiler load because a new boiler 
load brought on-li~e in May 1978 was 20% to 25% undersized for one-shift oper­
ation. The old boiler operated in parallel with the new one in order to 
handle the throughput in one shift. Laundry management hoped that by heating 
water with a solar system, the new boiler could handle the reduced load; The 
heat balances (Fig. 6-1) indicate, however, that water heating is only 10% of 
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the boiler load. Even with solar energy applied to this task, two boilers are 
still neede-fi and- the investment in a solar water-heating system does not seem 
justified. About 30 GJ /day (28 MBtu/day) would have to· be supplied by the 

. solar system to insure the new boiler's adequacy. If the conservation mea­
sures discussed in Section 6. 3 .1 were shown to be cost-effective and were 
implemented, the new boiler could handle the reduced load without solar tech­
nology. 

6.4.2 Metal Processing Lines 

In the bright-dip line, the bright-dip tank is heated electrically while the 
other tanks are heated by process hot water (heated by exchange with hot water 
from the boiler plant, where natural gas is the fuel). Tanks in the strip 
room are heated electrically. The actual heating rate was available only for 
the bright-dip tank, so it is the only tank for which results are shown. 

Results for a solar hot water system for heat exchange to the bright-dip tank 
are summarized in Table 6-5. The present value for the most cost-effective 
system (a parabolic trough) is negative; i.e., the application is not cost­
effective. Results are presented for both 10- and 20-year lifetimes (10 years 
is the period the plant managers would use in economic calculations). 

Table 6-5. PROSYS RESULTS FOR SOLAR HEATING OF BRIGHT-DIP TANK 

Process Parameter 

Heat load (MJ/h) 

Temperature 

Medium 
Cost 

Investment for most 
cost-effective system 

Present value of 
projecta 

20-year life: 
10-year life: 

Fraction of Process Heat Provided by 
Solar Technology 

100% 

190 

99 C (210 F) 

Electric 
$5.55/GJ 

$56,570 
(parabolic trough C) 

-$13, 600 
-$23,200 

25% 
(with conservation) 

48 

99 C (210 F) 

Electric 
$5.55/GJ 

$19,300 

-$8,000 
-$10,040 

aEconomic parameters are from Section 4.0. 

The present value is a negative 14% of the initial investment for a twenty­
year life, at full load; the application is almost cost-effective. By varying 
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the cost of the alternate fuel, it was found that the present value of the 
project becomes zero at an initial fuel cost of $6.67 /GJ ($7 .04/MBtu) for a 
20-year project life. Although this is higher than the fuel price paid by 
this manufacturer, h{gher . rates are paid for electric heating · in many loca­
tions. Thus, the displacement of electrical process heat by a solar system is. 
almost economically feasible and may in fact be feasible in some locations. 

The electricity price of $5.55/GJ (2i/kWh) is a nominal value used by the man­
ufacturer in economic analyses. The commodity rate is $3.61/GJ (1.3i/kWh). 
With the demand charge included, the total rate is $8.29/GJ (2.9i/kWh). At 
the latter price, the solar application would be economical with a 20-year 
life. The demand· charge, however, is based on the peak 15-minute demand 
during the entire month. The manufacturing plant's peak demand occurs during 
daylight but a solar system must supply energy every operating day for a month 
in order to avoid that month's demand charge. Solar systems do not have such 
high reliability. 

There is another incentive for the use of solar energy in this plant. Hot 
water from the boiler supplies space heat as well as process heat in the manu­
facturing building. During months when space heating is not required, hot 
water must be circulated from building to building only to supply heat to the 
bright-dip line. If this line were solar heated, circulation of hot water 
could be avoided, with attendant savings in pumping and fuel costs. These 
savings have not been estimated; however, since solar energy would displace 
heat from natural gas (as well as electricity) the application might be eco­
nomical. 

Solar heating of the metal-parts processing lines is sufficiently close to 
being cost-effective to merit further engineering study. Another potential 
solar application, a solar steam-driven gas compressor, was identified in this 
case study. Further development of the technology of this application is 
needed. 

6.5 SUMMARY 

Water and energy balances were calculated for the laundry from utility-use 
data and operating temperatures supplied by the firm. It was estimated that 
the energy input of 174 GJ/day could be reduced by one-third by a combination 
of boiler-stack gas heat exchange, recycling of effluent water, and reduction 
of heat loss from the ironing machines. No solar system was found to be cost­
effective for the laundry when compared with natural gas prices of $1.29/GJ to 
$1. 70/GJ. 

An electrically heated tank in the metal parts bright-dip line requires 
190 MJ/h. This heat input could be reduced by an estimated 70% by not heating 
the tank during the two shifts it is not in use and by evaporation suppres­
sion. Similar reductions in energy use could be achieved for the other heated 
tanks in the metal processing lines. The most cost-effective solar heating 
system for the metal parts processing is almost competitive with electrical 
heating costs of $5.55/GJ. Solar he~ting also would allow the hot water 
supply to the fabrication building to be shut off during warm months if the 
bright-dip line were solar heated. Further engineering studies of this appli­
cation of solar energy are recommended. 
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Many processes similar to the met;al processing lines are heated during idle 
shifts. These studies show that energy is always conserved if such lines are 
shut down when not in· use, although some processes may require uninterrupted 
heating. 

6.6 CONCLUSIONS 

The case studies also provide a number of conclusions which relate both to the 
methodology applied and to the general principles governing solar industrial 
applications. For example, it is clear that process information more detailed 
than usually available in the literature should be collected in order to allow 
satisfactory analysis of solar applications. The process information required 
includes: 

• Operating schedule: The energy use during the hours the collector is 
operating must be known. 

• Heat transfer medium and operating mode: Can hot water or hot air be 
supplied directly to the process, or must heat exchange be used? 

• The maximum and minimum process operating temperatures and the heat 
duty at the various temperatures: The use in the analysis of a maximum 
process temperature may be very pessimistic. On the other hand, the 
PROSYS assumption of collector operating temperature for exchange sys­
tems may be overly optimistic and must be reexamined. 

To collect the same amount of heat for a given process temperature, a direct 
system is more advantageous than an exchange system because the collector must 
operate at a higher temperature (hence lower efficiency) in an exchange sys­
tem. In some cases, however, exchange systems may recover some process waste 
heat and thus meet the process energy needs with less collected solar energy 
than necessary with a direct system. Therefore, an exchange system may be 
more economical in certain cases. 

These studies suggest that preheating may be a particularly successful use of 
a solar system for process heat. Preheating is a particular form of low tem­
perature processing; in general, low or intermediate temperature processes 
( <200 C) are attractive for solar application when cascaded thermal energy 
from other processes is not available. 

The efficiency of solar application to preheating and the potential advantages 
of exchange systems indicate the need for a more detailed representation of 
process requirements in PROSYS. In addition, collector performance as gov­
erned by temperature levels should be more closely tuned to these detailed re­
quirements. This tuning might be accomplished by refining the heat deli very 
system models in PROSYS. A process module general enough to handle many pro­
cesses but sufficiently detailed to indicate exchange and preheat opportuni­
ties should be added to PROSYS. 

Many applications, such as drying, use warm air in the 100 to 200 C (200 to 
400 F) range. Collector absorbers for these temperatures with air as the 
working fluid should be given attention in component R&D programs. 
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Displacement of electrical energy was found to be the most economically favor­
able use of solar technology because of the high cost of electrical energy. 
Operations using electrical process heat at temperatures up to about 100 C 
(200 F) and electrical drives for air cm;pressors, pumps, and other process 
equipment might be economical applications of solar energy. Economical appli­
cations of solar IPR will most likely be found for processes that use expen­
sive energy sources or use energy very inefficiently, or for processes in 
which more energy can be displaced than must be supplied by solar energy. Fu­
ture case studies should seek processes of these kinds. 
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7.1 DISCUSSION 

SECTION 7.0 

DISCUSSION AND RECOMMENDATIONS 

As described in Section 5.0, the most significant results of this study are: 
(1) the deve"iopment of analytic methods to identify and rank combinations of 
solar systems and industrial processes for solar industrial process heat ap~ 
plications, and (2) the development of the computer programs PROSYS and 
ECONMAT which implement the analysis. These software tools allow comparison 
of various collectors for diverse process requirements and provide a conven­
ient means of selecting the solar equipment most suitable, in both performance 
and cost, for specific processes in given climates. 

7.2 USE OF THE PROSYS/ECONMAT MODELS 

The performance model PROSYS employs information on local climate, collector 
characteristics, and process requirements to calculate the long-term annual 
energy delivered for each location/process/solar-system configuration. Using 
calculated performance information, process energy use requirements, collector 
costs, and local economic factors, ECONMAT calculates the solar system capital 
cost and the annual energy capacity cost. 

PROSYS is neither a dynamic simulation nor a means of detailed system de­
sign. The model includes certain assumptions and limitations. A constant 
collector operating temperature (with a variable flow rate) is assumed; there­
fore, the portion of the process load provided by the solar system varies. 
Because a full-scale conventional backup system is assumed, storage is not es­
sential and is not included in the model. In addition, it is assumed that the 
process can absorb all energy delivered by the solar system. These assump­
tions are realistic since many industrial applications will use solar energy, 
at least initially, as a fuel-saving supplement to a conventional system. 

Although the nondynamic nature of the model imposes some limitations, it has 
the advantages of speed and flexibility. The model provides an efficient pre­
liminary appraisal of solar energy for industrial applications and a means of 
comparison of generic collector types. The model is also useful for a variety 
of sensitivity and parametric studies. 

The computer software PROSYS/ECONMAT can be used for diverse analyses merely 
by varying information in the data bases. A ranking of solar IPH applications 
can be generated with an input IPH data base composed of information on many 
processes. Case studies, including detailed process breakdowns and potentials 
for preheat and process reconfiguration, can be performed when specific pro­
cess data is known. Various parametric sensitivity studies are possible, in­
cluding tests of the effects of changes in collector characteristics and stud­
ies of the impacts of changes in costs and economic factors. A comparison of 
collector types over a range of temperatures can be graphically illustrated. 
The software can also be used to determine solar system cost requirements for 
a given set of performance parameters and economic conditions. 
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7. 3 · END-USE MATCHING 

The concept of end-use matching, i.e., selecting the most app.ropriate solar 
equipment for specific industrial process requirements, was developed and 
tested in this study. PROSYS and ECONMAT, though limited in some res pee ts, 
were found to be adequate analytical tools for preliminary appraisal. The ac­
curacy of the analysis, however, is directly dependent on the availability and 
validity of the input data, including meteorological conditions, collector 
characteristics, economic conditions, and, most importantly, process require­
ments and conversion efficiencies of competing fossil fuels. 

The end-use matching analysis, using the data bases as currently configured, 
both reinforces and quantifies the intuitive supposition that the applications 
most amenable to solar energy are primarily those requiring low temperatures 
and using expensive fuels. Flat-plate collectors excel in performance and 
economics below 150 F, and parabolic troughs excel above 200 F. In the tem­
perature region between 150 and 200 F, the optimum choice varies among flat­
plate, linear Fresnel lens, and parabolic trough collectors, depending on 
meteorological conditions. The CFC/evacuated tube collector showed poor per­
formance in this analysis, but recent evidence suggests that much better per­
formance may be available from these collectors in the near future (Edgecombe 
et al. 1979). The system configuration consistently appearing most economical 
is the direct hot water system, which benefits from a lower required collector 
operating temperature and, therefore, performs more efficiently. In general, 
solar energy is currently not economically competitive·with inexpensive fuels 
such as natural gas or fuel oil. Solar energy is, however, often competitive 
with more expensive fuels such as propane and electric power, and with all 
fuels when they are used inefficiently in a process. 

7.4 ADEQUACY OF THE DATA BASES 

Use of the IPHDB as currently configured, i.e., with average parameter values 
for "typical" industrial plants, can lead to misleading general conclusions. 
For instance, the IPHDB indicates that the majority of industries use natural 
gas. Though this may be true, there is no indication of the efficiency with 
which the natural gas is used or any estimate of what other more expensive 
fuel sources would be substituted in case natural gas were to become unavail­
able. 

Moreover, the temperatures given in the IPHDB are normally the maximum re­
quired for the industrial plant. Breakdown of process structures and detailed 
temperature requirements at various process stages are not available. For 
each four-digit SIC code, one general process is assumed. Actually, each in­
dustry often involves numerous subprocesses with varying temperature require­
ments and sometimes different fuels for the manufacture of a product. The ef­
fect of this generalization is that often worst-case conditions are assumed 
for the solar analysis and the results are unrealistically pessimistic. 

The inaccuracy of this analysis caused by generalization can be resolved in 
two ways. The first is to compile a set of specific plant data, -including 
fuel source, fuel usage efficiency, and temperature requirements for as many 
processes as applicable in each plant. The data can be obtained through 
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industrial contacts or from literature and gathered for industries in as many 
locations as available in METDAT: 26 SOLMET sites plus 222 ERSATZ sites._ Data 
from several plants in the same industrial category should prove valuable in 
providing comparisons of process configurations and plant size. Although it 
is difficult to apply the results of a generalized study to specific plants, 
analysis of many individual cases may p·roduce insights applicable to the en­
tire industrial category. 

The second approach to the problem of generalization is analysis of a set of 
generic processes. A number of characteristic processes occur in diverse in­
dustries. For example, pasteurization processes are common to fluid milk 
dairies, breweries, and juice concentrate processing plants. Pasteurizers are 
usually heated by steam to a temperature of 170 to 190 F with similar types of 
heat exchangers. Generic solar system designs could probably be generated for 
pasteurization processes. Generic systems might also be designed for various 
wash and cleanup processes (hot water) and many drying applications (hot 
air). Each of these processes can be characterized by a well-defined tempera­
ture range and one or more appropriate solar system configurations. With 
PROSYS/ECONMAT, parametric studies can be performed by varying location, ener­
gy requirement (and thus solar system size), and conventional fuel price. 
Thus, the conditions that allow solar energy to become economically competi­
tive can be specified for each generic process. The industrial community 
could use this information as a guide to the viability of solar energy for 
specific process requirements. 

7.5 ECONOMIC ANALYSIS 

Generalizations affect the accuracy of the economic analysis of solar IPH sys­
tems as well as the performance comparisons. For example, although the in­
stalled capital cost of a complete solar IPR system of given annual energy ca­
pacity may be reasonably estimated from general site data, the actual value of 
such a system in producing energy depends heavily upon internal economic fac­
tors of .a specific industrial plant as well as constraints such as capital and 
land availability. Specific plant values were not included in the IPHDB for 
factors such as the required rate of return. Typical values for these parame­
ters were adopted early in the study to allow present value analysis of a 
given system/process match. This method of economic analysis, preserved in 
the version of ECONMAT described in Appendix E, is useful in performing sensi­
tivity studies on size-related cost reductions, changes in the rate of return, 
and variations in financial incentives. Selection of a set of typical econom­
ic parameters, however, leads to inaccurate results in present value compari­
sons among industries due to the generalizations involved. 

A solution to this problem of generalization has been implemented. Although 
the required-revenue approach to economic analysis may not be widely used by 
industry in project evaluation, it does satisfactorily separate generaliza­
tions from specific data in the economic analysis of solar IPH systems. After 
ECONMAT yields a capital energy capacity cost ( the total solar system capftal 
cost divided by the annual delivered energy), a multiplier may be- -selected 
(see Section 4.0) to derive the actual perceived energy cost of solar energy 
for a given industrial plant. The plant data collection described in Section 
7.4 can be a source of information on economic parameters for determination of 
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an appropriate multiplier; thus facilitating accurate calculation of the cost­
effectiveness of a system/process match. More accurate rankings of industrial 
applications of solar energy will result. 

7.6 RECOMMENDATIONS 

Based on the results of end-use matching analyses and case studies, the fol­
lowing recommendations for future work in solar applications for industrial 
process .heat are given: 

• The IPHDB should be modified to include sufficient details on processes 
so that an end-use matching analysis does not impose unnecessarily re­
strictive requirements on the solar systems, Information that should 
be added includes temperature ranges for the individual processes with­
in each SIC industry and the corresponding conversion efficiencies for 
the conventional sources. Significant constraints to system installa­
tion, such as land availability, should be identified. 

• Since PROSYS is very useful in case study analyses, the capabilities of 
the model should be expanded. For example, specification of average 
collector operating temperatures would enable PROSYS to be applied to a 
wider range of process configurations. It may be possible to include 
some capability for storage analysis in PROSYS if reliable quasi-static 
storage algorithms can be generated. 

• The required revenue approach to economic analysis places the burden 
for accuracy on the estimates of system capital and operating costs and 
on the knowledgeable assessment of key restraints to system installa­
tion. Little effort has been expended in cost engineering and cost 
analysis of IPH systems. Accurate models of initial solar system cost 
and operating and maintenance costs need to be created. 

• The two case studies of this report provided useful data and· insight 
into solar applications for industrial process heat. Additional case 
studies should concentrate on those industries that are most promising 
for solar applications. Concepts such as energy conservation, process 
reconfiguration to accommodate solar energy more readily, and the use 
of solar energy for preheat should be emphasized. Also, an effort 
should be made to define and analyze generic industrial processes. 
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APPENDIX A 

INDUSTRIAL PROCESS HEAT DATA BASE 

A.l SI UNITS 

SIC Standard industrial classification code 
PROC TMP 
HEATR 
FLOWR 
SAE 
SYS 

1 
2 
3 

4 
5 
6 

B FUEL 
OP 

0 

1 
SOP 

0 

1 
ENERGY/UNIT 

Process temperature (C) 
Heat rate (MW) 
Maximum steam flow rate (kg/s) 
Standard annual energy use (l.OElO kJ/yr) 
Possible systems in order of applicability: 

Direct hot water 
Indirect hot water 
Direct hot air 
Indirect hot air 
Steam flash 
Steam generator 

Backup fuel 
Operation code 

Continuous 
Batch 

Seasonal operation code 
Continuous 
Seasonal 

Energy required to produce one unit (kJ/unit) 
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.. _, • ._J, • 2 5 CJ • 10 it • 2'1 l 1 3 f. NAT. GAS 0 0 

2b:l PAf'~ F.HHRO 1 f. 2. '.'-'. }£,9.'.J9fl 5E-.:n2 253.152 l, 1 0 NAT. GAS 0 u 
2f,4 l COATU: r,APfR 162.H 4.103 .902 4.97'1 1 3 6 NAT• GAS 0 0 

26 112 EN\'t'U!fl•S } '1 f\ • q • 5~l2 • 13 L • 7 28 3 1 6 I\J A 1. GAS 0 0 

2 6'+3 i3.AG::; 14h.'1 1 • 1 1 'I .242 1.371 3 1 6 NATe GAS 0 0 

2fi45 PH-C'l.lf PAPER 1 'i B. 9 • 'J ,, 1 .204 1.160 3 1 6 NAT. GAS 0 0 

2 (,4 ':! i C OtJ VU' Tf D PAP [ H 1'18 .9 1.249 • 212. 1.529 3 1 6 N/11 • GAS 0 0 

?651 . FOLDl~JG f'U·ff, :1 nxr s Hu.r.i 1. 0 7 f-. .234 1. 371 3 1 6 NAT. GAS 0 0 

2 (,52 SFl-llP ,:AFEn. tlO)<.['S 1 '1 F. <;J .~tJ6 • 064 .363 3 1 6 NAT • GAS 0 o· H 

2 t,53 C t, P [. ~: r f, '·1 fl b OX • ~ 14 f:i. 9 "7 ') • 50 'i 2.648 ~. 1 f, NAT. GAS 0 0 r • C ..J .. 

? () ~) ~j F 1 Df. r{ C YL IMOU< S 1 4 8,. 9 • l f, fl .4G7 2.321 3 1 6 NAT. GAS 0 0 0 

::• i-:, f:i 1 !H! IL ,J Ir, 1: f· AP[_ r 1-1 ILL.~ 187.8 3:.:i.172 'l.S76 '12. 61 4 3 1 6 NAT. GAS 0 0 
\0 
1-1 

2711 N [ l,! <; P f. ~: t. H S 148.9 • 158 • 0::'6 .195 3 1 6 NAT. GAS 0 0 

2 7,? l PEhlt\f,JULS 1 t1 e. '1 • (J f y • 011 .085 3 1 6 NAT • GAS 0 0 

2n1 f3 ()(Ir, s l '1 p. r, .169 • 027 .209 3 1 6 NAT. GAS 0 0 

2 7 .3.:··_, BOnt<. f· ft! MT I f'JG lit i{. ':I • lj t. ~? • CJ 7 4 • ~.(, 5 3 1 6 NAT. GAS 0 0 

1·1 
I 
I 
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Ill 

2 7~· l Li T1lt{ I I< F ~. S 14/:oC::' • 1 :' 7 .. u~ 1 ol58 (- 3 1 NAT. GAS 0 0 
,u -2 7:•2 L. IT ttllLI-- H'II l 48., 0 • Ho 0 C, ?~J • 19 3 f, 3 1 NAT • GAS 0 0 ,Wi1 2 761 M A N ] I r l 1J PH l N T I r,, li 1 t1 f, • '": • ?, :";; 0 0!':, 7 .. 4 35 3 1 6 NAT. GAS 0 0 

2 782 IJL i. h'K f;"Ot< ~ 1 4 E.l. 'J • 3 1 ., 0 0 ~ 1 .391 3 1 6 NAT. GAS 0 0 '~ 

:?7h9 fj(,OK f• I ;~r r NG 1 11 i• 0 •J • I} f;7 0 0 l '1 0108 .. 1 6 N.A T • GAS 0 0 .., 
27'31 TYPf~.[ lTINf. 14 B • ') • 0 116 "O!J7 0057 3 1 6 NAT. GAS 0 0 

2 79.3 r 11 (j 1 or r, r n Av I rJ c: } II f< e q • C Cj', .Ole t • 122 3 1 (, NAT. GAS 0 0 

?HL3 IND. bAc-lS l 4 f\. q B.79j 2. t, 0 ':l 9.008 6 2 3 NAT. GAS 0 0 

2R19 IND. JNrRGANJfS 1-'I d. 'i l~'l .. 3413 ~. 6 .. Of. 1 126.576 6 2 3 NAT. GAS 0 0 

? P.21 PLA~Tlr" 11 H. 0 7 t.'1. q h2 21.4:?0 73.836 6 2 3 NAT. GAS 0 0 

?£122 $YNTtll TIC FWH n r F CJ 3. :'I fiil.f.f\'3 2').98& 103.476 6 2 3 NAT. GAS 0 0 

2 f'.31 Bl0l0GfCAL PROfJ. 14B.<l .. 'H 1 .287 .992 6 2 0 Nli.T. GAS 0 0 

2B34 I' ti /l R j.o: A rF UT IC: AL S L' 1. l 1. 4 fl 0 • f.4 1 2.215 6 2 0 NAT. GAS 0 0 

2H41 SO A f' ~, / l' f T f R G f ~~ T S 2£.0oO 3.224 le087 3.,745 1 6 3 NAT. GAS 0 0 

2 f,4~ S Ml I T /. T 1 0 N GOO r. ~: 162oH .507 al~O .517 l 3 6 NAT., GAS 0 0 

2 ll 4 3 SURF ACF A GftJT S 14 5. <J 60 lb 7 • !:.~'I 6.266 1 3 6 NAT. GAS 0 0 

2 P~l PAJl\1~ 141:i • 9 l. 14 3 .339 1 .1 71 1 3 6 NAT. GAS 0 0 

2£165 CYCLIC rJkC.ANICS 176.7 41.034 160380 29.534 6 3 1 NAT. GAS 0 0 

28b9 I MO o OflCANJrS 176.7 16~ .• 983 36 .. 212 186.383 6 3 1 NAT. GAS 0 0 

?fl15 NITPO(r~[OUS FlRTJLlZfR 204.4 9 0 sj65 4. 272'> 14.767 6 3 1 NAT• GAS 1 0 

2874 PtlO~.PftATE: fERTILIZEH 311 .. 1 40.155 3f,.6lb 126.576 3 6 0 NAT. GAS 1 0 

2 8 79 P[STICJr[S 14b.'J 3.224 aG41 3.249 6 3 1 NAT. GAS 0 0 

1--' ;: fl 91 G LU f ~; / S ,- Al AtlT c:; 148.<J 3. l Cl 7 .924 3 .. 185 3 1 6 NAT .. GAS 0 0 
w 2e92 EX&'LOS IV[ S l't8.9 H,.877 5" 819 30.167 6 3 1 NAT. GAS 0 0 
0 211q3 lrJK 14 8. 5 .. 950 0282 • 973 3 ]. 6 NAT • GAS 0 0 

2899 MISC. fHMICAlS Hf • 0 2.843 • 84 !:> 2 .. 890 6 3 1 NAT. GAS 0 0 

2 ~11 OIL f,.ff !J\JH:G 537.3 556.fi<;O 0483 l2b5o760 6 2 3 OIL 0 0 

2%1 PAV lf\JG t• A TL• 2c. 0 .. 0 3 .. 2 ?It • 4 09 20426 3 '+ 2 NAT. GAS 0 0 

2ci52 fi<:rJiALT 260.0 2o 052 0 51 f. 3e059 f, 1 0 NAT., GAS 0 0 

2c,1:2 GR[AS[!~ 14bo9 • ::i 57 ol43 o8'14 6 4 2 NAT. GAS .o 0 
29':)9 PfHOLFl.M/CGAL FROfllJCTS 1f>20 fl 12 .. 984 2.520 14. 767 6 3 2 NAT. GAS 0 0 

3069 MISC. r. ubtlrn 260.0 3.810 ,. 483 4 .. 272 3 1 6 NATo GAS 0 0 

3 (179 MISfo PUS"IJC 218.3 .721 .913 0812 3 1 6 NAT. GAS 0 0 

3111 LC~THER F'ROCES~ItJG 60o0 2.975 • 35£. 3 .. 34'1 3 1 6 NAT• GAS 0 0 
3 H.1 Lllt,Gt,G[ c;.3.3 .232 .028 a 26 'I 3 1 6 NAT. GAS 0 0 

3171 HAf'Jl1t1Ar.<: 9.5. 3 .120 .. 02 6 .. 162 3 1 6 NAT • GAS 0 0 

3199 MISC o l r-A Jli[R GOOfJS 93.3 ol 18 0026 ., 16 0 3 1 6 NAT" GAS 0 0 
j211 FLAT Cl A~S l'IP2.2 169.'170 17o8f.7 190 .. 286 3 1 6 NAT. (;AS 0 0 
3229 ElLO~HJ fLAS5 142607 6 .. 6 24 ., 14 0 9e915 3 1 6 NAT., GAS 0 0 

3231 GLAS~ rRori. 64 & • 0 .645 .. 13 {! 0981 3 1 6 NAT. GAS 0 0 

.3 2 41 11 Yr, P .AUL TC C [ME rn 1482.2 1 f,2 .Cd34 34elfl4 242.604 3 ! (, NAT .. GAS 0 0 

3 2~;} BRIC~/CLAY TILES 1.204.4 l'!.069 2. 57:.:: 210096 3 6 0 i'JAT o GAS 0 0 

32::,3 C[P.At-:IC TILES 1204.4 3.01~1 0 £,3c; 40536 3 1 6 NAT. GAS 0 0 

3 2~9 '. MI5C. CLAY 1 ~ 0 .. 6 50217 ., '902 6 .. 213 3 1 6 NATo GAS 0 0 

32€,9 POTT[" Y 1204.4 1.112 "12'5 • BB6 3 1 6 NAT • GAS 0 0 

3 2 71 (ONCHflr 8L.OCK~/PR1CKS 204 .4 • CJ fl9 • 19~, 1.,,, 0 3 3 1 6 NAT• GAS 0 0 H 
~ 

3272 M I.:3 C. rr:t-;c"fTf 1 l~i.6 0 t 4 !) .. 010 0499 3 1 6 NAT. GAS 0 0 I 

3 '27 3 lff A [) V ,_, I X E D C O N r H [ Tf t. 5 0 f, 0 0 0 l .. 0 0 l .. 007 3 1 f, OIL l 0 0 
I..O 

3 2 74 LIM[ L'', 71 ol ~2.7~,H llo293 80.165 3 4 (, NAT. GAS 0 0 1--1 

3275 GYP~:lW FROfJ. 16 7. 2 ~H.743 3 0 3'1 ll 35.,652 3 1 6 NAT. GAS 0 0 

3 :' fi 1 CUT :.'.,TOtd F'RO['. f5.6 "l fl 0 .010 .074 3 1 6 NAT. GAS 0 0 

32'31 APR AS I v•~s 150.f 2 0 s 09 ., 42t- 3 .. 059 3 1 6 NAT. GAS 0 0 
3 ;:,c.,2 ASP.l~Tr" l 7f.. 7 8. :5 G 0 lo 78: 12.6:,e 3 1 6 NAT. GAS 0 0 
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.3 2 'i:: bA:--Kt l c /:-:F Al:;. ] Lj i< • CJ • L l t, • 1 .3 4 .~: 4 9 :: 1 f OIL 0 i) ,u -c; P <l 1! N f: i! f r, t '1 t, L :~ 1 0 n ::. • 3 }(-.'.:.'OE.; .~.41/l 2'1. 2£ 0 3 1 f, NATo GAS 0 0 3 ~l ~:J 
l.;I 5;"'l6 MI r~ r ,i r, 1 WOOL l :> 1 .1 H,.2UH 3.41L 24.2f.O 3 1 f: NA l. GAS a 0 

32':i'l 1\1("11\1 - Mt T !, L I" l r J f l\ /'. l:::: :.) ~. 0. 1:J ? • 1 1 0 .?2! 1. =· F\2 3 1 f, NAT. GAS 0 0 ~~~ 

331 7 SH l-l l·IPE/TUP::. 1 4 h. 'J 6. 7 ll t • b6t 8.280 3 1 f. NAT. GAS 0 G 

.) ~. ~! l GfU, Y 1 r, r r.1 14 Ii. CJ ., • ) ?b .':J41 8.5S7 7 
d 1 6 NAT. GA~ 0 0 

3 3:',3 ZINC l! I i 11\. I I\JG 1.~): .• (, .:! L'l • i', l t:, 21J.71ll ?':11. ~.4 E 3 l 6 Ill Al. GAS 0 0 

-..3:H Al U ~1. hr· f 1 l'i I NC ? 1 t:,. (. ,; 3. ']i-,t1 lU.471 100.206 7 1 6 NAT. GAS 0 0 

3 !, ~15 M 1 Sf. l"f T AL S ~ i: f It~ I I~ G l '1 F • <_1 1;'.':15 1.(.07 15.400 3 1 6 NIil. GAS 0 0 

5341 Al LCY~; 1:? I< 7. H "">. 774 • 7 :,R 7.078 3 l f, NAT. GAS n 0 

5 3~if. MI :;r • ti r T .c L f CJ f; i·: l rJ !, 1 li ~. ':J 4. '? 79 • Ul 4 6.888 3 l 6 NAT • CAS 0 0 

~.: f 1 Al ll M. CIISTIMG l 'l LI. q l.8f.7 • 2'1 0 2.3'12 ~. 1 6 NAT. GAS n 0 

:'i.362 Jll.L PY C ,,~, T HJG 14B. CJ 1 • 0 4 1 :134 1.276 3 1 6 NAT. GAS 0 0 

:; '169 MIS r.. CG~fll\JGS He .CJ 1. in.-~ .2~0 2.299 3 1 6 NAT,, GAS 0 0 
3411 Ml T Al CANS ~lj. 3 5.540 . 2n 6.540 3 1 6 NAT • GAS 0 0 

3423 1-1 fr.Jr: TC: r. L ~ ("I~ •• 3 1.213 • 050 1.'135 3 1 6 NAT • GAS 0 I) 

~1429 MIS r·. tl ~fUiWARt ~, ~I .J .404 .011 't • 778 3 1 6 NAT. GAS 0 0 

j 4 .31 fNA1·1[L[:-J IRON f, L l~M t-1 l JiJ C CJj. 3 6.771 • 27 (, 7.953 3 1 6 NAT • GAS 0 0 
.H.=,2 ElPAS~, ''I lJt-ii3L I Nl; g3.3 • 774 .043 1.245 3 1 6 NAT. GAS 0 0 

::, 4 :",3 FU[ L ti'- -1. T[:{S o?, • 3 1.621 . (.(:,~. 1.920 3 1 6 NAT. GAS 0 0 

.?, 4 4 l STRUClU~AL METAL -33. 3 .5[0 .024 • tfl6 3 1 6 NAT • GAS 0 0 

3 •14 2 Mf T AL r1 ,-0RS 93.3 • t, 0 7 .021 • 6,0 l 3 1 6 NAT. GAS 0 0 

3443 uo 11 [fl StiOFS 93.3 1.290 • 0:;3 ·1.529 '2 1 6 NAT. GAS 0 0 
I-' 

..., 

l..v 34 4'l Sl-lf FT ~, r T AL LJO i"l t, 9!,. 3 • 0 f,9 • fl 1 ~. • If 39 3 1 6 NAT• GA~ 0 0 
1--' 

~. 4 4 9 MISC. ~· :.· T .A L W (; R I\ S3.3 1. 6 1 2 • (j(: h ·t.899 '2 1 6 NAT. CAS 0 0 .., 
3 11 ~1 scrnL,J ~'~CHIM<: g3.3 • 1 fl 9 .008 .239 3 1 6 NAT. GAS 0 0 
jl!52 tJ UT :, Ii Ir LT S /SC H I. ~i::, "3. -~ 1. 8 l: 8 • C Clb 2.226 7 1 6 NAT. GAS 0 0 ~· 
3411 MET AL Pl AT ·1 NC ri3. 3 .539 .022 .E.43 3 l 6 NAT. GAS 0 0 

3 4 -,9 M I ~' r: r·~ r T A L ~ u f f AC t. TREHMf.NJ' '; 3. _, • f, 21 • 0 u: .697 3 1 6 Nf. T. GAS 0 0 

54'-: 1
~ SH FL c;;:R INCS 4!::,4. 4 3. !, (15 .146 4.251 3 1 6 NAT .. GAS 0 0 

3 4<:•!1 PJr-r fITTTI\IGS/VfLVt'.:'. CJ 3. 3 ~·.820 • 113 3.280 3 1 6 NAT • GAS 0 0 

:34'% IJlf'[ ~·P<:D. 93. 5 • 0::. 0 • Cl 02 .059 3 1 6 NAT. GAS 0 0 

3 4 ':19 MJ~C MfTAL PROP. <)3. 3 .352 • 014 • 415 3 1 6 NAT. GAS 0 0 
3 ~i Jc; I ti T i:. t; N f. L C O Ii[, • £NC11',[S '? :, • ,3 6.712 1 • 31 '3 8 .. 238 3 1 6 NAT. GAS 0 0 
!1 jC2 t H 1": f! A'.' HIN: i{ Y 1371.1 1. 0 '.';5 • 2~-4 1.~112 3 6 0 NAT. GAS 0 0 

3~124 G A f{ [' f f·J t-' AC ~i l H L P Y 1371.1 1. u ~5 • 254 1.582 3 1 6 NAT • GAS 0 0 

~\ ~ ~ 1 r. 0 NC: 1 F: Ur TI ON M ~. C Ii IM fl Y 1 ~71ol 2.. 2 'i 7 • f.,41 3.3n 3 l f, tJ AT • GAS 0 0 

!. ':133 Oil f ILLO 1'1ACP. 1~171.1 1. J :, ::. • 2~34 1.582 3 1 6 NAT o GAS 0 0 

3~41 MfTf.L f'llTTit;G 1 (: (11.::; 1371.l • 7f'. 6 .15~ .%5 s 1 6 fUT. GAS 0 0 

1542 MUH F GHM HJL. 1 Lt1L:. ]?,71.l • r '1 l .16(, le033 3 1 6 l\!AT. GAS 0 0 
3544 TOOLS 1371.l • l (, 6 • u?5 .158 3 1 t N/. T. GAS 0 0 

3 ~; 115 ~~AC H l ~J F TC .,t ACrf~)S 1371.l • 2 g .) • 0 (, 8 • '122 3 1 6 NAT. GAS (l 0 
3 i::,51 F O O i.J t' r r D • M /l. C t I • 1 ::,71.1 • 2 '1 ~. • 06 f• .422 ~ 1 6 NAT • GAS 0 0 
3 :.~)~1 '. s r [ C I r, L t·l AC H I ~l f k '( n11.1 • 4 4 fl • l O 1 • f: 33 3 1 6 NAT. GAS 0 0 

-~ !:i f.l PLl~'·PS D7.l.1 .• ':J97 .2:.1 l .'f 77 3 1 6 NAT. GAS 0 0 
3':,f.:6 G F :1 fi '.> L:-71.1 • q O C) .2~0 1. 371 3 1 b NAT. GA':. 0 0 t-3 

3:iiilJ rcLffll 11"1 AN'.:,. ECulf-. 1 :'/1 .1 • ri C 9 • 2 2 n 1.371 7 l 6 NAT. GAS 0 0 ~ ~· 
3 "J 73 C(H-~F·U1 f"•I~ ]311.1 .[~} • 2 11 ' 1.3}9 3 1 6 NAT. GAS 0 0 0 

31-, 16 W F I G H 1 '-' " I' [ V I C !' L'>71 .1 .blO • 12 ll • 749 3 1 6 NAT. GAS 0 0 
\,0 

I-' 
3':ib2 11\i). UL:tJ[lRY MA ti. 1371.1 • ~' 2 1 lf:.17li 1.oos 3 1 6 NAT., GAS u 0 

3 ', l:!~l H [ F f! I L /I L fl T I f,; r; :HJ 11 ·• 1 7
• 71. l 2.?. ~; 7 .516 3.375 3 l 6 NAT. GAS 0 0 

j ~If_.~) ~;I<:: C. : f h VI Cf M Ctl. 1371.l ?. 1,.· .... • 0 'l (! .614 7 1 6 NATa GAS 0 0 ....... , ...J 

3 ~:, ';'j MI~C. i' ut ll i Nf :'i 1 ·3 -, 1 • 1 .uu; • 017 • 105 3 1 (, NAT • CAS 0 0 

ii 
I I 
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3 (, 12 H< A t,SI· (iP~·iC w:: } 7 '-' •. , 3. 7 !lH 0 3::, ~ .. 4.166 3 1 6 NAT. GAS 0 u ~~~ 

3h21 MGTO~s/rf~LRATC~~ '• :16. 7 :. 0 4 ~q 0 34 b 3.882 3 1 6 N ft T • GAS 0 () 

3( ;: 2 ] t)["J e cu,·1R,JLS 1 4 I\. ~l ....... l ?,CJ 0 0 /-{ 0 .150 3 1 f, NAT. GAS 0 0 

3io2J WLLOl~( APPARATUS 1f 2. b 103 6 '3 • 2 0 3 1 .. 730 3 1 f, NAT. GAS 0 0 

3629 Ell::CT. IN::. f.... F' f-• t, t, fl TU ~.i 1 41'. ':l 0 7 1 ~ .. fJ98 .B33 3 1 6 NAT. GA~ 0 0 

3 f:41 l L t. C Tl-, I C L A t-1 P ~; l 41! • q :. ,. 2 ~4 • 'I 75 "• 050 3 1 6 NAT. GAS 0 0 

!, f.; 4 3 Ml~; r. I L [ CT I H C ft L P t> I< T 'S 1 'I,:.• L) • 7 fl 9 .. 1 0~ 0 897 3 1 f. NAT • GAS 0 0 

j f;'l4 fl.E CT. l NS UL/ F T TT I NL~, l'Ul. 'l 2 0 '.)" l .qf: 30217 3 1 fi NAT. GAS 0 0 

3b~l RAP 10/T I/ 14 ,.~ .. 'J .994 .021 l o2b6 .s 1 6 NATo GAS 0 0 

3f.52 r 11 u r; o ~ r· c o R r, s I r A P r l'l g. 'l • ~) 0 1 .. 07'1 6.33q 3 1 6 NAT. GAS 0 0 

?,U,l T E l ic· P I : n ~; [ T [ L r "' F Ar· !I H8.'l ~ 0 6:'b • 64 5 7 .. 08B 3 1 6 NAT o GAS 0 0 

311 t,2 f</TV Tf;.\N~MIT 14H.'3 • -, 1 8 .101 .918 3 l (, NAT. GAS 0 0 
3t, 72 CAT II rt:: f i< A Y l V T UflE ~ 14 8. 9 'I. 983 0 73::, 6.23'1 3 1 6 NAT. GAS 0 0 

3674 SEtilCQ/'\!r'LJCTOKS 14 H. 'l 1. 5 t:, 0 0233 1.99" 3 1 6 NAT. GAS 0 0 
:',6 7'J MISC .. ,ucr. C ti t·1P. 148.'I .821 0 121 lo036 3 1 6 NAT. GAS 0 0 
~ f, '11 STG~AGr 8~TTEkJtS 14 8. ') 2.H5 "389 3.059 3 1 6 NAT. GAS 0 0 

3 (,94 ELECT. TC fNGTNf 14 e. 'J 2.2~7 • 33'1 2. 85'1 3 1 6 NAT. GAS 0 0 

3 71 l MOT 0R FHICLES l 't:i4. lt 36 • 4 f, 2 1"371 40.947 3 1 (, NAT. GAS 0 0 

371] TRUCKS/lllJS n 3 0 3 0780 ,. Of,3 t 1 o O't 8 3 1 6 NAT. GAS 0 () 

I-' 3 714 MOT OR vr111CLE r' t RTS 1371.1 2 .2 ':) 7 .. H,'J 3e375 3 1 6 NA l • G·As 0 0 

w 17 lt, rnurK THAlL[RS 31~.6 .703 .053 1 .. 055 3 1 6 NAT• GAS 0 0 
N 

3721 ~.IRCtU.F r 2,15.6 6.741 .. 503 10.021 3 1 6 NATo GAS 0 0 

3ne AlfiCQi1f'T PARlS 315 "i:, 1.202 • 09 0 l., 793 3 1 6 NAT. GAS 0 0 

~Pl SIi Ii" t' ll T LD li'JG !3/1.1 1 .. 4 0 7 .. 1 OL 2 .. 110 3 1 6 NATo GAS 0 0 

3 732 BOAT~; ~-l ~. (, • 1 1 7 .011 .211 3 1 6 NAT., GAS 0 u 
37':d MOTORrYrL[S/BICYrLE~ ')3 0) .H56 .057 1 .. 139 3 l 6 NAT. GAS 0 0 
3 f'l l [MGl~lERING lNSIRUMLMT~ g3 .. 3 0 {.. 0 4 • i-, 2 ., 728 3 1 6 I\JAT • GAS 0 0 
3 t< 22 A l' T (1 M f.. T l C C O N T k O L S <)3 .. 3 1 .. r..12 .4~7 1.920 3 1 6 NAT., GAS 0 0 

3 t-.41 Mt. fJ IC AL I 1'1 S rn U M f t, T :::: Ct .3 o 3 .4D ,.11 E .. 498 ~. 1 6 NAT. GAS 0 0 

3!1.'12 MUlJCJIL SUPPLJE~, 93.3 ., 3 81 "l O 8 G 4"i4 3 1 6 NAT., GAS {I 0 

384~ DENTAL r r.u IP. 93.5 "132 "0 4 0 ..169 3 l 6 NAT .. GAS 0 0 

3 b5 l 0 f-· I! T I! AL •q C GO O fJ S 76 .. 7 .. 1 B2 0 (J !:, 1 0216 3 l 6 NAT,, GAS 0 0 
.3 [\ bl PtlOTfl f':UIP • 971.3 4.731 .290 5.,316 3 1 6 NAT .. GAS 0 0 

:. q 11 JfWE.U-1Y 93., :~ "on3 0015 ol 18 3 1 6 NAl .. GAS 0 0 

) q l 'J SIL'vfq!.J!IR[ 93 .. 3 1. 1 (J 5 .. 164 lo 4 03 3 1 6 NAT., GAS 0 0 
3 ~ .31 MllSICAL rn S Tk U ~· rf-,: T S <J3o3 • 'l 95 • Ob 2 .. 628 3 1 l, NAT. GAS 0 0 
3<i4'J s F-o Hr 1 ~: r GUO[)~ ~i 3. '.) 0 2 ~,5 .. 042 .327 3 1 €, NAT., GAS 0 0 

3 CJ51 pub /I, r: r; r. IL s '; 3. ;'i 0 2 112 .. 04 0 0308 3 1 6 NAT. GAS 0 0 
FJ:,3 M A R I( ! ~1 f, D E V I C f S 93o3 .1 H • 02 ~- "174 3 1 6 NAT. GAS 0 0 
3<:i:,~ CAR r1 (1 tJ •'AP [ F< / I N K R l t'::. 0 I\~ '13. -~ l. IJ 2 :, • 17 (J lo 297 3 l t~ NAT. GAS 0 0 

.3%1 CCISTtWf J[WELr:Y g3.3 • 1 4 H .025 ,d 88 3 l 6 Nt,T o GAS 0 0 

3'H:2 M;TJt J('Ti1~ Flllt.;T~; ':'3. !. 0 1 fl 8 .OlB .131 3 1 6 NAT. GAS 0 0 
3 C,(,L; N [ [ D 1.F ~ If l N!': / II 1) <H< S r.3. 3 • (, :a; t • l (If 0812 3 1 6 NATo GAS 0 0 ,~ 
3gg9 M I :: r • t-', C, ~ l I • f'f{O [: u C n: Ct~.•:) .. H 'J .. 02 f• .. 21" j 1 6 NAT. GAS 0 0 

0 
\.0 
1--' 
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A.2· BRITISH UNITS 

SIC 
PROC TMP 
HEATR 
FLOWR 
SAE 
SYS 

1 
2 
3 
4 
5 
6 

B FUEL 
OP 

0 
1 

SOP 
0 

1 
ENERGY/UNIT 

Standard industrial classification code 
Process temperature (F) 
Heat rate (Btu/h) 
Maximum steam flow rate (10 3 lb/h) 
Standard annual energy use (l.OElO Btu/yr) 
Possible systems in order of applicability: 

Direct hot water 
Indirect hot water 
Direct hot air 
Indirect hot air 
Steam flash 
Steam generator 

Backup fuel 
Operation code: 

Continuous 
Batch 

Seasonal operation code: 
Continuous 
Seasonal 

Energy required to produce one unit (Btu/Unit) 

133 
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Ill 

? 0 l l ~1 ~ A 1 f t,r:t< H;i, PLH,T Y10.0 J. ~J ') 0 :, .. 1 ~) (J 3.030 2 1 6 NAT. r.•<- 0 0 
,u 

'-)1-\.._. -211) ..i S A lJ ~~ J\i, t ~: / I R t P A Fd l! t·lf A T 3i:: (JO u :~.c-PO ? el 7 {, 1.340 6 2 1 NAT. GA5 0 (: 12000.uo /LB I.II 2 t) 1 t; P ,i U I 1 f, Y fl fl [ S SI rn, f L f. NT 1 't O. (; 1 .5 • .! fl 0 7. lC ft 2.730 f, l 2 NAT. GAS 0 0 

? n ;• 1 Cf-· t l ~1 ~ i Y b UT I F I- 170. il lb.3i)fl fe37'j 3 .. 3'?0 6 1 2 NHo C.AS 1 0 
~= :;/ 

~ o;,;; 1 N,~ T • fl v; ~ F n r r ::., ' t L; c fi f: E" ~. r ? Ii u. 0 • 'l·-r· 
0 • .:. -' U ? • 0 fi(l 2. ?hO 6 3 2 NAT. GAS 1 0 £85.00 /LB 

2 ll 22 A 01 ti ~ t. •· R Ci (. lJ C T I t, N l ':-5 • £1 • fJ u 5 .005 0002 6 0 0 NAT., GAS 1 0 
2 11?2 f· CH£ t 'T r· k c, filJ c I T r, l\i 1 G 3. fl • (i r-7 • (., 6 r, • 0 24 (,, 0 0 NAT. GAS 1 0 
?u;'~'.C Cllt'f~:f "H (,UUC l I C,t, 2 0 0. u 3.21':, 2. t,:.l 'l 1 .. 191 6 0 0 NAT. GAS 1 0 

'.!h'..'.'.!i• Ct1fFSf ;-; f<. (;fJUC 1 I Cl\i lhS.O • u 77 • 0 { [! .02H 0 0 0 "'1H. f,AS 1 0 
~ 

2 (J ::2 i OH f ~;f ~kODUC I l OtJ 1 'J 5. 0 0410 ., ~ti3 • 1 't 9 2 6 0 NAT. GA~ 1 0 

?fl22f c11r r ~f r: F l'HllJC TI fr. l (IO O (J .001 0. 0 0 (J .003 1 0 0 NAT. GAS l 0 

? 0 ? ;~ C, C 11 t f ~. L f IU:flllC l In~. f fl l). ti .940 o.oou .342 3 0 0 NATo GAS 1 0 

20~3T CGNr[N~tO/[VA~. t,,' I LI\ 4 0 il. 0 14 • 2 r, u l}.9f.0 5.170 3 6 0 l\ii.T. GAS l (J 

2u23A COfJGU\l:"·r[1 MILr<. f'ROOllCT JOrJ HO. 0 t;. 2 3 0 3.7f:.O le5't1 6 0 0 NAT .. GAS 1 0 

2023ci CONnENSfO MILK ~·f{O[llJCllllN H, 0. C 0835 .739 0 3 0 4 6 0 0 NAT. EAS 1 0 
?023C cn~~[N~ro MILK r'Rc.nuc r l(J1\J 2::, 0. C ., 4 70 • 403 .1 71 6 0 0 NAT • GAS 1 0 
2 0::: .5 [, CON H r. '''. :T MIL f\ Vi<C,LUCTIGN ::i 7'5. fl ~ .. 4 7 7 CJ• 0 u 0 1.266 3 0 0 NAT. GAS 1 0 

2024 I Cf rPr&H/FP0Z[~ DESFRT 170.n 2.410 1.100 .f.02 f 2 1 NAT. GAS 1 (j 

2026 HUIL ~'fU' 170 •· 0 3 "5 70 4o35G .830 6 2 1 NAT. fAS 1 0 24.00 /LB 

2 032 CA ri fff f1 'YlflAL TlfS 250.0 18.fl50 l"lotiOO 7 .. &42 6 3 0 t.lAT. GAS 1 0 250.00 /LB 

;! 0 j3 C: A I\, f,i t. [• F R lJ [ l / V f C,. 2~0.n 10.000 2. or,(• 4 .. 10 0 2 6 1 NAT. CiAS 1 0 

2(L14 OHIE.O fl~UT1S/VFC. 3~J0oiJ H.~ori 9. 50 u 5.loO 2 " 
f, NAT. GAS 0 0 

1--' 
2 U .)~) PHf<U.r ffilll TS/V[G. 300.0 4.310 2. O'J 0 lo340 b 2 0 NAT. GAS 1 0 

w 2 [13 7 r f; (j z r-N r R. u l T / V L ( • 190 .. 0 &0300 4.95? 20600 2 1 £, NAT. GAS 1 0 
+" ~ ti 3t< fJ'-:()!t.lJ (i-·f.ClJ;l.llfS 1 f: o. n 'j .. '/1 (: fi. 9lli 2., 02 G 6 3 0 NAT. GAS 1 0 3'10Co00 /LB 

2 Ci "11 FLGUR!(;1it-1NS 250.0 2. ;o u 1. 0 ll C lolOO 6 3 2 NAT• GAS 1 0 

2 O'i 3 C [ k [AL': 2~- o .. n ::'f,.400 20.',50 lloOOO 3 6 2 NAlo GAS 1 0 
2D45 FLGUh/G~AlN MIXf~ ~·'::, U .. 0 ~. CH,G 4.700 1 .. 053 - ., 

ti ,., 0 NAT. GAS 0 0 215.,00 /LB 
2 0 '17 PfT r fj ,, l' 2:.0.0 s.2~0 llJ.040 10924 3 6 0 NAT. GAS 1 0 1505.00 /LB 
2 048 ANIM/,L Ff r n ~2~)o0 7., l 2 l1 4 e O (1 () le 4 fl 3 6 0 NAT. GAS 1 0 n.. 00 /LB 

20~1 HfUAD/l'flKLO Gf.Gf'S 4 !'i O "ll 2. is'9 0 .772 .. 90 0 4 3 2 NJI.T., GAS 1 0 
20S2 COOKIL~/CRACKfhS 4~> 0. 0 12.220 1 .. 901i 2 .. 5'112 3 6 0 NATe GAS 1 0 2700 .. 00 /LU 

2llf5 CtNGY/r'NflCTIONS 20000 4., b OU 1., 41 0 l., 460 6 4 3 NAT., GAS 1 0 
? f,f.6 CHUCCLATI PR OD. 2~ (j. (i 21 .. 200 30220 Lt. 'ii 1 0 3 '• 6 NAT. GAS 1 I) 

2 [177 AN 1 r· fl.I. FAT::,/Oll.S 3"' 0., 0 b. 'J 2 0 f.. • 86(J t 1 .. 'i 4 0 6 3 0 NAT. GAS 1 0 5800.,00 /LB 

2C75 SHOfdF t( Tf\!CS IO f L 2- 35 G .. t; 1~)'7etJu0 82 "70 0 16ofi00 6 3 0 NAT" 0.S 1 0 275.00 /LB 
20H4 iJ 1 r·, rs 36000 ;~. 1 D (I 2.,lJ?b lo300 3 6 2 NAT o GAS l 0 

2 08:i LIGUO~:s 3UJ.u 22.400 26.f,7[1 14,. 0 Ci 0 6 5 2 NAT. GtS 1 0 

2 0 !'6 SCFT i: 1< I f!r, :': 170 0 () 3elfib 1 .. 42 0 e969 2 6 0 NAT., GAS 1 (j 

2 liH7 FLAVCl'-<.l~FS 250.0 & .10 0 0. ll Ou lo6~5 3 4 0 NATo GAS 1 0 
20:d CAM·it.f' <:' f I- f (l(ll) 3': [J. 0 .5. ii O 0 3 .. 047 1., 6 0 0 t Li 2 NAT o GAS 1 0 

? 09:! f l ~:~!I~ I' ,\t DOD 3 5 0 0 fl 1 .. 7f.. 0 1 .. G31l .. 549 f.. 2 0 OIL l 0 

2 t1 '3~, COfHI 3 o o. n 11.120 7..22 IJ 2o3!3 4 f, 0 NAT., (AS 0 0 
:_J (J "; 7i ICL J~,O.J .. no n D (l O 0 .078 2 l 0 NAT,, GAS 0 0 

;~ tl '3 8 MAC µf<(.t l :rn o. o 3. fl O 0 1 .. f;7 [J .9 36 6 " 2 NiT. GAS 1 0 
2 0 Lj';) MISC. ; "();·:;. 300.0 11 .. 390 2ollG 1.369 6 '• 2 NAT. GAS 1 (l H 

2;: 11 q'ilH•:; t, t /.VJ N ~; ~ fl O. 1) .31 e 7 (] (J ;> ~ • (J ~ [: 9.800 1 3 6 NAT • GAS 0 0 ~ 
2?41 SI" AL I ~i ,·AV l I· J.i.f"; ! C 3 DO. 0 3. 2 0 0 2. f,5il loOGO 1 3 f, NAT. GAS 0 0 0 

I..O 

2? !)3 K tJ l T PU r f:1-W [ AH 3no.n 3 0 :_,, 4 0 2. f. t. u l., 04 u 1 3 & l\!AT. GAS 0 0 t-' 

2 ?61 F !fl! :-i i :T u~ l, R (JI,. I , C O 1 T L f.J 27~1.() ::,4. 100 43. H Ci 16 .. 900 1 3 6 NJ\T .. GAS 0 0 
~!~:U F l ~J ! ', ~- I U, I; HG A ii f A I; F' l C !.: 600 .. l) 12. (l lJ 0 •j O 5 3 (1 3 .. 730 1 3 6 NAT. GAS (j 0 

;.: ? 71 w u v • r, c ,. id· :· l :, 1 11 u v: 3 (! (j 6 fJ 4. l :) u 3.:,10 1 .. 300 1 3 6 NATo GAS I) u 
2 ~!9,) l' FI: Cl.::, r r f, Y f I L L l rJ C ~ 3 or,. n 14.000 H .. 87C 4. 2 2 0 1 3 b NAT. (;AS () 0 
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Ill 

22'l5 COAll[ i A f~ h IC S 300.0 2. fi 6 0 4.030 • 9 ii 0 1 3 6 NAT. CM, 0 0 -u 
?. 311 M6Lf (/Hf~ .520 1 3 6 NAT. GAS 0 -2:> 0. u l.6f0 .85t; 0 • 2321 MAU ~ t• f RT S ;,r, 0. 0 1.~~00 .t.lf .373 l 3 6 NAT. GAS~ 0 Ci 

~ 
II II 

23?7 MALE. i-· A~. r::· 2-: [j. 1} 1.800 • 50 ~. .550 1 3 6 I\AT • GAS 0 0 '1,,,, ~ 

2329 M AL f t1 1 ·~ C • C L O T i ! f ~ 250.0 • B 1 4 .421 .254 1 3 6 NAT. GAS 0 0 

2331 F[MALf TCP5 :?5{l. Cl • Lt 5 0 • 23! .1 u 1 3 6 NAT • GAS 0 0 

2335 HM ALF r;R[SSES 2':', 0. 0 .314 .1£.2 .096 1 3 6 NAT. GAS 0 0 

2~39 FfMt1LE 11 I SC. CL C HH. S 2~0.0 • 3 S f1 • 2 OE. .124 1 3 6 NAT. '3AS 0 0 

2352 HAT~/CAFS 2~·0. 0 .441 .22r .138 1 3 6 NAT. GAS 0 0 
2 3(1 l G uu:.; QUT[RWE /1.R ?:iO.u • 't 4 f:, .231 .139 1 3 6 tJAT. GAS (j 0 

2 3tJ<J G I f{ L S I·~ T S C • 0 U 1 t F 1,r f AR 2::· 0. 0 .269 • 1:., ~ • 08 '• 1 3 6 NAT. GAS 0 u, 
2386 L E A Hi [ r.l S ll [ f P CLOTIJFS 2:.>0. 0 .584 .302 .182 1 3 6 N/1 T. GAS 0 0 
23b7 EEL TS 250.0 • 3i8 .19J .115 1 3 6 NAT • GAS 0 0 

2389 MISC. Afllf:f 250.0 • '• 53 1.07!::. .140 1 3 6 NAT. GAS 0 0 
2 3':12 HOU~L L ! rH: NS 2~, 0 • 0 1 • 7 0 0 l.31~ .522 1 3 6 NAT. GAS 0 0 

23% DECORJTTVE ADOkNING 250.0 • 134 .096 • 038 1 3 f. NAT • GAS 0 0 
23% AUl O /!PF AiH'L 250.0 .9~ 0 .769 .310 1 3 6 NAT. GAS 0 0 

2399 MISC. rnfJRIC PROO. 250.0 • 9 4 0 • n<.J .290 6 3 1 NAT. GAS 0 0 
;~ 4 21 SAW f'i ILLS 2 0 iJ. 0 2. 4 00 1. 0 u 4 1.000 3 4 6 NAT. GAS 0 0 

2 4 31 MI LL ,HiR K 200.0 • 72 0 .282 .280 6 3 1 NAT • GAS 0 0 

? 4 2t:. HAR [J ~i G G r: /FLOOR MILLS 2 (l O. 0 • 841 .331 .330 1 3 6 NATe GAS 0 0 
2 ,, ~.1 MILL.JG~:K 200.0 • 720 .28~ .280 1 3 6 NAT., GAS 0 0 

I--' 2436 PL vwcor. 350.0 24.400 10.040 10.0CJO 3 6 0 NAT. GAS 0 0 
w 2441 WflO[J :: n )( f S 2 fl O • D • 8 0 u .314 .320 1 3 6 NAT. GAS 0 0 
\JI 2 Lj 1)1 IJ Cl O [) f' F r. S ll< V 1 ~J G 200.0 .660 2 • 23f. 2.200 1 3 6 NAT. GAS 0 0 

24q9 MISC. WCGO PR0[1 .. ? fi O. 0 2.llD 1.0~0 1.000 1 3 6 NAT. GAS 0 0 
2 ~ 11 IJOOil FUHNITUR[ 1~,0:0 .400 .~07 .110 3 4 6 NAT., GAS 0 0 
2~d2 WOO[) FLF{N. W/UPl'OLSHY 140.0 1. 3 4 0 1. 2Lt 4 .420 1 3 6 NAT. GAS 0 0 

2~15 MATTf.f :;:<.:ES 2 n O. 0 l.GlO • 9:.Z,6 • 31 't 1 3 6 NAT • GAS 0 0 
2 ~) 19 MlSC. fuRN. 200.0 • 6 f. 0 • 613 .210 1 3 6 NAT • GAS 0 0 
?.521 woon GFFICl FURN. 200.0 .910 • 64 fl • 2B't 1 3 6 NAT • GAS . 0 0 

2 ~i 2 2 METAL OFFIC[ Fllf<N. 2 u O. 0 7. 4 0 Cl 6.f.87 2.310 1 3 6 NAT. GAS 0 0 

2531 PUhLIC ,~Ff]C[ FUlrn. 200.0 2.330 2. H.'t .730 1 3 6 NAT. GAS 0 0 

2 ~ 'tl uror f'A·~TTTIONS 200.0 .800 .745 .250 1 3 6 NAT. GAS 0 Q 

2 !J'i 2 Mr T AL f' !\ ~ T f T l c, ~l S 200.0 2.8Cdl 2.608 .874 1 3 6 N/IT. GAS 0 0 

2 ~-q 1 DRftl•if<Y HAHr1WAf<[ 200.0 1 • •j 2 Cl 1. 41 u • '*73 1 3 6 ('lA T • GAS 0 0 
2:1':t9 MISC. fUHN. 2 no. o .flB~ .824 .276 1 3 6 NAT. GAS 0 0 
2 f. 31 t' f,r- !-Ht-\0 t, IHl 360.0 5110. Cl O 0 447.LtOU ;::40.000 6 1 0 NAT. GAS 0 0 

2641 Ct)AHU -:; AFfR 525.0 }'l.000 7.156 4.720 1 3 6 NAT. GAS 0 fl 

2 £42 Er~ VF: L ( 1 I" CS 300.0 2.020 1. 03 0 .690 3 1 6 NAT. GAS 0 0 
2643 fHGS 300.0 3. fl O 0 1.923 1.300 3 1 6 NAT. GAS 0 0 
?645 PlE.-CUT PAF'FR 3 0 0. Cl 3.210 1.623 1.100 3 1 6 NAT. GAS 0 0 
?649 CONVEP lTU PAPf ~! 3 ll O • 0 ,,.2(,0 2. l f.. 0 1.450 3 1 6 NAT. GAS 0 0 
2 6~it! FGL[;Jt.1G FAPER BOHS 300.0 3.670 1.860 1 • . 30 0 3 1 6 NAT. GAS 0 0 

2t.52 SfT-lJF PAP[R flOXES 3110. 0 1.010 • 51 U • 34'* 3 l 6 ~AT. GAS 0 0 

2 65.3 CldH11,C,t.qc [:JOXFS 3JO.O • 7 ci 0 3.99b 2. 7LO 3 1 6 N/IT. GAS 0 u t--3 

2b:i::, Fl i:, Z: F CYLINDERS 3 () 0. 0 • t. ti 0 3. 2? G 2.2uo 3 1 t, NAT. GAS 0 0 ~ 
2 U,1 [3 l'' I LG I ~; r PAP f R ~~ l L l. ~ .3 7 0. 0 120.uuo n.ooo 'IO.,rno 3 1 £:. N Ji. T. GAS 0 0 0 

2711 Nfws:tl\f'•HS 300.0 • ~4 fl • 2 0 :'I .185 3 1 6 NAT. GAS 0 (I 
\.0 
1-l 

2 721 PrR l(,fiICAL" ~\ (i O. (l .235 .067 .081 3 l 6 NAT. GAS (I 0 
2731 E.10(1 KS 3 (IO• 0 • ~; J'j .217 .158 3 1 6 NAT. GAS 0 0 
2732 BG1)h f'P INT ING 300.0 1.600 • :.86 .536 3 1 6 NAT • GAS 0 0 

275.l LEllfK ''RF<:~ ;rno.o • '• :3 5 .164 .150 6 3 1 NAT. GAS (J 0 
I 

fl 
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2 7':J2 L l TH!IGF'. i\Flf 3 GU. fl 0::; 4 6 'o 2 0 fl .183 6 3 1 NAT. GAS 0 0 N -2 7f 1 MJNlfGL[ PRINTJ~G 3110.0 l. 2 (l 0 • 4 ~. 2 .412 3 1 6 NAT. GAS 0 0 • 27b2 BL A l~K f1 l1l1K ~. 30 0 .. 0 l.UBO .407 .371 3 1 f, NAT. GAS 0 0 ii JI 

2789 B O O ~' B B. n lf.l G 3 ()(IO 0 .29E 0112 .102 3 1 6 NAT o GAS 0 0 ...... ~~ 

27ql TYPf~[TTING .3 0 0. 0 .1~8 o05C:, • 054 3 1 6 NAT. GAS 0 0 

2793 PllOH,[~Jr.RJl.VltJG !OG.O • !S.3 7 .. 121 0116 3 1 6 NAT. GAS 0 0 
2 /113 mo .. liAHS 300.0 :CO.ODO 20.710 8.~40 6 2 3 NAT. GAS 0 0 

2 Hl 9 I ND. I ~1 0 R G AN I C S 300.0 ltJ4.000 2B6.2ou 1-20.000 6 2 3 NAT. GAS 0 0 

? fl? 1 PL A~~ TI r" 21"'0.0 220.000 110.000 ·-70. 0 0 0 6 2 3 NAT•' GAS 0 0 

2B22 SYI\ITllrT IC RUB8fR 2 0 0 .. 0 303.000 238.000 '.;8 .100 6 2 3 NATo GAS 0 0 

2831 BIOLOGifAL PROD. 3 {) 0 0 0 3.300 2 .. 261 .9'10 6 2 0 NAT. GAS 0 0 

2 £-.34 P H A R ~1 t. C t U T I C A L S 250~0 5. 0 5 0 5.086 2.100 6 2 0 NAT. GAS 0 0 
2b41 SOAPS/nrTEHG[NTS 5 0 0 • u 11.000 8.630 3.550 1 6 3 NAT. GAS 0 0 
2 8'+2 SANITATJO~J GOODS 325.0 1.730 1 .19'1 .490 1 3 6 NAT. GAS 0 0 

28'+3 SUHfACf AGfNTS 3 0 0 0 () 21.110 'ta 4 U u 5 .9'10 1 3 6 NAT. GAS 0 0 

2 f:.~ 1 PAINTS 30000 3.'JOO 2.688 1.110 l 3 6 NAT. GAS 0 0 
2 BL!:: CVCLIC CRGANIC'S 350" 0 140.000 130.000 28 .. 000 6 3 1 f\iAT • GAS 0 0 
2869 IND. OP,-:Al'JICS 350.0 566.300 287.'+00 176.700 6 3 1 NAT. GAS 0 0 

2e73 NI1R0Gf~f0US FERTILIZER '+ 0 0 e 0 3-4.000 33.910 14.000 6 3 1 NAT. GAS l 0 

2874 PIJOSHIATE FfRTILIZEF: 70 0 "0 13.7. 0 0 0 290.600 120 .. 000 3 6 0 NAT. GAS 1 0 
2 {\79 PEST If 1 f:ES 300., 0 u.ooo 7.'169 3 .. 080 6 3 1 NAT. GAS 0 0 

2891 GLUfS/~i::ALANTS 3GO.O 10.cOO 70335 30020 3 1 6 NAT .. GAS 0 0 

..... 2892 fXPL0:3IV[S 3CO. Cl 91.700 46.180 28.600 6 3 1 NAT., GAS 0 0 
L,..) 2893 INK 30000 3.240 2. 236 .922 3 1 6 NAT .. l:iAS 0 0 

°' 2899 MISC. Cf-EMICALS 30000 9. 7 tl O · 6 .. 706 2 e 7/li 0 6 3 1 NAT• GAS 0 0 

2911 0 IL Rf F HJ T NG 10 0 0 .. 0 1900.000 3.,832 1200 .. 000 6 2 3 Oll 0 0 

2 951 PAVING f'>A TL .. ~GO., 0 11.noo 3.249 2 .. 300 3 4 2 NAT., GAS 0 0 

2952 ASF HH T 5 0 0 .. 0 1.000 4.09£ 2.900 6 1 0 NAT. GAS 0 0 

29':12 GRfAS[S 30000 1. ·HlO 1.138 .BOO 6 4 2 NAT., GAS 0 0 
2999 PfTP.OLrl.M/COAL ~F?OfllJCT~ 32500 44.300 20.000 l'teOOO 6 3 2 NAT .. GAS 0 0 

3 uf.9 MISC .. Rl1Br3fR ~,r, 0 0 0 13.000 3.8~2 'to 0!10 3 1 6 NAT. GAS 0 0 
3079 Ml~Co PLASTIC 425 .. 0 2.460 1. 24 7 0170 3 ] 6 NAT• GAS 0 0 

3111 lEATttFR PROCES~lNG 140. 0 10.]50 20829 3.170 3 1 6 NAT. GAS 0 0 
3 l fl LUGGAGE 20 G .. 0 .790 .220 • .. 250 3 1 6 NATe GAS 0 0 

3171 II A r.J [' n AG s 2 fl O. 0 .. 410 0206 015'1\ 3 1 6 NAT., GAS 0 0 

3199 MIS r:. Lt A TilfR fCGD~ 200.0 .404 .. 20& 0152 3 1 6 NAT .. GAS 0 0 

3211 fl AT GLA~S 2700., 0 :l7B.~no 141.BOCi lf:i0.'100 3 1 6 NAT. GAS 0 0 

3229 BLOWN (;LA~S 2600 .. 0 22.600 1.109 9 .. 4 00 3 1 6 NAT. GAS 0 0 

3 231 (.LA:::S PROfl. 12000 (j 2 0 2 0 i) 1.097 "930 3 1 t:, NAT., GAS 0 0 

3241 HYDRAULIC CLM[NT 2100.0 5~3.00U 271.300 230.,000 3 1 6 NAT. GAS 0 0 

3 2:',l bnICK/flAY TIL[S 22uo.o 48.000 2:',.590 20 .. 000 3 6 0 NATo GAS 0 0 

3253 CERAMJr TILES 220000 10.300 5. 071 4 .. 300 3 1 6 NAT. GAS 0 0 

3259 MlSf:o CLAY 37:. .. 0 17. B 00 7.156 5 .,890 3 1 6 NAT. GAS 0 0 

3269( POTTfkY 2? 0 0., 0 't .. Q O 0 a991 o B'f 0 3 l 6 NAT. GAS 0 0 
3271 CONfRfTE BLOCK~/fRICKS 400.0 3.100 1.533 1 .. 330 3 1 6 NAT. GAS 0 0 
3272 MI :3 C • <:GNCREH 2 40" 0 2.200 "55'+ .473 3 1 6 NAT. GAS 0 0 1-3 

!;:1:1 
3 '?73 R~AOY MIXED CONCRETf 1:iO.,O .003 .ooe .001 3 1 6 OIL 1 0 I 

3 2 74 LIMF 2500.,0 160.000 8':J.630 76.000 3 'I 6 NAT• GAS 0 0 0 
\.() 

327'::, GYl-·~Ur-', PROD. 33300 10& .. 300 26.570 33.800 3 1 6 NAT. GAS 0 0 f--1 

3281 CUT ::,Tn~..:E Pt<ori. 1~0.0 •. HO 0083 .010 3 1 6 NAT. GAS 0 0 
3291 AililASIVFS 3·75. 0 fi.5£,0 3.399 2 .. 900 3 1 6 NAT. {;AS 0 0 

329::: AS11E'STGS j') 0 0 0 25.UOu H .. 150 12., 0 0 0 3 l 6 NAT. GAS 0 0 

329,3 0ASt,f:.T~/~[ALS 300.0 2 .. 10 G 1 .. 061 ., 900 3 1 6 OIL 0 0 
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3 ?<)5 GF.CUNf· /J]NLKAU 2oeo.o ~:>.?,CO ?7.13{; 23 • 0 00 3 1 6 NAT. GAS 0 0 
,u -3 2C"t6 MINfRt,L ~!O.JL 2':J U. 0 ~J ~J • .3 (l (j 2 7. 13 (l 23.000 3 1 6 NAT. &AS 0 0 

{., 3299 NON-MfTAL MINFRILS :',JO. 0 7. 2 (J Ci 1.765 1. 5 0 0 3 1 (, r•JAT • G/i.S 0 0 

3317 SH FL F I PE IT lW f 3 0 0. fl 23. ll O 0 6.687 7.850 3 1 6 NAT. GAS fi 0 ~:,:,V 

3321 Gf. A Y IR ':N 3 0 J. ,) 2:,.i,00 7 .4£') 8.530 3 1 6 t-JA T • GAS 0 0 

3;533 z I r1J C f, F F llJ rn G 2'100.0 903.~:>G(J 164.400 ?bl.900 3 1 6 NH. GAS 0 0 

3334 ALUM. f,(fINrnG 4 ;-o. o 150.GOO B!i.HO 95.000 3 1 6 NAT. GAS 0 0 

333'J MISC. M f.. T ~ LS R f F l N 1 f•I G 300.0 42.7UiJ 12.750 14.tOO 3 1 6 NAT. GAS 0 0 

3341 ALLOY~ ~3~0.0 19.700 5 .85':i 6.710 3 l 6 NH• GAS 0 0 

33% MI~ C. t•;J-Tft.L FORMING 300.0 l 't. f. 0 0 1. 't 5(-' 6.530 3 l t; NAT. GAS 0 0 

3361 ALUM. C IISTJNG 300.0 f.. 3 7 0 l.901 2.220 3 1 6 NAT. GAS 0 0 

33(.2 ALLOY fAS.THJG :'lOO.O 3. 550 l. 06 0 1.210 3 1 6 NAT. GAS 0 0 

3369 MISC. CASTINGS 300.0 6.390 1 • 90 !:l · 2.180 3 1 6 NAT. GAS 0 0 

3411 MfTAL CIIN~ 200.0 18.900 1. 7% 6.200 3 1 6 NAT. GAS 0 0 

3 4;.:3 Ii/NI> T1:CLS 2 0 (l. 0 4.Jl+O .394 1.360 3 1 6 NATe GAS 0 0 

3.'.t 25 MISC. •!tiRDl~AR[ 2no.o 1.380 .132 4.530 3 1 6 fllAT. GAS 0 0 

3 '131 EMM\EI.FC IRON PLUMblNG 2uo.o ?3.100 2.1n 7.540 3 1 6 NAT. GAS n 0 

3432 BRA!-:S PLUMBLUJG 200.0 2 .6'10 .342 lal80 3 1 6 NAT. GAS 0 0 

3'-133 Fll[L Hr~TERS 2 0 0. 0 5.530 5. 277 1.820 3 1 6 NAT. GAS 0 0 

~441 STRUCTURAL MfTIIL 2 £1 u. t1 1.980 .188 .650 3 1 6 NAT. GAS 0 0 

3442 MfTAL 0:10R:':> 2 0 0. 0 1.73-0 .165 .570 3 1 6 NAT• GAS 0 0 

~443 BOILE.H SHOPS 200.0 4.400 .419 1.450 3 1 6 NAT. GAS 0 0 

1--' 3444 SH[[T f•![TAL WORK 200.0 .n6 .120 .416 3 1 6 NAT. GAS 0 0 
w 3449 MISC. MfTAL WO~K 200.0 5. ~) 0 0 .537 1.aoo 3 1 6 NAT. GAS 0 0 
......... 

3't51 S C R F I! I" t, C H1 NE S 200.0 • 64'i .Ott .221 3 1 6 NAT. GAS 0 0 

3':52 NUl S/t•fll. TS/SC RU!~ 2 0 0. 0 6.4'10 .063 2 .110 3 1 6 NAT. GAS 0 0 

3471 M£TH PLATIN6 2 0 0. 0 1. Li 4 0 .176 ef. l 0 3 l 6 NAT. GAS 0 0 

3'179 MISC MfT~L SURFtCE TRfftTMENT 2 0 0 .. 0 2.120 .12e • 661 3 1 6 NAT • GAS 0 0 

3'193 S TH L ~ FR H:C~S 8~· 0. 0 12.300 1.162 4.030 3 1 6 NAT. GAS 0 0 

3 't 94 P I F r t- I TT HJ GS / V A L V f S 2 (l O. 0 9.620 .895 3 .110 3 1 6 ~J AT• GAS 0 0 

3496 WIRE PRCD. 2(10 • 0 .112 .016 .056 3 1 6 NAT. GAS 0 0 
3'199 MISC MfTAL PROD. 200.0 1.200 .114 .393 3 1 6 NAT. GAS Q 0 

3515 IN T F. P f.; t, L C OM B • ft\iGlrJfS 2no.o 22.'H:O 10.470 7.810 3 l 6 NAT. GAS 0 0 

3522 f.Akr-'1 M/ICHINfRY 250 u • 0 3. t 00 2.013 1.500 3 6 0 NAT. GAS 0 0 
~~2'i G A~ tl Ui r,.· AC t!J N f R Y 2500.0 3.600 2 .013 1.500 3 1 6 NAT. GAS 0 0 

3 5 31 CC N 5 1 Ft IC T I O ~J ~I AC HI I~ t. HY 2!'i!JO.O 7. 7 lJ C 4. 29::. 3.200 3 1 6 NAT. GAS 0 0 

?,533 OIL FILLO MACH. 2soo.n ~.600 2.013 1.500 3 1 6 NAT. GAS 0 0 

.3 ~'-11 MUP-L CUTTING TCOLS 2~00.0 2.u10 t.230 .915 3 1 6 NAT• GAS 0 0 
35'12 Mf.Tfl f1RhING TOOL~ 2500.0 2.B70 t.315 .979 3 1 6 NAT• GAS 0 0 

354'1 TOOLS 2~_00.0 • 3 t, fJ .201 .150 3 1 6 NAT. GAS 0 0 

35·45 MACHHJ[ lr,OL ACCESS 250(1.0 1.uOO • 5 "!-7 .400 3 1 6 NAT .. GAS (j 0 

3 ~!:Jl FOOD PRCO. liACH. ~:500.0 l • ll O 0 • !::,3 7 • 4 u 0 .3 1 6 NAT. GAS 0 0 

3 559 SFFCIAL MAChlNEfY 2!:' 0 0. o 1.~ou .605 .600 3 1 6 NAT. GAS 0 0 

3 i:, t- ~ PUMr.s 2seo.n 3. 'IO 0 t.879 1. 4 0 0 3 1 6 NAT. GAS 0 0 

3~;,f6 GfAHS 2tOO.IJ 3 .100 1. 7 4 ~; 1.300 3 1 6 NAT. C.AS 0 0 

35f8 PGWf~ T~ANS. [~UJP. 25t10.0 3 .1(10 1.745 1.300 3 1 6 NAT. GAS 0 0 t-3 
3 573 C,OMPUTFRS 2500.0 2.220 1.677 1.250 3 1 6 fliAT. GAS 0 0 

~ 
I 

3576 IJfIGltlf\it: (:[VICfS 2500.0 2. ll H l1 • 95 ~'i • ·110 3 1 6 NP.T. GAS 0 0 0 

3582 INO. ltLNGP~ Mt,rH. 2500.0 2. fl 00 128.400 • 956 3 1 l NAT • GAS 0 0 
\0 
~ 

35tl5 R ff R. IL /I EA 1 HU, [GUI I • ?:.•10.n 7. 7 n 0 4. iJ5 t: 3.200 3 l 6 NAT. GAS 0 D 

3 58':i MISC. SFRVICl Ht, Cti. 2:: fl O. 0 1.210 • 3 lf. .582 3 1 6 fllAT • GAS 0 0 

3599 Ml Sr.. MJIC1!1Nf! 2 !::. 0 0. 0 • !> 0 0 • 13't .100 3 1 6 NAT• GAS 0 0 

3U2 H. /I r,, S F r1 ~ t:f I< ~' 3 ~ 0. 0 1 l ~ ~ 5_0_ _ _ _ _;, ! 5 7 £i 3.95fl 3 1 6 NAT. GAS 0 0 .J. 
I 

' 

f \ 
.I. 
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SIC PFGC TMf' i-1 ~- !l, 1 H F LO~:R SAL SYS b FUH CJP SOP rNGUY /UNIT 
,u -

3(2} MOTORS/C[N[rAT0RS 1100 .. 0 11 • ti O 0 2. 74 c;, 3 .. £.80 ~ 1 6 NAT. GAS 0 0 
1.i1 
~ - " 

3622 Hln .. f.Oi\TROLS 3 ft O. 0 1. 8 'I 0 f, ·t., . ~.., .. 14 2 3 1 6 NAT,. GAS 0 0 

3623 IJ E L [!l f.; G APP AR A T lJ S 3 ;,i 5 e U 4.670 1 • L l Ci 1. t: 4 0 3 1 6 NAT. GAS 0 0 

3629 fLECT .. INOo APFARA.TUS 300.u 2.45G 0 7 7 4 .790 3 1 6 NAT. OS 0 0 

3 6'11 f U C 1R 1 C Ud-1 i<~ 3 0 0. (1 11.liOO 3.71::.f. 3.6't0 3 1 6 NAT. GAS 0 (j 

3643 M 1 S Co flE.CTIRCAL rirn~ 30000 2.420 .. E32 .. 850 3 1 6 NH. GAS 0 0 
3644 ELErT. lNSUL/t ITTINGS 3CO.O 8.670 2 0 5fi6 3.050 3 1 6 NAT. GAS 0 0 
3t51 RAfilO/TV 300.0 3.391 .H-7 1.200 3 1 6 NAT. GAS 0 0 
31:,52 PHOI\JO H•COHD5/TAPf. 3 ll O. 0 1.110 .550 6.010 3 1 6 NAT. GAS 0 0 

3661 HLEft 10I\E lil[Gl,APh 3 0 0., 0 19.200 t. 708 6.720 3 1 6 NAT. GAS 0 0 

36f:.2 R/TV TFAN~MIT 3 0 0 .. 0 2.450 .850 .870 3 1 6 NAT. GAS 0 0 
3672 CA Ht r D f RAY TV TUtJ[S 30000 11.000 ~,.614 5.'HO 3 l 6 NAT. GAS 0 0 
36 74 S[MICONDUCTOR~ 3 fl O .. 0 ::,0 39 0 1.852 1 .. 890 3 1 6 NAT. GAS 0 0 

36 7'-J Ml SC .. ~lfCT. CO 1-\P • 3 0 0., Q 2.8UO .962 ., 982 3 1 6 NAT .. GAS 0 0 
3E,G} srnRAGf ~ATTERlfS 3 iJ O. 0 8 .. 4 5 0 3.090 2 .. 900 3 1 6 NAT .. GAS 0 0 
3f:.'14 flf.CTc IC rNGHJf 300 .. 0 7. 70 0 2.652 2. 710 3 1 6 NAT. GAS 0 0 

3 711 MOTCR Vt~HICLES 2c.~o .. o 124.ti'OCJ 10.880 38.820 3 1 6 NAT. GAS 0 0 

3713 TFUCKS/PUS 20 0., 0 2. 6 f..0 a41B .. 994 3 1 6 NAT. GAS 0 0 
3714 MOTGR VEHICLE PARTS 2~,00.0 7.70(1 J .;H5 3:200 3 1 6 NAT. GAS 0 0 

I-' 3 715 HWCK Tr1AILERS 60u.o 2~4UO 0420 1 .. 0 0 0 3 1 c NAT. GAS 0 0 

L,..) 3721 A JR CF! /IF T 600.0 23.000 3.993 9ab00 3 1 6 NAT• GAS 0 0 
CX) 3728 .AH.ChAFT ('ARTS 6 0 0 .. 0 't .100 .715 1.100 3 1 6 NAT. GAS G 0 

3 7..31 $HlF PLill[•ING 2~00 .. 0 40800 • 8'i 1 2 0 0 0 (j 3 1 6 !IJAT. GAS 0 0 

3732 (;O.A TS bii O., 0 • 't Ou .084 .200 3 1 f, NAT• GAS 0 0 
3751 ~OTORCYCLE~/BICYCL[S 2 DO. u 2.920 .452 la080 3 1 6 NAT• GAS (J 0 
3811 ENGl~EfRING TNSTkUMfNTS 200.0 2. 0 6 0 1.369 .690 3 1 6 NAT. GAS (l 0 

3 H22 AU T Ml A T l C CO I~ T R O L S 21) 0. 0 5.500 3.627 1 .. a20 3 1 6 NAT. GAS (I 0 
3 t: 41 M(CH'H HJSTRUMt~NTS 200.0 l .. 4 1 0 • 939 o'! 72 3 1 6 NAT • GAS 0 0---, 

3fi't2 MEDICAL SUPPL![~ 2 0 0 .. 0 1.300 .854 .430 3 1 6 NAT. GAS 0 0 
. Hl't ~. DENTAL. CQUIF • 2 GO., 0 • ti b 0 .316 .,HO 3 1 6 NAT. GAS 0 0 

3 b~,l OPHTHAL~IC Goons l 7 0 .. u .l20 .'tOb .. 205 :3 1 6 NAT. GAS Cl 0 
3861 J--HOTO r·~UJr. 200.0 16.1'10 2 ... rn1 50040 3 1 6 NATo GAS 0 0 

3 911 JLWfLRY 20 !J .. 0 .. 317 ,. 123 .112 3 l 6 NAT• GAS 0 0 

3 914 SlLVU:W!Rf 2 0 G .. 0 ~ .• no 1 .. 'l~il lo330 3 l 6 NAT., GAS 0 0 

3931 MUSlC,\L lfl!STRUMftJTS 2 o o. n 1.690 • f.5 3 0595 3 1 6 NAT., GAS 0 0 

3 11'19 SPORT!tJr Gi10DS 2 OU .. 0 .,870 .336 o3 l Cl 3 1 6 NAT. GAS 0 0 

3951 P~NS/PffJC ILS 20 0 .. 0 0827 .319 .. 292 3 1 6 NAT • GAS 0 0 
3953 M A R K l f\: C D E. V I C F: S 2 0 U e 0 .466 "180 .. 165 3 1 6 NAT. GAS 0 0 
395!5 CAREON PAPfR/J~K RlbRONS 2 noon 3 a 'I 90 1 0 3~ l 1 .. 230 3 l 6 NAT o GAS 0 0 
3%1 C O S TU l'l [ J E i,J f L P Y 2 0 0 a f.l oh05 "l '35 .. 1 7f.. 3 l 6 NAT • GAS 0 0 
39f.2 i ARTIFJCJAL PLAMTS 201)" (t .. ~70 .1'13 • 13 0 3 1 6 tJAT., GAS 0 0 

3 ~)f.4 ' NfEDLf ~ IP ItJS/IWOV.C: :uo.o 2 a 1 7 U .. 541 0770 3 1 6 NAT" GAS 0 0 
3q99 MISC .rH,U .. H,OOllfl~:. 200.0 • ~ 77 .222 .to3 3 1 6 NAT., GAS 0 0 I t;d 

I 
0 
I..O 
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APPENDIX B 

SOLAR COLtECTOR EQUIPMENT DATA BASE 

B.l SI UNITS 

A Shading and blockage factor 
XNUO Optical effici_ency 
PHI-AHA 

CR 
DTILT 

$/SQM 
A$/SQM 
B$/SQM 
HR/SQM 

M-AREA 

0 
1 
2 
3 

TEST 
MFG 
DES 
EDNR 
CDBE 

u 

Tracking efficiency, where applicable; acceptance half angle for 
CPCs (degrees) 

Concentration ratio 
Difference in tilt from a polar axis mounting (degrees); if 

= 999, collector is horizontal 
.F.O.B. cost per m2 of collector($) 
Auxiliary equipment cost per m2 of collector($) 
Special additional costs per m2 of collector($) 
Required hours of installation labor per m2 of collector 

(person-hours) 
Standard area of one collector module (m2 ) 

Collector Type 

Flat plate 
Parabolic trough 
Compound parabolic concentrator (CPC) 
Parabolic dish 

Annotation of Data Origin 

Data derived from test data 
Data derived from manufacturer information 
Data derived from design information 
Performance efficiency data not verified 
Cost data are best estimate 

Heat loss coefficient as a function of collector operating 
temperature (W/m2 C) 

139 



UI 
Ill 
N -~~ 

Ill.Ill 

r.ntu nc1: f !. Kl OHf:AtJC[ J.t.L co~ 1 u.rt. ~~~ 

xr1u LI I-It I - All~ CH [.Tl L l 1 /SCll-i A:! /~QM E:i/SC.M HR/SGM ~i-AR[A TYP[ NOTES 

rl AT 1-Lt. 1 i t. Li.() fl LI [I .17 1 • (1 [l I. 0 Li. 0 lJ ltlo'lO 16 .1 'l o.oo 2.65 2. t~3 0 T[ST con ' 
I l A 1 PLAT l- t• Ci. Q O O 0 • H'f 1. 0 0 l • iJ 0. C 0 12,.12 16. Jll o.oo 2.69 2.23 0 TEST CDb[ 

r L t. T l"L /.Tl C. I' 0 (, (1 • 7 t~ 1 o L) 0 l • 0 li. CJ 0 H.lo40 26.90 o.oo 2ol5 -106 7 0 MFG CDUE 
FL t. T i urr [I n.nnr.o • h ~: 1 • i10 1 • ii (1. 0 0 129.12 21.52 OoOO }.61 2 .. 23 0 MFG COB[ 

f' LAT ~LAH I: - 0. G G LG .t-.~ 1.0G l. 0 0. 0 0 12:i.12 5. 613 o.oo 2.15 1. Bl: 0 TEST 

L •'C 1 •• )( AH A-: 3 !'.. o.oono • : 'f 38. no 1.3 lJ. 0 0 265.00 o.oo o.oo 2.15 3.2~ 2 MF& EDNR cou 
f:r·C 1. ~ X At! A:: .3'1 • 0.0000 • f li 3 4. 110 1.5 o. r.o 265.0C! o. 0 0 o.oo 2.15 !.25 2 DES £ON!< COO[ 

r i, f Shf L t Er.~. A .n1r,o • t!', • '"ti 6.0 (I. 0 (I 17;!.16 96 .84 Hol't 2.58 29.73 1 TEST 

rt-' l S r.t L I I f.5 q 0.0000 • c".3 1.00 24.0 G'FJ. 00 215.20 21.52 16 .. 14 3.23 7.43 1 TEST CD8E 
r> ~ R r, l: OL l l'. TF OUGtl A • r, >: t 0 • f, 3 0 <;,fl 3bo7 999.00 155.48 OoOO 22.06 4.30 4't.59 l MfG 
i' /,f, f... i. CL IC 1 r Glr<,11 b • 1 fl n Cl .1,._ • '3 c- 12.5 o. 0 0 269.00 o.oo 10076 3.23 7.43 1 MfG COB[ 

f'I, ~ I-;, r L I C TflfLGh C .11100 • 7 '2 • c E 25.0 999.00 236. 72 o.oo 10.76 3.23 14.66 1 MFG 
;, ~ ;, f. t' (LI r. rFi I' I;(. 11 fi • 1 '17 !: • LG • '~ l- :: 'f. 5 599. fj(l 225.96 o.oo 10 0 76 3.23 15.75 1 TEST COB[ 
,, ;,." /...1:,:,L IC 1 f< JL C.ii f .O~tu • t; f, • <Jb 21:..1 5')5 0 cc 204.44 t4a86 li:.ol'I 3.23 32.52 1 TEST 

f· f.Hf...b t-L f( HCLC:H F .162 2 • t: u • C-, 8 3:;.. 6 fJ • 00 279 • 7f:., 43004 10.76 3.23 :n.16 l MFG EDNR CDH 
f' Ah f. t, ('L l C Tr r:t;i:;1; L • 1 0 'l 0 • Li:• o ~1 (; It O. b 999.00 204.44 21.52 16 o l 'I 3.23 }ll.86 1 DES EDNR 

LlrJl r or u I~; r. A • ;-5 0 0 • 6. ~ .98 35.0 999.00 25~.tH, 2lo52 10.u. 2,.15 37.16 1 TEST 

~ 
LI Lt I- Q(.L) 1 f·.G B • :? 06 f-- • It 7 • c., h 4 3. 0 9g9 • 0 0 3CJ}.28 o.oo 10.76 1.61 42.01 l HST CD[l[ 

+' L Ir'[ fOCII l Ni, C • :> 1 4 2 .~G • CH 2B. 0 995.00 236.72 o.oo 10 0 76 3.23 23.50 1 DES EONR 

0 P Al f. I• C.l. I ( [ I~~ A (l. [1 0 0 0 .77 1. 0 U 2370.0 ~q9.ou 720.92 o.oo o.oo o.oo 26.29 3 MfG EDNR 

iJ -- t'[AT U, S :: C ut:F F IC I rt,, IS , 1. /S G ~ C 

T [ Vt-,' E ,. f; T lJ fi E, r E f'F EE_ C l O. u 3 7. t 6:,. t 93.3 121 .1 l48o9 17f..7 204.4 23202 uo.o c:8708 31506 343.3 3-rl.1 396.9 426.7 4~4o4 '182e2 

FL:-. T t'L Ii 1 [ A 3.i-l?7 ~- 112-, 3.6?7 3. fi2 7 
FL Al •LAT r f 1 4. f-. ?2 4 • t 2L 'f. f 2 2 4.f.22 
FL tT i·L /1 l L C ~ .• 'IO 7 3. 't O 7 3. ti 117 3.407 
l LH t'L /. H n b.t114 LhH t. 111 4 
r L i,J i: L /IT i [ t .1 t•';I t.Hct E.1.~'3 6.11!'1 f.Jt.9 
CFC 1 • ~ )( n-<A=3ti. • lj ~ 4 • 4 !.'i lj • 4 r. 4 • 4:: 4 • !j l l • :i 11 • s Ei t • 62~) • 7.3 tJ 
1:,,r 1 • : )( 1~ •• t. :. 3 4 • .4~4 • 4 ~' 4 • 4:: If • 4:i't • 4 ::4 .511 .511 .566 0 :i 68 .568 
f Pf~ I, [L l. L l,S .~ .:d·'f • 21''! .::.11 • ti :J 2 1. 1 S2 l.53j 
I t< [ ':, ~. ~ l l[ I,:.:. _, • ~ 4 l .?,L;} • ? 4 1 • 3 4 l • 346 .369 • It JS • 4 t. 'l a~ 0 [) 0 5£,2 0619 .681 
F' :, h A:3 t;L IC rri r.uc H t • : '. 4 • ~; ~ 4 • :i '4 • !' 3', • 5 ~'f .534 • ':' "3 4 • o5L .579 .. 602 .625 o63t 
f' t. ht. r1 ; L 1 C 1H r.1J;;11 G o l- t 1 • f, t: 1 • t f 1 • 6" l • 7 :' 8 0 65;;> • ';,O 9 
f' f,f11, ~1 Ol 1 C 1HCLCH C .:Sf-0 • 3 f, ;J .4?b • 'i3 7 .471 .454 • ~ ?b .5t8 0 5 '?6 .636 .bt4 .681 
~. t.h At) i-,L l (" ~ f- CL Gt\ f, • :' 7 ~. • :: 7 :_ .n3 • ~I/ 3 0 ;i 7 3 0 2 7i: • ~ c,~ .312 .325 o34b .3(9 0357 
i'f.kAhrillC ·1 FIL(' Ii t • 'I~ 7 • 'I:: 7 ... : 1 • <t 3 7 .::.,,,t: c356 • :! Ii 0 • 3Bb 0357 .426 
F J f, A f CL 1 f: l f- CLGII F • t~ "1 2 • t, ~ '} P" ') • [J ~-~) o H ~~ 2 • !l:', 2 • t• ':1 ; ... abt.~ 
P A I: A !J u L -I r ; R r L(.t, ;:; .u,1 • (, b 1 • f, ['. l .ffl • 6Pl .un • (, 11 l .6ol o6Bl 
LI i.i: F oru l r-. G A • 2 't 4 • 2 lt 4 • 2 lt It • 2 l; 4 o2:6 .278 • .312 -~~2 .397 ·" 60 .517 • 566 ,i LH;C:: t ocu if',(., !-- .H:- • lf .- • 1 b::, 0 1 t_ ~ • l f: 7 • ls') 0::: 21 • ::_ 4 '+ • 2 t l 0 28" .312 0341 
LI r·,f f C.C U 1 ~' r, C .11'1 • 114 .lH • 11'1 • l 14 • I 1 11 .170 .221 • 2H'i 0 3'l l 0 3c;7 .'154 
r-1'.f,t.f'.:LIC [;I:~ I f, • C 1 7 • C 1 7 • 01 7 o02~ .02j • 0 2 fl 0 0 :- fl .034 .. 034 .040 • u 4 0 0 04 !:, ., 045 .051 .051 .057 .057 .057 

1--' 
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B.2 BRITISH UNITS 

A Shading and blockage factor 
XNUO Optical efficiency 
PHI-AHA 

CR 
DTILT 

$/SQFT 
A$/SQFT 
B$/SQFT 
HR/SQFT 

M-AREA 

0 

1 
2 
3 

TEST 
MFG 
DES 
EDNR 
CDBE 

u 

Tracking efficiency, where applicable; acceptance half 
angle for CFCs (degrees) 

Concentration ratio 
Difference in tilt from a polar axis mounting (degrees); if 

= 999, collector is horizontal 
F.O.B. cost per ft 2 of collector($) 
Auxiliary equipment cost per ft 2 of collector($) 
Special additional costs per ft 2 of collector($) 
Required hours of installation labor per ft 2 of collector 

(person-hours) 
Standard area of one. collector module (ft 2 ) 

Flat plate 
Parabolic trough 

Collector Type 

Compound parabolic concetrator (CPC) 
Parabolic dish 

Annotation of Data Origin 

Data derived from test data 
Data derived from manufacturer information 
Data derived from design information 
Performance efficiency data not verified 
Cost data are best estimate 

Heat loss coefficient as a function of collector operating 
temperature (Btu/h ft 2 F) 
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r111t.~n111, rr~r·o~:MAr~n AM· cns,T rtTA '~~~ 
t,. ;,dlllO Flil-AHA CR l 1 TIL T :i/SGFT A:i/SQfT Lt/SQfT Hk/SOFT M-AREA TYPE NOHS 

i- U 1 n A H t. n • t, o c, li • 77 1 • O O l • 0 IJ • o ti 1 ~., • 0 0 1 • ~ 0 0 • 0 0 • 2 5 2 4 • 0 0 0 T E S T CO B E 
fLtT rLA(f H o.LDGO .~4 1.00 1.0 o.uo 12.00 1.50 o.oo .25 24.00 0 TEST CDBE 
~L~T PL~lf C o.nnoo .7~ 1.00 l .o a.co 1~.00 2.50 o.oo .20 18.00 0 MFG COB[ 
~Ltf fl.Alf n o.rono .~r 1.00 1.0 c.oo 12.00 2.00 o.oo .15 24.00 0 MFG CDB[ 
;-1.1.1 .l'L/ITr f G.f.Otill .f,3 1.00 1.0 o.GG 12.00 .90 o.oo .20 20.00 0 TEST 
,:oc 1.:X ;..fif.=..511. O.tifJOO .:..i4 31:.ilO 1.3 OoCiu 25.GO O.OO O.OO .20 35.00 2 MFG [C.NR CD5E 
cf C l • ~ . ..: r. ti~ = 3 4 • 0 • (1 C> 0 0 • £ D 3 4 • DO 1 • !:J G • Ii O 2 ~. 0 0 0 • DO O • 0 0 • 2 0 3 5. 0 0 2 IJ ES £ D N R CD r ( 
f HfS~!L 1.[NS t .rJPP .fP .~B 6.0 D.OO 16.00 9o00 lo50 .24 320000 1 1($1 
r f' l :; t; f l. L Pi~ ;·) 0 • n O n G • f. 3 1 • 0 ll ? 4 • u 5 9 9 • 0 0 2 u • 0 0 2 • 0 0 1 • =· 0 • 3 0 8 0 • 0 0 l • TEST CO b E 
f','.,hA,·(,LlC' rnr·liLII A .l,o~:o .(.~ .C'o[i ?.,i...1 959.00 14.115 o.oo 2.05 .40 'te0.00 1 HFG 
t'Af,A!.C-LIC rFOl.f.ii ti .lfl(iu .72 .9B l~.5 O.OO 25.00 0.00 1.00 .30 60.00 1 MFG COEE 
f•.thA(:.,,LIC TilCLGI, C .1000 .7:' .':!l ;>5.0 G';i«.oo 22.00 o.oo 1.00 .30 160.00 ! MFG 
i'ldd,t!i1l IC TPC'l:CH D .1c,7~ .fb .YB 54.5 ')99.0U 21.00 O.OO 1.00 .:30 170000 1 TEST COB[ 
-" t ii A P ,, L I C T R r l G I : [ • CJ ~-f C • f. f:. • '· [, 2 i • 1 . 9 9 9 • 0 0 l 9 • 0 0 6 • 0 3 l • 5 0 • 3 0 3 5 0 • 0 0 l T E !") T 
1•ilHAh(lllC fROLGh r .H,22 .fiO .<;.l:l 32.6 O.OO 26.00 4o00 loOO 030 400.00 l MFG [DNF- COB[ 
~ AHth.lL JC' IRr.Ubl! G .1050 .bt .90 40.6 9c:,;c;.oo 19.00 2.00 1.50 .30 160.00 l DES EDNR 
I. Ir, E f fl Cu c: J M ti A • ;: S O G • t: .S • 9 B 3 5 • 0 9 9 9 • 0 0 2 3 • 5 0 2 • 0 0 1 • 0 0 • 2 0 4 0 0 • 0 0 1 T ES l 

I-' LI l.f f O C Li~ Jr JC: O • ? O H • t, 7 • ~, u 4 3 • 0 9 ~' 'J • 0 0 Z B • 0 0 0 • 0 0 l • 0 0 • l 5 4 5 2 • 2 0 1 T [ST COB [ 
.p.. Llt'E fOrLJ~,Hlf: C .2142 .~.q .sf: 2tio0 9q9.0G 22.GO 0.00 1 .. 00 .,30 253.00 1 DES £0tJR 

•N F-t.kAlHiL.l( fl"I· A fJ.li[)(jQ .77 1.00 2370.0 99'J.OO 67.00 o.oo o.ao o.oo 2B3.0D 3 ~lFG [DNf< 

U -- t-1[AT L(;c.,; COfff JCIHiT~, t:-TU/1! ~:trT f 

lf~P[RATll~f, rEG~ff f ~u. 1no. 150. 200. 2~0. 300. 35U. 400. 450. 500. E50. 6000 650. 700. 750. BOOo BEOo ~00. 

ftr..T ~LATt A .t,74 .L74 .t-74 .£74 
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APPENDIX C 

METEOROLOGICAL DATA BASE 

Long term average daily total insolation on a horizontal surface 
[kJ/m 2 (Btu/£t 2)] 
Long-term average cloudiness index 
Long-term average daytime ambient temperature [C (F)] 
Clearness number 
Annual normal incident direct radiation-
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APPENDIX D 

PERFORMANCE METHODOLOGY DESCRIPTION* 

D.1 INTRODUCTION 

This appendix extends the utilizability method of Hottel and Whillier (1955) 
and Liu and Jordan (1963) for calculating the long-term average energy deliv­
ery of flat-plate collectors to concentrating sol~r collectors. To circumvent 
detailed derivation for the practical engineer, Sections D.2 through D.7 pre­
sent the derivation while Sections D.·8 through D.10 constitute a users' guide 
which may be understood independently. The solar radiation correlations which 
form the basis of the model are discussed by Collares-Pereira and Rabl (1978). 

Recent investigations by Klein (to be published)** and by Beckman et al. 
(1977) have reconfirmed the usefulness and general validity of the Liu and 
Jordan approach, while pointing out corrections to the underlying meteorolog­
ical correlations which are needed for improved accuracy. This approach auto­
matically averages year-to-year weat.her fluctuations and is sufficiently s~m­
ple to permit hand calculation. While an h0ur-by-hour simulation may be 
needed to predict the detailed performance of a particular installation, only 
average performance is of interest for general collector comparisons and for 
mass marketing calculations. For the latter purpose, the utilizability method 
is not only much simpler but also more reliable. 

The method averages weather data over many locations and years. Although this 
smoothes out weather peculiarities of particular locations, this is not a 
drawback. For example, a manufacturer would prefer to sell a single collector 
that is a good compromise for many locations instead of offering a different 
collector optimized for each location. 

This model predicts long-term average collector performance if the average re­
ceiver operating temperature (inlet, outlet, or mean fluid temperature) is 
known. If an operating temperature is not explicitly known, this method can 

*This appendix has been submitted as two articles for publication in Solar 
Energy: M. Collares-Pereira and A. Rabl, "Derivation of Method for Predicting 
Long-Term Average Energy Delivery of Solar Collectors; and M. Collares-Pereira 
and A. Rabl, "Simple Procedure for Predicting Long-Term Average Performance of 
Nonconcentrating and Concentrating Solar Collectors," Solar Energy, Vol. 23, 
P• 235 (1979). 

**Klein's definition of utilizability is slightly different from ours, but his 
method is equivalent to ours. For the example of the flat-plate collector in 
Table VI of Collares-Pereira and Rabl (1978), Klein's method is in agreement 
to 1% if the same value is assumed for Rd/Rh. 
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be combined .with the i f-Chart method of Klein and Beckman (1978) which ac­
counts for the penalties due to finite storage capacity. Although the ~ 
~-Chart method was developed for flat-plate collectors, it may be extended to 
all collector tipes if the ~ HT product of Klein and Beckman (1978) is re­
placed by our~ H 

11 
product (see Eqs. Do9-1 and D.10-S)o 

. co 

Experience in evaluating models of the Liu and Jordan type has shown that 
although the basic method is correct, specific formulas may be inaccurate be­
cause they are based on limited data. . The-ref ore, Sections D. 2 through D .. 7 
present the derivation in detail in order to facilitate fine tuning of the 
model as more insolation data (beam and diffuse) become available. 

Section D.2 of this appendix presents the factors rh_and rd, correlation fac­
tors between the _average instantaneous irradiance I and the average total 
daily irradiation H. These are convoluted with the incidence angl~ cosines to 
yield a formula for the long-term average daily total insolation Hcoll reach­
ing the collector aperture during operating hours. The operating time from 
tc- hours before noon to tc+ hours after noon is specified as input to account 
for collector shading. 

Section D.3 shows that the radia~ion actually absorbed by the receiver can be 
approximated by the product of Hcoll and the average optical efficiency n

0
• 

The average optical efficiency is obtained by averaging the instantaneous op­
tical efficiencies n over an operating day. 

0 

Section D.4 describes the connection between instantaneous efficiency and 
long-term performance. The analysis is based upon the utilizability concept 
of Hottel, Whillier, Liu, and Jordan. The utilizability ~ is the fraction of 
the daily average total incident solar radiation (D = day; t = time of day) 

H 
coll 

1 N 
= - l 

N D=l 
I 

t 
C 

-t 
C 

which is above the critical intensity level 

I 
X 

qloss =---n A 
0 

(D.1-1) 

(D.1-2) 

where qloss/A is the heat loss per unit aperture area of the collector. The 
utilizability is defined as 
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N t 
C 

l f [rcoll(D,t) - Ix(D,t)]+ dt 
D=l -t 

4> 
C = t N C 

. (D.1-3) 

l I \oll(D,t) dt 
D=l -t 

C 

where the plus sign under the bracket indicates that the summation and inte­
gration include only positive contributions. In terms of <P, the long-term 
average daily total energy delivered by the collector is 

(D.1-4) 

where F is the factor in the Hottel, Whillier, Bliss equation (Duffie and 
Beckman 1974; Kreith and Kreider 1978) that ·accounts for heat removal effi­
ciency. By a series of manipulations, the insolation values in Eq. D.1-3 can 
be replaced by location-independent, long-term average radiation correlations* 
(Collares-Pereira and Rabl 1978;** Liu and Jordan 1960). 

Section D. 5 approximates <P by simple analytical expressions that depend on 
only three variables. 

Section D.6 addresses the choice of nominal collector cutoff time tc. 

iSection D.7 presents a comparison of the model with the results of an hour-by­
hour summation of radiation d~ta. The average agreement is better than 3% for 
the available radiation data Heall and 5% for heat delivery of thermal collec­
tors. 

*This study is based on pyranometer plus pyrheliometer measurements that have 
recently been made available by the Aerospace Corporation. The data were 
taken at ~buquerque, N.M.; Fort Hood, Tex.; Livermore, Calif.; Maynard, 
Mass.; and Raleigh, N.C., with approximately two years at each station. 

**Fluctuations in hourly insolation I(f)/f are expected to be larger than fluc­
tuations in daily insolation H(f)/H since the reference period is shorter. 
Because of the dearth of data on hourly frequency distributions, we have used 
the fractional time distribution for daily insolation values, H(f)/H. In so 
doing we smooth some of the fluctuations of solar radiation and hence under­
estimate the output of thermal collectors. Since the time we derived the 
least-square fits for our curves, the frequency distributions have been 
reinvestigated by S. A. Klein and J. A. Duffie (1978) and by M. Collares­
Pereira and A. Rabl (forthcoming). 
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D.Q LONG-TERM AVERAGE INSOLATION Hcoll AVAILABLE TO COLLECTOR 

To simplify the presentation, assume that: 

(1) the portion of the ground seen by the collector, if any, has the 
same average brightness as the -sky, and 

(2) the collector operates symmetrically around solar noon. The 
arguments can be carried through for more general operating con­
ditions; one example being when the turn-on time ·tc- and the 
turn-off time tc+ of a collector are different due to heat ca­
pacity effects or due to alignment away from the north-south di­
rection. We consider a collector of geometric concentration C 
and allow for the possibility that C is low enough for a signif­
icant fraction of the diffuse irradiation Id to be accepted. To 
a good approximation, Id can be assumed to be isotropic; then 
the instantaneous irradiation available to the collector is 

(D. 2-1) 

where ecoll is the solar incidence angle on the collector. 

The long-term average daily total irradiation Hcoll available to the collec­
tor during operating hours (i.e., from t = -tc to t = +tc) is obtained by 
integrating over time of day t and averaging over a large number N of days: 

(D.2-2) 

Because of the magnitude of year-to-year fluctuations in solar radiation, the 
result is representative of the true long-term average only if the summation 
includes data for many years, preferably more than ten. Typically, one is 
interested in the average corresponding to a particular month of the year; in 
that case the summation should include the days of the month in question, for 
all years for which data are available. (A month is a useful but rather 
arbitrary time interval, and long-term averages could be defined equally well 
for a day, a week, a season, or the entire year.) 

Now, we replace the beam irradiance Ibby (Ih - Id)/cos e, where e is the so­
lar incidence angle on the horizontal. Interchanging the integral and summing 
in Eq. D.2-2, one obtains an expression 
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H· 
coll t 

D=l 

N 

_ ( cos 
6 

coll 1) 1 " J Ih(D,t) cos a - ] i~ Id(D,t) dt 
D=l 

(D. 2-3) 

which shows that only the long-term averages of the irradiances 

(D.2-4) 

and 

1 N 

l 
D=l 

(D. 2-5) = -
N 

are needed to predict !!.coll. It is convenient to replace irradiance I by 
daily total irradiation H by defining conversion factors 

N 

rhCt) l Ih (D, t) 
D=l 

rh(t) = = (D. 2-6) 
N 

~ l Hh(D) 
D=l 

and 

N 

rd Ct) I I/D, t) 
D=l 

r/t) = = (D.2-7) 
N 

Hd I Hd(D) 
D=l 

To an excellent approximation, rd and rh depend only on time of day t and sun­
set time ts and can be represented* by the functions (Collares-Pereira and 
Rahl 1978; Liu and Jordan 1960): 

*These expressions for rd and rh were obtained by combining data before and 
after solar noon and thus neglect any systematic morning/afternoon differences 
which do occur in some locations; e.g., Colorado in summer. This has no ef­
fect on the prediction of radiation availability Hcol~' and for thermal col­
lectors it is one of the "smoothing assumptions" that Tead to underprediction. 

155 



$=~1 1• 1 -------:--------------------------T_R_-_0_9_1 -~ ~~~ 

and 

where 

cos w - cos w 
1T s 

rd(w,ws) = T sin w - w cos w 
s s s 

a= 0.409 + 0.5016 sin(ws - 1.047), 

b = 0.6609 - 0.4767 -sin(w
8 

- 1.047), 

T = length of day= 86,400 seconds, 

and all times have been expressed as hour angles from noon in radians: 

21ft 
w = T and 

21rt
8 

w =--s T 

(D.2-8) 

(DfJ 2=9) 

(D.2-10) 

In terms of rd and rh, the insolation available to the collector becomes 

t 

Hcoll = i\i f c 
-t 

C 

cos ecoll 
cos e rh(t) dt 

t -iif c .. ( cos e coll - 1.) r (t) 
cos 6 C d .dt 

-t . 
C 

The time integrals are abbreviated by 

and 

Rd= ftc ( cos ecoll - l)r (t) dt 
cos 6 C d 

-t 
C 

R = ftc 
h -t 

C 

cos ecoll 
cos e rh(t) dt 

(D.2-11) 

(D.2-12) 

(D.2-13) 

in order to write the insolation available to the collector in the simple form 

H coll 
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We have chosen to enter the diffuse irradiation by means of the ratio 

N 

Hd 
l Hd(D) 

D=l -= - N 
111 l ~(D) 

D=l 

(D.2-15) 

because analysis of insolation data has shown that this ratio can be corre­
lated quite well with sunset hour angle ws and with long-term average clear­
ness index (equal to the ratio of terrestrial over extraterrestrial irradi­
ation) 

-
111 

=-
H 

0 

by the equation (Collares-Pereira and Rahl 1978) 

(D.2-16) 

-= 0.775 + 0.347(w
8 

- ;) - [ 0.505 + 0.261( w
8 

- ;) J cos[2(~ - 0.9)] 

(D.2-17) 

for o . 4 ~ i<h ~ o. 7 s. 

The above discussion shows that Eq. D.2-14 for Heall is completely equivalent 
to a summation of instantaneous insolation data for a particular location if 
rd, rh, and iid/i\ represent the correct long-term averages for that loca­
tion. The validity of our radiation model is therefore guaranteed to the 
extent to which rd, rh, and Hd/Hh can be approximated by the location­
independent analytical expressions of Eqs. D.2-8, D.2-9, and D.2-17. 

The quantities Rd and Rh depend on collector type, sunset time, and cutoff 
time; they are tabulated in Tables D-1 through D-5* for the principal collec­
tor types. The calculation of Rd and Rh is straightforward although in some 
cases a bit tedious. The simplest example is provided by the two-axis tracker 
because it satisfies cos ecoll = 1 at all times. 

*In Tables D-1 through D-5, dis equal to sin ws - w8 cos ws. 
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Table D-1. FUNCTIONS Rh AND Rd EOR FLAT-PLATE COLLECTOR WITH_ TILT f3 

R 1 [ (cos. ( A - fl) + £. (1 - cos fl ) ) ( a 
-11 = d cos A 2 0 ) sin w + -

2 
( sin w -cos w + w ) 

C C C C 

- ( 

COS ( A -$ ) p 
----- cos w' + - (1 - cos cos A s 2 fl ) cos w s ) ( aw c + b sin w c ) J 

Rd = ! [ ( co\~: ~ fl) - ~ (1 + cos fl)) sin w c 

_ ( co~
0

~\- fl) cos w~ - ~ (i i cos fl) cos ws) wc l 
Table D-2. FUNCTIONS Rh AND Rd FOR CONCENTRATORS WITH FIXED APERTURE 

(e.g., COMPOUND PARABOLIC CONCENTRATOR) WITH TILT f3, LATITUDE A 

~ 

Rd 

cos (A - S) 
( (a - b cos w' )sin w w' b (sin w cos w + Ul ~ = - a cos w +-d cos A S C s C 2 . C C ,C 

» ~ [(cos (A - 13) 1) . ( cos w cos (A - f3) COS W;) Ul C] + C 
s 

- - SJ.TI W d cos A C c cos A 

Table D-3. FUNCTIONS Rh AND Rd FOR A COLLECTOR TRACKING ABOUT 
EAST-WEST AXIS 

For high concentration C ~ 10: 

1 
w 

2 2 8) 1/2 R = d A 
J C dw (a+ b cos w) (cos w + tan h cos 
0 
w 1 2 2 0 ) 1/ 2 . Rd·= A 

f c dw (cos w + tan cos 
0 

For low concentration C ~ 10: 

R = 1 f w c dw ( ( cos 2w + tan 2 8) l/ 2 
d d cos >i. O 
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Table D-4. FUNCTIONS Rh AND Rd FOR ACOLLECTOR TRACKING. 
ABOUT NORTH-SOUTH AXIS .. 

Tilt S of tracking axis = latitude A (polar mount): 

a w + b sin w 
C C 

d cos A 

w 
C for high concentration, C ?, 10. d cos A 

Rd = 
w sin w - w cos w 

C C C s for low concentration, d cos A Cd 

Tilt S of tracking axis* latitude 11.:a 

~ =d 
1 

cos A I 
0 

w 
C 

dw (a+ b cos w) g(w) 

with g(w) = (sin 2 w + [cos (11. - S) cos w 

+ tan o sin (A - S)]
2) 112 

1 _(c dw g(w) for high concentration, d cos A 

Rd = 

1 Jwc dw 
sin w - w cos (Jl8 I 

g(w) - C C 

d cos A Cd 
0 

C ?. 10 

for low concentration, C < 10 

aThe integrals can be evaluated by Simpson's rule. 
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Table D-5. FUNCTIONS Rh AND Rd FOR,ACOLLECTOR WITH. 
1'WO-AXIS TRACKING --· --·----

aw +.b sin w 
C C 

d cos 11. cos o 

w 
C for high concentration, C ~ 10 d cos A cos 8 

I 
\ . 

! Rd= w sin w - w cos w 
C C C s 

d cos A cos 0 Cd -----' 

for low concentration, C ~ 10 

The solar incidence angle on the horizontal is g~ven by 

cos 8 = cos o cos A (cos w - cos w) 
s 

(Dci2-18) 

where o is the solar declination and 11. the latitude. When Eqs. D. 2-9 and 
D.2-18 are inserted into the definition of Rh (Eq. D.2-13), the integration 
yields 

aw + b sin w 

Rh,2axis = 
C C (D.2-19) (sin w - w cos w) cos o cos 11. 

s s s 

Rd for the same collector is 

Rd,2-axis = _(_s_i_n_w--:-w--c-o_s_w_) (-c-o_s_:_c_c_o_s_11. 
s s s 

(D.2-20) 

Note that Rd for the case in which C >> 1 can be obtained from the correspond­
ing equation for Rh by setting a= 1 and b = O. For collectors that are sen­
sitive to the exact value of the ground reflectance, Eqs. D.2-12 and D.2-13 
must be appropriately modified. For the benefit of readers who wish to verify 
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our calculation of Rh and Rd for other collector types, we list as an inter­
mediate ·result the ·cosine ratio (cos e coll)/ cos e in Table D-6. 

D.3 LONG-TERM AVERAGE OPTICAL EFFICIENCY 

Of the irradiance Icoll reaching the collector within its acceptance angle, 
only a fraction n

0 
is absorbed by the receiver; the rest is lost because of 

optical imperfections of the collector; for example, absorption in the reflec­
tor. (In the flat-plate literature, n

0 
has also been called the a-r prod­

uct.) For most collectors, the optical_ efficiency varies significantly with 
incidence angle and hence with time of day. For the purpose of calculating 
the long-term energy delivery one could measure the detailed functional depen­
dence of n

0 
on incidence angle and then fold this functional dependence into 

an hour-by-hour simulation or into the integration underlying the functions Rd 
and Rh in Eqs. D.2-12 and D.2-13. Fortunately, such a tedious procedure can 
be avoided by working instead with the long-term average optical efficien­
cy n (Tabor 1978*). Use of n is mathematically equivalent and greatly sim-

o O -
plifies both collector testing and analysis~ n is defined as the average of 

0 
n

0 
over time of day t and over a large number N of days D, weighted by the 

irradiance Icoll(D,t): 

1 N t 
l I C n (D,t) Icoll(D,t) dt N D=l -t 0 

C (D.3-1) n = 
0 1 

N t 

N l I C Icoll(D,t) dt 
D=l -t 

C 

The denominator in this equation is the long-term average daily irradia­
tion H 11 available to the collector, and the numerator is the long-term av-

co -
erage irradiation H 11 b actually absorbed by the receiver: co ,a s 

H = n H 
coll,abs o coll 

(D. 3-2) 

Since the angular distribution of the b~am component is nearly uniform when 
averaged over the year, it follows that n must be almost completely indepen­

o 
dent of clearness_ index. Furthermore, one does not need a large number of 
days to evaluate n, provided the range of incidence angles corresponding to 

0 
the days and hours in Eq. D.3-1 is representative of the year-round average. 

*Tabor's use of an average filter factor Ff in his Eq. A2 is equivalent to our 
long-term average optical efficiency. 
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Table D-6. RATIO (cos 6coll)/cos 6 FOR DIFFERENT COLLECTOR TYPES AS A . 

FUNCTION OF w, w , A, S, and 8 
s 

Collector Type 

Flat plate (azimuth~= O) 

Flat plate (azimuth~* O) 

CPC (azimuth~= O) 

One-axis tracking, 
E-W oriented 

One-axis tracking, 
N-S 

Two-axis tracker 

cos ecoll 
cos e 

(cosw-cosw') cos (A - S) s 
cos A (cos w - cos w) 

s 

cos e
0 

[cos (w - ~
0

) - cos (w~ - ~
0

)] 

cos A (cos w - cos w) 
s 

(with sin a
0 

= cos a sin A -.~in a cos A cos~ 

sine sin~ ) 
and tan ~o = cos S cos A+ sin S sin A cos~ 

cos ( cos w - cos w ') 
(A - S) s 

cos A (cos w - cos w) 
s 

2 2 1/2 (cos w + tan 8) 
cos A (cos w - cos w) 

s 

{sin
2 

w + (cos (A - S) cos w + tan o sin (A - S)) 2}1/ 2 

cos A (cos w - cos w) 
s 
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For most collectors sufficiently accurate results can be obtained by measuring 
the average day-long ~erformance during a single clear day. For thermal col­
lectors one should measure the heat output qout (in watts) at zero heat loss 
(i.e., W?en receiver surface temp·e~ature Tr equals ambient temperature Ta) and 
integrate over time of day to get n as 

0 

tc+ 

I [q t(t)/A]dt 
-t OU 

c- (D. 3-3) n = 
0 tc+ 

I Icoll (t) dt 
-tc-

measured on a clear day, with the receiver at ambient temperature. The turn­
on and turn-off times tc- and tc+ should be typical of actual collector oper­
ation, and the demand for testing on a clear day is added to insure uniform 
distribution of beam insolation. 

If the condition Tr = Ta cannot be satisfied, one must correct Eq. D.3-3 by 
adding the daily total heat loss calculated···from· the known U-value 

n 
0 

f ttc+ ( ( ) ) qou1 t + U[Tr(t) - Ta(t)] dt 

C =--------------------tc+ 
I I(t) dt 
-t 

c-
if the receiver temperature Tr(t) has been monitored, and 

n 
0 

.. t 

1_ c+( qout ~t) + U[T/t) - Ta (t)]) dt 
. · t AF . . C 

tc+ 
f I(t) dt 
-t 

c-

if .the average fluid temperature Tf ( t) has be.en monitored. 

(D.3-4) 

(D.3-5) 

A comment should be added regarding the relation between n
0 

and partial loss 
of diffuse and circumsolar radiation (Grether et al. 1974). To a certain ex­
tent, whether such losses are included in the insolation model or in the opti­
cal effi~iency is a matter of bookkeeping. We have found it most cenvenient 
to define the optical efficiency of collectors with low concentration (C ~ 10) 
with respect to the radiation Icoll within the acceptance angle (i.e., beam 
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plus 1/C diffuse). For collectors with high concentration (acceptance half 

· angles smaller than 2.8°) we assume that the efficiency is specifie~ in terms 
of the beam radiation measured· with a pyrheliometer of 2. 8° acceptan·ce half 
angle, as is standard practice. Thus the measured n

0 
automa~ically includes 

the loss of circumsolar radiation, but only for the time and location of the 
collector test. The problem of extrapolating to areas with different behavior 
of circumsolar radiation requires further analysis. 

D.4 ENERGY DELIVERY OF THERMAL COLLECTORS 

The Hottel-Whillier-Bliss equation (Duffie and Beckman 1974; Liu and Jordan 
1960) for the instantaneous collector efficiency 

n = F[n - U(T 11 - T )/I 11] o co a co 

serves as a starting point, with the notation 

U = collector loss coefficient or U-value (W/m2 C) relative to 
aperture area A, 

n
0 

= optical efficiency 
Icoll = irradiance (W/m2) on collector aperture within acceptance 

angle of collector, 
Teall= collector temperature, specified either as receiver 

(D.4-1) 

surface temperature Tr, average fluid temperature Tf = (Tin 
+ Tout)/2, inlet fluid temperature Tin' or outlet fluid tempera­
ture Tout' 

F = heat extraction or removal efficiency factor which 
accounts for temperature base chosen for Tcoll• 

The long-term average heat Q delivered by the collector is obtained by inte­
grating the instantaneous collector output per aperture area A 

over time of day t and averaging over a large number N of days D 

N 

l 
D=l 

t 
C 

I 
-t 

C 

F[n (D,t) I 11 (D,t) - U(T ll - T )]+ dt o co co a 

(D.4-2) 

(D.4-3) 

The plus sign under the bracket indicates that only positive values of the in­
tegrand are to be included. The functional dependence of n

0 
on D and t ac­

counts for incidence angle modifiers. The collector turn-on and -turn-off 
times are indicated as ±tc from solar noon. Asymmetric operating times can 
easily be accommodated by writing tc- and tc+ instead of ±tc. Shading between 
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adjacent collector moduies is accounted for by choosing appropriate values for 
collector cutoff time tc. 

Since we want to derive a model based on horizontal·insolation data, we relate 
Icoll to the hemispherical and diffuse irradiances Ih and Id on a horizontal 
surface. The precise connection of Icoll with Ih and Id depends on collector 
type--in particular, on the ability of the collector to collect diffuse radia­
tion from sky or ground. For simplicity we specify a collector of high con­
centration, but it will be clear that the argument is general and holds for 
any collector type. The irradiance available to a collector of high concen­
tration is 

1coll = 

cos ecoll 
cos 8 (Ih - Id) (D.4-4) 

where ecoll and 8 are the solar incidence angles on collector aperture and on 
horizontal surface, respectively. 

As shown in Section D.3, the optical efficiency n
0 

insid~ the integral can be 
replaced by the long-term average optical efficiency n outside the inte-

- 0 
gral. Since an average collector temperature Tcoll is assumed, and since the 
fluctuations in ambient· temperature Ta are relatively small, we can also re­
place the heat loss term by its long-term average 

(D.4-5) 

Taking into account these points, we can rewrite Eq. D.4 in the form 

- Fn ~ftc(cos e q ) _g_ = ~o L...J coll [I (D t) _ 1 (D t)] _ loss 
A N cos 8 h ' d ' -D=l -t A n 

C O + 

dt (D.4-6) 

The summation over days can be carried out in any order; in particular, one 
can order the days according to their level of hemispherical insolation Ih. 
We do this by interchanging land f dt and then replacing 

D 

by the integral over fractional time distribution 

1 
f . . . 
0 
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f is the fraction of time that the hemispherical irradiance values Ih(D,t) are 
·below the value Ih(f,t) •. A typical fractional time distribution of hemisp~e­
rical irradiance is shown in Fig. D-1 · [Fig. 12 of Liu and Jordan (1960)] and_ 
tabulated in Table D-7 [Table 3 of Liu and Jordan (1960)]; we used this table 
as the basis for our computations. In terms of fractional t·ime distribution 
we can rewrite Eq. D.4-6 as 

_Q_= 
AFn 

0 
f tc f 1 

(. cos e coll ql · ) 
dt [rh(f,t,)-Id(f,t)] - _oss 

-t o cos e An + 
C 0 

df 
/ 

(D.4-7) 

We interchanged I and J dt to allow for the possibility that the fractional 
time distributioR may vary with time of day t; in this case the f integration 
would have to be done first, as shown in Eq. D.4-7. However, Liu and Jordan 
( 1963) found that the differences between fractional time distributions for 
different !imes of day were small enough to be negligible as far as the calcu­
lation of Q is concerned. Following Liu and Jordan we shall henceforth assume 
the distribution of irradiance Ih(f,t) to be given by the fractional time dis­
tribution of daily total hemispherical irradiation Hh (f). * This assumption 
can be expressed by the equation 

Ih(f,t) 
----= (D.4-8) 

where Ih and Hh have been normalized by their long-term averages. In terms of 
the correlation function rh(t) of Eq. (D.2-6) between irradiance and irradia­
tion, Ih (f,t) is therefo~e given by 

(D.4-9) 

The values of Id and Ih are not correlated one-to-one, but only in the sense 
of long-term averages. When transforming the sum over days to an integral 
over fractional time distribution we have implicitly neglected relative fluc­
tuations beween Id and Ih. The resulting error should not be too serious be­
cause the hemispherical component dominates. In any case, it must produce a 
conservative estimate of Q, just like all the other approximations that smooth 
fluctuations in operating conditions. Hence we assume the equivalent of Eq. 
D.4-8 for the diffuse component 

*The curves of Liu and Jordan (see Fig. D-1) have been reconfirmed except for 
some discrepancy which is due to the fact that Liu and Jordan, lacking the 
power of modern computers, had to assume a ,single value of extraterrestrial 
insolation for the entire month and thereby obtained some unrealistically 
large values of Kh. In view of the other uncertainties and approximations we 
decided not to redo the analysis of the curves at the present time. 
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Figure D-1. Fractional Time Distribution Curves of Liu and 
Jordan (1960, 1963) 
Note difference I in notation: we use the

1 

symbols' Kh 
I . ···-···- --- ··-· ·-· .• • ' 

,.instead of.KT, and Hh instead of H . 
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·Table D-7. · FRACTIONAL TIME DISTRIBUTION Kh 
AS FUNCTION OF f and~ a 

Value off for~= 

K· 
h 0.3 0.4 Oo5 0.6 0.7 

0.04 0.073 0.015 0.001 0.000 0.000 
0.08 0.162 0.070 0.023 0.008 0.000 
0.12 0.245 0.129 0.045 0.021 0.007 
0.16 0.299 0.190 0.082 0.039 0.007 
0.20 0.395 0.249 0.121 0.053 0.007 
0.24 0.496 0.298 0.160 0.076 0.007 
0.28 0.513 0.346 0.194 0.101 0.013 
0.32 0.579 0.379 0.234 0.126 0.013 
0.36 0.628 0.438 0.277 0.152 0.027 
0.40 0.687 0.493 0.323 0 .. 191 0.034 
0.44 0 .. 748 0.545 0.358 0.235 0 .. 047 
0.48 0.79~ 0.601 0.400 0 .. 269 0 .. 054 
0.52 0.824 0.654 0.460 0.310 0.081 
0.56 0.861 0.719 0.509 0.360 0.128 
0.60 0.904 0.760 0.614 0.410 0.161 
0.64 0.936 0.827 0.703 0.467 0.228 
0.68 0.953 0.888 o.792 0.538 o. 295 
0 .. 72 0.967 0.931 0.873 0.648 0.517 
0.76 0.979 0.967 0.945 0 .. 758 0.678 
0.80 0.986 0.981 0.980 0.884 0.859 
0.84 0.993 0.997 0.993 0.945 0.940 
0.88 0.995 0.999 1.000 0.985 0.980 
0.92 0.998 0.999 0.996 1.000 
o. 96 0.998 1.000 0.999 
1 .. 00 1.000 1.000 

aFrom Liu and Jordan 1960, 1963. Note change in notation 
from KT to Kh. 
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=--- (JY.-4-10) 

or, in terms of the conversion factor rd(t) of Eq. D.2-7, 

(D. 4-11) 

For the relation between Rd(f) and Rh(f), we refer to the correlation 

2 3 4 
= 1.188 - 2.272 Kh + 9.473 Kh - 21.856 Kh + 14.648 Kh 

(D.4-12) 

with clearness index 

(D.4-13) 

which was recommended in Collares-Pereira and Rabl (1978). The seasonal vari­
ation in the relation between Rd and Rh that was fo~nd by Collares-Pereira and 
Rabl has · almost no ef feet on the calculation of Q, and thus the year-r~mnd 
average correlation D.4-12 is acceptable for the present purpose. In terms of 
the function d(Kh), Id(f,t) can be written as 

(D.4-14) 

Inserting Eqs. D.4-9 and D.4-14 into Eq. D.4-7, a new expression for Q is ob­
tained: 

_Q = 

AFn 
0 

dt 1
1 

0 
df 

(D.4-15) 

which shows the advantage of having transformed everything to fractional time 
distribution. Since the integrand increases monotonically with f, the sub­
script+ to the expression can be dropped if a lower limit fx is indicated for 
the f integration; fx is that value off for which the integrand vanishes. 
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If the heat loss were zero, the lower limit fx would also vanish, and the 
right side of Eq. D.4-15 would integrate to 

which is just Hcoll of Eq. D.2-14 with the rotation factors Rh and Rd. (Note 
that the f integrations yield 

and (D.4-16) 

in that case.) 

At this point we recall _ the relation .D.1-4 between utilizability 
function~ and energy delivery Q: 

_Q = 

AFn 
0 

(D.4-17) 

Comparison between Eqs. D.4-15 and D.4-17 shows that~ can be calculated from 
the formula 

f l df (cos ecoll [rh(t) - rc(t) d(K. )]R (f) -
£ ( t) cos e -n -n 

X 

qloss~0H , An coll 
0 

(D.4-18) 

Our definition of~ includes the cutoff time tc explicitly and therefore dif­
fers, both in concept and in numerical value, from the ~ curves defined by 
other investigators. 

D.5 SIMPLIFICATION OF UTILIZABILITY 

In the last section we have approximated the exact expression (Eq. D.1-3) for 
the utilizability (which needs actual insolation data as input)· with 
Eq. D.4-18, which, is based instead on long-term average correlations. The 
latter equation is simpler and more universal, but it is still too complicated 

. 170 



TR-091 5 =~11flia;~I -~ '~~ ,----------------------------------
to be practical because it depends on a large number of variables (e.g., col­
lector type, tracking _mode, latitude, declination, and cutoff time, in addi­
tion to clearness index and heat loss). If the lower limit fx of the frac­
tional time integration were independent of time of day t, the order of inte­
gration could be interchanged. Then the integration overt would be straight­
forward and result in the simple expression 

(D.5-1) 

with the functions Rd and Rh as defined in Eqs. D.2-12 and D.2-13. With the 
tild~ we indicate that this expression is not the correct <j>. The formula 
for <j> can be simplified further by defining a ratio 

R ~ 
=-

Rd 
(D. 5-2) 

and a critical energy ratio 
2t qloss 

X 
C 

= 
An H coll 0 

of daily total heat loss over daily total absorbed insolation. Inserting 
Eq. D.2-14 for Hcoll into the first term of Eq. D.5-1 and dividing by Rh we 
obtain 

(D.5-4) 

We recall that 

is a function of Kh which in turn depends only on f and~; in other words, 

"' Therefore, <j> depends on only three variables: R, Kh' and X. This observation 
provided the crucial clue to developing simple cor,_;elations for <j>. From an 
exhaustive numerical analysis we found that <j> and <j> di£ fer by less than 10% 
for all reasonable operating conditions: 

"' 
</> 0.9 ,$1" ~ 1; .(D.5-5) 

the discrepancy increases with X and vanishes for small heat losses. Only 
when the heat loss is so large as to imply utilizability values below about 
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0.4 does the discrepancy become excessive; in fact; under these circum­
stances, <f> curves may differ markedly even though their R parameter is the 
same. We do not believe this to be a serious limitation of our approach be­
cause it is unlikely that a collector with <f> ~ 0.4 could ·be economical. 

Having lea!ned that <f> can be approximated by a function of R, ~,_and X, we 
discarded <f> and developed analytic expressions directly by comparison with the 
correct expression (Eq. D.4~18) for <f>• The coefficients of these expressions 
were determined by least-square fits to <f> values computed for a wide range of 
conditions: 

Collector type (flat plate, CPC, east-west axis, polar axis, two-axis), 
Each month of the year, 
Latitude (0°, 10°, 20°, 30°, 50°), 
Tilt(= latitude ±()0 , ±15°) , 
Cutoff time tc (3 h, 4 h, 5 h, 6 h), 
Critical energy ratio X (O, 0.1, 0.2, ••• , 1.2), 
Clearness index~ (0.3, 0.4, 0.5, 0.6, 0.7). 

Inequality (Eq. D.5-5) implies that such a procedure will approximate the cor­
rect <I> with a maximum error of less than about· 5%. For flat plates and for 
nontracking collectors of low concentration (e.g., CPC), the R parameter 
ranges from about -0.1 to 0.8, and the fitting procedures yield~d 

and 

<f> = exp[-x + (0.337 - 1.76 Kh + 0.55 R)x
2

] 

for 0.3 ~I~~ 0.5 and O ~ x 1.2 

<f> = 1 - X + (0.50 - 0.67 Kh + 0.25 R)x
2 

for 0.5 ~ ~ ~ 0.75 and O ~ X ~ 1.2 

(D. 5-6a) 

(D.5-6b) 

The standard deviation between these fits and <f> of Eq. D.4-18 is approximately 
0.01 for 1 ~ <f> ~ 0.7 and 0.02 for 0.7 ~ <f> ~ 0.4. For the flat plate by itself 
a slightly closer fit could be derived, but we do not consider the improvement 
significant in view of all the approximations involved in this approach; 
hence, we lumped flat plates and nontracking concentrators together~ 

For tracking concentrators of high concentration (C ~ 10) the R parameter lies 
in the range of 0.95 to 1.06. The corresponding variation of <f> with_R turns 
out not to be sufficiently strong an4 systematic to justify keeping Ras a pa­
rameter for this case. We derived separate fits for east-west axis tracking, 
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polar axis tracking, and two-axis tracking but found insignificant gain in ac­
curacy over a single fit for all collectQrs of high concentration: 

~ = 1 - (0.049 + 1.44 Kh) x + o.341 Kh x2 

for O. 3 ~ ~ 0. 7 5 ~ and O ~ X ~ 1. 2 

(D.5-6c) 

For exceptionally clear climates, i.e., Kh ~ 0.75~ a single straight line fit 

$ = 1 - X for K ~ 0.75 (D.5-6d) 

is recommended for all collector types. 

Since the radiation correlations used in this paper treat the diffuse and the 
hemispherical radiation as independent components and since these correlations 
were optimized for accuracy during the central hours of the day, relatively 
large errors may occur for the beam component near sunrise and sunset. For 
extremely cloudy days,. they may result in the prediction of periods of nega­
tive beam insolation. As a consequence of such manifestly unphysical contri­
butions, Eq. D.2-14 for Hcoll may underpredict the radiation availability, 
while Eq. D.4-18 for~ has a built-in cutoff fx(t) which compensates for this 
error by yielding ~ values slightly larger than 1.0 at X = 0. · We did indeed 
find_~ (X = 0) =· 1.03 for~= 0.3, and ~ (X = 0) = 1.01 for Kh = 0.4. 
For Kh ~ 0. 5, this effect amounted only to a small fraction of a percent. 
This apparent inconsistency illustrates our comment about the difference be­
tween the validity of the basic method and the inaccuracy of specific correla­
tions that are derived from limited data. We could correct for this effect by 
multiplying Hcoll of Eq. D.2-14 by ~ (X = 0) as calculated from Eq. D.4-18, 
but we decided to neglect this effect because of the poor statistics of the 
_data base currently available for Kh ~ 0.4. 

D.6 CUTOFF TIME tc 

The model has been constructed for explicit input of cutoff time tc in order 
to permit greater flexibility and applicability in situations with any shading 
configuration. The cutoff time is limited by optical constraints and may be 
further reduced by thermal considerations for thermal collectors. 

The highest possible value of the cutoff hour angle wc is the sunset hour an­
gle ws for a completely unshaded collector. For fixed collectors we also has 
to be less than w' defined by s' 

cos w' = -tan o tan( A - S) 
s 
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except in the unlikely case of a collector that can operate on diffuse radia­
tion alone_. In collector arrays some shading between adjacent rows w·ill usu­
ally occur close to sunrise and sunset, and wc has to be calculated from the 
trigonometry of the collector array. This is straightforward for an array 
with continuous collector rows, for example, with long horizontal parabolic 
troughs. For arrays with rows of separate collector units (e.g., parabolic 
dishes) the analysis of shading is more complicated. In either case a good, 
albeit slightly optimistic, approximation is obtained by setting tc equal to 
the time at which half of the collector aperture is shaded. 

For nontracking concentrators of the CPC type, the optical cutoff time depends 
on the acceptance half angle 8c of the collector. If a trough-like CPC with 
east-west axis is mounted at tilt S = latitude A, wc is given by 

cos w 
C 

tan lol =----tan e 
C 

(D.6-2) 

For CPCs with concentration C ,e 2, the tilt generally differs from the lati­
tude, with tilt adjustments during the year, and wc is given by 

tan o cos w = ________ .,..._...,,..........,,...,...,... 
c tan (A - s + e o/loJ) 

C 

(D.6-3) 

Note that for a CPC with tilt adjustments, it should always be verified that 
the sun at noon is within the acceptance angle. 

For most thermal collectors the cutoff time will be smaller than tc max be­
cause for times t close to tc max the insolation may not suffice to ~vercome , 
the heat losses. tc th is defined as the time at which the heat loss equals 

' the solar irradiance on 2 clear day. To find a procedure for calculation of 
the daily heat delivery Q, even if_ tc, th is not known explicitly, WE:_ plot in 
Fig. D-2 the typical variation of Q with tc. The solid line shows Q as 

( D. 4-lB) exact obtained by means of the expression Eq. for <!>exact. During times 
tc, th < t < tc max the insolation is below the critical level even on clear 
days, and the' lower limit fx(t) of the fractional time integration in 
Eq. D.4:18 is equal to 1. Hence,_time intervals beyond tc,th contribute noth­
ing to Q t, and the graph of Q t versus tc is flat for tc > tc th• Of exac exac , 
~ourse, for tc < tc,th' p~riods of useful energy collection are missed and 
Q t(t) is smaller than Q t(t th) exac c exac c, 

The dotted line in Fig. D-2 shows Q, the energy ~elivery calculated by means 
of the incorrect utilizabili ty ¢ of Eq. D. 5-1. Q increases with tc up to a 
maximum Eear tc = tc,th and then decreases. The decrease at large tc occurs 
because <I> averages the utilizability over the entire day_ and contains no mech­
anism for excluding periods near the end of the day when the insolation is be-
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low the critical level. Inequality (Eq.D.5-5) implies that values 
for Q (t ) and Q (t ) differ by less than 10% for any reasonable circum-

c exact c -
stances and that Q i,s less than Q • 

exact 

Q exact 
Q 

Omodel 

ts 
-t 
- cmox 

Figure, D-2:, Typical Variation of Heat Delivery Q with C~tciff Time tc f~r 
Different Methods of Calculation 

The utilizability of 2ur model, ~model' given by Eq. D.5-6, is based on the 
functional form of ~ but fitted to thE:_ exact expression ~exact of 
Eq. D.6-17. Therefore, the energy delivery Q d 

1
(t ) predicted by our model 

mo e c - ,..., 
also has a maximum near tc .= tc th' and it is closer to Q than Q, as , exact 
shown by the dashed line in Fig. D-2. In order to select the best_ value of 
tc, i.e., the one most likely to yield the closest approximation to Q , we 

exact 
note that a smaller tc implies a larger ~ and this, in turn, implies better 

agreement between ~model and ~exact· Therefore, tc should be chosen to be as 
small as possible without causing any loss of usable insolation. This is the 
case fort ~ t h• The thermal cutoff time tc th could be calculated ex-c c, t , ' 
plicitly from tlie radiation correlat_ions underlying the present model; how-
ever, we are primarily_interested in Q, not in tc, and the precise value of tc 
does not matter since Q d 1 (t ) has a broad maximum. Therefore, we ~ecommend 

mo e c 
the following convenient iteration procedure for determining the best value of 

tc: 
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• Start with tc = tc,l = tc,max = maximum permitted by optics, as dis­

cussed above; for example, tc 1 = ts for flat-plate or tracking collec­
tors if there is no shading. ' For the CPC, tc 1 is given by Eqs. D.6-2 
or D.6-3. ' 

• Calculate corresponding output Q1• 

• Decrease t by ~t to get newt 2 = t 1 - ~t. (~tc = 0.5 h will give 
C C C C C 

sufficient accuracy in most cases.) 

• Calculate output Q2 for t c, 
2 

and repeat procedure until maximal Q is 
found. 

The smaller the heat loss, the closer the optimal tc will be to tc max· This 
is illustrated by the sample calculations in Tables D-3 and D-4 of Collares­
Pereira and Rabl (1978). 

D.7 ACCURACY OF MODEL 

Long-term performance models cannot be validated by comparison with short-term 
data. The variability of the weather from year. to year is so large that pre­
diction and data for a particular period (e.g., April 1980) may differ by over 
50%. However, such short-term discrepancies are irrelevant provided the long­
term average (e.g., average over all Aprils, 1980 to 2000) is predicted cor­
rectly. "Long term," in this~ context, means many years, preferably more than 
10. 

Comparison with measured long-term collector performance is desirable but im­
possible at the present time. First of all, no such data are available for a 
sufficiently long period. Secondly, the measured collector output would in­
troduce all the uncertainties due to poorly known collector properties; what, 
for example, is the long-term average effect of dirt on the optical efficiency 
of the collector? 

It is therefore more to the point to compare the model with insolation data. 
We have used the data base described by Collares-Pereira and Rabl (1978) be­
cause it provides measurements of hemispherical and beam radiation. With only 
five stations and only 1 to 4 years at each, this is certainly not a represen­
tative long-term data base as demanded above, but it was the best we were able 
to obtain. 

From these data we calculated~ for e~ch month and used this value as input 
for our model. The model prediction Q d 

1 
for various collector types was 

- mo e 
then compared with the result Qd obtained by summing the appropriate hourly ata 
contributions read from the weather tapes. Table D-8 lists the most important 
results of this evaluation, expressed as deviation 
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e: = 
Q~odel - Qdata 

Qdata 

(D. 7-1) 

Apart from tracking mode and concentration, only one collector parameter i-s 
relevant for this comparison: the ratio q

1 
/( n A) of long-term average 

heat loss (in W/m2) · and optical efficiency, f°o~s whici we have chosen O, 150, 
and 30~ W/m2 as_typical values spanning all cases of interest. For zero heat 
loss, Q equals Hcoll' the radiation available to the collector; for this case 
the comparison between model and data is shown in more detail in Fig. D-4(a) 
and D-4(b) of Collares-Pereira and Rabl (1978), including the test for absence 
of seasonal bias. 

Table D-8 indicates that Hcoll is predicted correctly within a few percent. 
For thermal collectors, the magnitude of the errors increases somewhat with 
heat loss to an average of about -5% at the large heat loss of qlos /(no~) = 
300 W/m2• We note a general trend toward negative errors for thermaI collec­
tors, especially at high heat loss. The fact that our model is conservative 
and tends to underpredict is to be expected because of the smoothing assump­
tions made in Section D.8. The statistics in Table D-8 are not equally sig­
nificant for each location; Livermore and Raleigh, for example, had less than 
a year's worth of reliable data. 

Table D-8. COMPARISON BETWEEN MODEL AND DATA: DEVIATION e: = (Qmodel 

- Qdata)/Qdata in PERCENT AVERAGED FOR EACH LOCATION 

Flat Plate 
Two-Axis Tracker 

q /An (high concentration) 
loss o 

(W/m2) 0 150 300 0 150 300 

Albuquerque -1.2 -1.7 -2.8 0.5 -3.4 -8.0 

Fort Hood -2.5 -5.2 -9.3 -1.1 -3.1 -4.1 

Livermore -0.9 -1.1 -1.1 -3.1 -5.9 -8.6 

Maynard 1. 2 -4.0 -7.3 2.6 0.7 0.8 

Raleigh -1.6 -2.9 -5.2 0.3 -0.1 0.4 

Average error all locations -1.4 -2.9 -5.0 0.5 -2.4 -4.7 

Standard deviation 2.4 3.9 6.5 9.2 ll. 8- - 15.3 
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As a measure of the scatter of predicted values about the mean, we include, as 
the last line in Table D-3, the standard deviation (rms error), also in per­
cent. The standard deviation increases with heat loss and with concentration 
ratio and ip in the range of 5% to 15%. 

There are different sources of error for different collector types. A flat 
plate, for example, is relatively insensitive to the ratio of diffuse over 
hemispherical radiation, but it will often be operated at high heat loss where 
the inherent errors of the utilizability curve do!inate. For concentrating 
collectors, on the other hand, the prediction of Hcoll is less certain, but 
the heat losses will usually be lower. The low heat loss coefficient of-col­
lectors that are suitable for high temperature operation also implies that the 
average operating temperature need not be known exactly. The need for methods 
of the f-Chart type that account for effects of finite storage is greatest for 
flat-plate collectors. Flat plates and CPCs are susceptible to non~niformi­
ties in the angular distribution of diffuse sky radiation (although the re­
sulting error appears to be only a few percent), whereas collectors of high 
concentration see essentially only the beam component and, the ref ore, their 
per£ ormance predictions are unaffected by anisotropy of the diffuse radia­
tion. Thus, it seems that long-term performance predictions can be equally 
reliable for most collector types. From the available evidence we conclude 
that our model is reliable, but we recommend further validation and, if neces­
sary, recalibration when a much larger insolation data base (pyranometer plus 
pyrheliometer) becomes available. 

Further refinements may also be needed to account for spectral effects in pho­
tovoltaic converters. For collectors with wavelength cutoff, the radiation 
correlations should be recalibrated with respect to the relevant portion of 
the solar spectrum, another task for which data are insufficient at the pres­
ent time. 

D.8 SPECIFICATION OF INSTANTANEOUS EFFICIENCY 

The instantaneous collector efficiency (Tabor 1978; Hill and Streed 1976; 
Simon 1976) serves as basis of the performance calculation and must be· speci-
fied in a clear and unambiguous manner. 
characteristics are briefly reviewed. 

D.8.1 Specification of Insolation 

In this section the most important 

Traditionally the efficiency of flat-plate collectors has been defined with 
respect to hemispherical (also called global or total) irradiance Ih, and the 
efficiency of collectors with high concentration has been defined with_respect 
to berun (also called direct) irradiance Ib; this is the basic assumption of 
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this appendix. For the intermediate case of concentrators with low concentra­
tion, no clear conseµsus has yet emerged. Within the framework of this appen­
dix, it is most convenient to ·base the efficiency of such collectors on radia­
tion within the acceptance angle. If the efficiency data are not presented in 
this form, correction factors must be applied. Fortunately the conversion 
from one insolation base to another is straightforward and involves only a 
multiplicative factor. To find this factor, we add subscripts to the effi­
ciency. If qout is the collector output (in watts) relative to net collector 
aperture area A, then the efficiency with respect to hemispherical irradiance 
Ih (pyranometer) is 

(D.8-1) 

while the efficiency with respect to beam irradiance Ib (pyrheliometer) is 

(D. 8-2) 

The conversion from one to the other is therefore 

(D.8-3) 

where Id = Ih - Ib is the diffuse component. Since efficiency measurements 
should always be done under clear sky, the ratio :r:d/Ib of diffuse over beam is 
about 0.1 to 0.15. This means that the efficiency curve of a collector is at 
least 10% higher when stated in terms of beam radiation rather than in terms 
of hemispherical radiation. 

For collectors with low concentration 1 <Ci 10 (e.g., CPC and V-trough), the 
efficiency relative to the irradiance 

(D. 8-4) 

within the acceptance angle is 

(D.8-5) 

The conversion factor from nh to nc is given by 

(D. 8-6) 
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and the conversion from nc to nb is 

(D. 8-7) 

D.8.2 Reference Temperature 

Several collector temperatures can serve as references for stating efficiency; 
the most useful are: 

Tr = average collector receiver surface temperature, 

Tin = fluid inlet temperature, 

Tout = fluid outlet temperature, and 

Tf = (Tin+ Tout)/2 = average fluid temperature. 

To a very good approximation, only the difference between the collector tem­
perature and the ambient temperature Ta matters. The heat loss coefficient or 
U value (in W/m2 C) is defined relative to collector aperture area A as 

q fl 
u = ---,,----

A ( T - T) r a 
(D.8-8) 

where q!l is the heat loss (in watts). Strictly speaking, U is not constant 
but its dependence on temperature, wind, and other environmental factors is 
fairly weak, and a good approximation is obtained by using an average U value 
corresponding to the anticipated operating temperature. For a better approxi­
mation, we recommend Tabor's parameterization (Tabor 1978) 

q = AU (T - T )P 
!l o r a 

(D.8-9) 

where p is a collector-dependent coefficient, typically in the range of 1.1 to 
1.3 for nonevacuated collectors and somewhat larger for evacuated collectors. 

In terms of U, the instantaneous collector efficiency reads 

n = n - u(T - T )/r 
o r a 

(D.8-10) 

if the average receiver surface temperature Tr is given. n
0 

is the optical 
efficiency or efficiency at zero heat loss; it has also been called T-O product 
in the flat-plate literature. 
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Usually it is more practical to measure the.fluid temperature than the receiv­
er surface temperature. In terms of tqe average fluid temperature Tf the ef­
ficiency is 

n = F' [ n - u( T - T ) /I] 
o f a 

(D.8-11) 

where F' is the heat extraction factor [called collector efficiency factor by 
Duffie and Beckman .(1978) and Kreith and Kreider,(1978)] given by the ratio of 
the thermal conductance Ufa from fluid to ambient temperature over the thermal 
conductance from receiver surface to ambient temperature: 

u 
F' = ~ (D.8-12) u 

(In Eq. D.8-12 both U values must refer to aperture area.) If the fluid inlet 
temperature Tin is specified, the efficiency is 

n = FR [n - u(T. - T )/I] (D.8-13) 
o 1.n a 

with the heat removal factor (Grether et al. 1974) 

me. [ i/ UAF' ·)··_-:] 
FR = UAP 1 - expi( ~cp (D. 8-14) 

The mass flow rate through the collector (kg/s) ism, and C is the fluid heat 
capacitance (J /kg C) at constant pressure. Finally, the Jependence of effi­
ciency on fluid outlet temperature Tout is given by a modification (deWinter 
1976) of Eq. D.8-13: 

FR 
n =------

1 - FRUA/~~ 
[n - u(T - T )/I] o out a (D.8-15) 

Any of the four expressions for efficiency, Eqs. D.8-10, D.8-11, D.8-13, or 
D.8-15, can be used as starting points for the calculation of long-term aver­
age performance. 

D.9 INSOLATION Hcoll REACHING COLLECTOR APERTURE WITHIN ITS ACCEPTANCE ANGLE 

The long-term average daily total irradiation incident on the collector within 
its acceptance angle is obtained from the daily hemispherical insolation Hh on 
a horizontal surface by means of the formula 

- - -
Hcoll = ~Hh - RdHd (D. 9-1) 
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For the energy actually absorbed per aperture area A of the collector, Hcoll 
is multiplied by the average optical efficiency n : 

0 

H coll 
(D.9-2) 

The functions Rh and Rd are given in Tables D-1 to D-5, and Hd/Hh is the long­
term average ratio of diffuse over hemispherical irradiation on a horizontal 
surface. This ratio is correlated (Collares-Pereira and. Rabl. 197:8 1

) with 
- the clearness index ~- ari~. sunset hour angle (J)s by·. ----- -- . 

0.775 + 0.3470
8 

- } )-[ 0.505 + 0.261 (,.0
8 

- { )]cos [2(~ - 0.9)] 

(D. 9-3) 

For nonconcentrating collectors, the ws dependence may be neglected by set­
ting w = 3. in this equation; this curve is shown by the solid line in Fig. 

s 1T 2 2 
D-3 (the dotted lines show Eq. D. 9-2 at w = - - O. 2 and w = - + O. 2). The 

- s 1T s 1T 
clearness index l)i is the long-term average ratio of daily total hemispherical 
insolation on a horizontal surface over H

0 
= extraterrestrial insolation = in­

solation that would have reached the same surface in the absence of any atmos­
phere: 

--"""-~-----~-~-- ·--~" 

1.0 .-------,---1------. 

l:J: 
" o.s-
1:2' 

0 ..._ ____ .__, ___ ___, 
0.5 1.0 

Kh 

Figure D-3. Hd/Hh vs. Ki, {Eq._. D.2-3). _ _ ~- _ 
The solid line corresponds to Ws = w/2 and the dashed lines 
correspond to Ws = l- 0.2 (bottom) and Ws = ¥-+ 0.2 (top) 

(D. 9-4) 

Rh and Rd depend on collector .type, collector orientation, latitude, and col­
lector turn-on and turn-off times_. We evaluated these functions for the fol­
lowing collector types, all with zero azimuth: 
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• Table D-1 -- nonconcentrating collector with fixed aperture; 

e.g., flat-plate collector with tilt S ,. latitude 11.; 

• Table D-2 -- concentrators with fixed aperture; e.g.,' compound 
parabolic concentrator (CPC) with tilt S, latitude 11.; 

• Table D-3 -- one-axis tracker of concentration C, tracking about 
east-west horizontal axis; 

• Table D-4 -- one-axis tracker of concentration C, tracking about 
north-south axis of tilt: 

tilt S = latitude A (polar mount), 

tilt Sf latitude A; and 

• Table D-5 -'two-axis tracker of concentration C. 

Provided intern!l shading effects are included in the long-term average opti­
cal efficiency n , Table D-2 applies also to high concentration systems with 

0 
fixed reflectors and tracking receivers, such as the hemispherical reflector 
(Duffie and Beckman 1974; Kreith and Kreide_r _1_9_Z.8) ap.d the segmented cylindri­
cal reflector: developed by General Atomic.'. 

_:.:~-=---· -:.:::--:-- ·---~~ ~ ~ ----:_____?}_ --- ;._ -

Tables D-3 and D-4 hold for both reflective (mirror) and refractive . (lens) 
concentrators if the aperture moves as a single unit; included is almost any 
reasonable solar concentrator with trough or dish reflector or with Fresnel· 
lens. This is in contrast to Fresnel reflector systems; e.g., the power tower 
(Duffie and Beckman 1974; Kreith and Kreider 1978), whose aperture consists of 
reflector segments that follow the sun individually. For this latter case, 
use of Tables D-3 through D-5 is not quite correct. If more accurate formulas 
are needed for Fresnel reflectors, they can be derived by the method described 
in Sections D.2 through D. 7. For linear Fresnel reflectors with east-west 
axes, linear interpolation between the results obtained from Tables ·D-2 and 
D-3 should be adequate. 

The remainder of this section describes in detail the terms that appear in the 
equations in Tables D-1 through D-5. We find it convenient to express all 
times tin dimensionless form as hour angle w from solar noon: 

27rt 
w =~'with T = length of day= 24 h (D.9-5) 

Note that throughout this appendix all angles are in radians, except for a few 
cases where degrees are indicated. The sunset hour angle 

21ft 
s 

ws = -T-
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corresponding to sunset hour ts, is given by 

cos w = -tan A tan o 
s 

(D. 9-6) 

where A= geographic latitude and o = solar declination. The quantities a, b,. 
and din the tables are functions of ws: 

a= 0.409 + 0.5016 sin(ws - 1.047), (D.9-7a) 

b = 0.6609 - 0.4767 sin(ws - 1.047), (D.9-7b) 

and 
(D. 9-7c) 

(Note that 1.047 radians= 60°.) In the equations for a flat plate and a CPC, 
there is also the quantity w~, given by 

cos w' = -tan(A - S) tan o 
s 

(D.9-8) 

The reflectance p of the ground in front of a flat-plate collector is also 
needed for Table D-1. Recommended values (Duffie and Beckman 1974; Kreith and 
Kreider 1978) are p = 0.7 with snow and p = 0.2 without snow (in the absence 
of better·information). 

One further variable remains to be explained, the collector cutoff time tc, 
or, equivalently, the cutoff angle 

w 
C 

21Tt 
C =--

T 
(D.9-9) 

If the collector is placed due south, i.eo, with zero azimuth, and if its time 
constant is short, it will operate symmetrically around solar noon, being 
turned on at 

turn-on time tc- = -tc (D.9-lOa) 

and turned off at 

turn-off time tc+ = tc (D.9-lOb) 

This has been assumed for all collectors with zero azimuth. 

The model has been written for explicit input of cutoff time tc in _order to 
permit greater flexibility and applicability in situtations with any shading 
configuration. The cutoff time is limited by optical constraints and may be 
further reduced by thermal considerations for thermal collectors. The proce­
dure of finding tc for thermal collectors is described in Section D.10. 
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The highest possible value of wc is the sunset hour angle ws for a completely 
unshaded collector. For fixed collectors wc also has to be less than w' of s . 
Eq. D. 9-8,. except in the unlikely case of a collector that can operate on dif-
fuse radiation alone. In collector arrays some shading between adjacent rows 
will usually occur close to sunrise and sunset, and wc has to be calculated 
from the trigonometry of the collector array. This is straightforward for an 
array with continuous collector rows, for example, with long horizontal para­
bolic troughs •. For arrays with rows of separate collecto~ units, such as par­
abolic dishes, the analysis of shading is more complicated. In either case a 
good, al.beit slightly optimistic, approximation is obtained by setting tc 
equal to the time at which half of the collector aperture is shaded. 

For nontracking concentrators of the CPC type (Rabl 1976; Winston 1974) the 
optical cutoff time depends on the acceptance half.-angle 6c of the collector. 
If a trough-like CPC with east-west axis is mounted at tilt S = latitude A, wc 
is given by 

cos w 
C 

tan lol 
= ---------tan 6c 

(D.9-11) 

For CFCs with concentration C .G 2, the tilt will generally differ from the 
latitude, with tilt adjustments during the year,· and wc is given by 

tan o cos w = --,------...,.,,..-:-,-.,....,.., 
c tan(\ - S + ec~/lol) • (D.9-12) 

Note that for a CPC with tilt adjustments it should always be verified that 
the sun at noon is within the acceptance angle. 

D.10 HEAT LOSS, UTILIZABILITY, AND CUTOFF TIME 

If all days and hours were identical, Q could be obtained by simply subtract­
ing the total daily heat loss 

(D.10-la) 

from the absorbed solar energy n H 
11

• T 11 is the operating temperature 
0 co co 

of the collector (absorber surface or fluid temperature, depending on choice 
of temperature base in Section D.8). Since the heat loss from transport lines 
between collector and storage or point of use occurs at the same 'time as the 
loss from the collector, i.e.,· only when the circulating pump is turned on, 
the equation for Qloss should include the l~ss from the transport lines, qline 
(which depends, of course, on the installation): 

= 2t [AU(T 11 - T b) + ql. ] c co am 1ne 
(D.10-lb) 
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Due to the variability of the weather, the true energy gain can be signifi­
cantly higher. This feature can be illustrated by the following two artifi­
cial climates. Climate 1 has identical days, all uniformly overcast, while 
Climate 2 has clear days half of the time and no· su~shine for the rest; both 
climates have the same long-term average insolation H. If the heat loss of a 
collector equals the peak insolation of Climate 1, no useful energy can be 
collected. In Climate 2, however, the same collector can collect some useful 
energy on the clear days. 

It is convenient to calculate this effect once and for all for any concentra­
tor type and any climate and to summarize the result in terms of the utiliza­
bility function~. ~ depends on the critical intensity ratio 

X = (D.10-2) - -n H o coll 

and is defined in such a way that the long-term average collected energy Q per 
aperture area A is 

(D.10-3) 

where F is the heat extraction or heat removal efficiency factor. F depends 
on the type of operating temperature that has been specified and is given by 

F = 

1 for average receiver surface temperature Tr, 

F' of Eq. D.1-13 for average fluid temperature Tf, 

FR of Eq. D.1-15 for fluid inlet temperature Tin' 

FR/[1 - FRUA/~cp] of Eq. D.1-16 
for fluid outlet temperature Tout· 

The calculation up to and including~ is the same regardless of which tempera­
ture base (Tin' Tout' Tf, or Tr) is used to specify the instantaneous effi­
ciency. Only at the last step is the temperature_ base accounted for by in­
serting the appropriate factor Fin Eq. D.10-2 for Q. 

In principle, ~ is a complicated function of many variables, but fortunately 
the dependence on most of these variables is rather weak. From a large number 
of numerical simulations it has been shown that~ can be approximated within a 
few percent by a function of only three variables: the clearness index Kh, 
the ratio 

R = (D. l 0-5) 

and the critical intensity ratio X of Eq. D.10-2. 
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For nontracking collectors,~ is given by the parametric expressions 

and 

~=exp[- X + (0.337 - 1.76 Kh + 0.55 R)x
2

] 

for 0.3 ~ 1<ii ~ 0.5 and O ~ X ~ 1.2 

~ = 1 - x + (0.50 - o.67 Kh + 0.25 R)x
2 

for 0.5 ~ ~ ~ 0.75 and O ~ X ~ 1.2 

(D.10-6a) 

(D.10-6b) 

For tracking collectors of high concentration (C .G 10), the R dependence can 
be neglected and the fit 

~ = 1 - (0.049 + 1.44 ~)x + 0.341 Kh x
2 

(D.10-6c) 

can be used for all values of~~ 0.75 and for O ~ X ~ 1.2. For exceptional­
ly clear climates, i.e., with K .G'0.75, the simple expression 

~ = 1 - X for Kh ~ 0.75 (D.10-6d) 

should be used for all collector types. 

The fits were derived with emphasis on accuracy at reasonably large values 
of~ because collectors with low utilizability will not collect enough energy 
to be economical. The above expressions for ~ are reliable whenever ~ is 
larger than approximately 0.4. At smaller values of~, the above fits are not 
recommended (nor is a collector likely to be practical if its heat loss is so 
large as to imply~~ 0.4). Since the above fits may increase with X at very 
large X, they must not be used outside the specified range of X values. 

The values of R will range from about -0.1 to 0.8 for nontracking collectors 
and from 0.95 to 1.05 for collectors with high concentration. For tracking 
collectors with significant acceptance of diffuse radiation (i.e., C ~ 10), R 
may fall between 0.8 and 1.0. For such a configuration, we recommend linear 
interpolation in R between the R = O. 8 value of Eq s. D. l 0-6a or 6b and 
Eq. D.10-6c, with the assumption that the latter equation corresponds to 
R = 1.0. (This is not very a~curate because the variation of~ with R-in this 
range is not uniform for all~· Tracking thermal collectors of very low con­
centration, however, appear to have little practical interest.) 
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D.11 NOMENCLATURE 

We use the symbols .I for irradiance (or instantaneous insolation in W/m2 ) 
and H for irradiation (or daily total insolation in J/~ 2), together with 
subscripts b for beam (also called direct), d for diffuse, and h for 
hemispherical (also called global or total)o To minimize use of su~scripts, 
we ref er all insolation values to horizontal surface except for H 

11 
and . co 

!coll. Bars indicate long-term average. Note that beam is defined with 
respect to the 2.8° acceptance half angle of the pyrheliometer and not with 
respect to the solar disc; thus "it" includes the circum.solar component 
(Grether et al. 1974). 

A 

C 

F 

H coll 

-
~ 

Q 

net aperture area of collector 

geometric (or area) concentration 

factor to account for heat extraction or removal 
efficiency 

extraterrestrial irradiation on horizontal surface 
(daily total) 

irradiation incident on collector aperture (daily total) 

diffuse irradiation on horizontal aperture (daily total) 

hemispherical irradiation on horizontal surface (daily 
total) 

solar constant= 1353 W/m2 

beam irradiance on horizontal surface (measured by 
pryheliometer) 

irradiance on collector aperture within acceptance angle 

diffuse irradiance on horizontal surface 

hemispherical irradiance on horizontal surface (measured 
by pyranometer) 

ii /H = long-term average clearness index (called 
.:.11 o 
KT in some references) 

.instantaneous collector output (W) 

AU(Tcoll - Tamb) = instantaneous collector heat 
loss (W) 

long-term average energy delivered by collector (J) 

long-t.erm average heat loss of collector (J) 

functions to convert horizontal irradiation 
to irradiation on collector aperture 
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R Rd/Rh 
t ·time of day from solar noon (p.m. is positive) 

tc collector cutoff time (if -tc- = tc+) 

tc- collector turn-on time (hours before noon) 

tc+ collector turn-off time (hours after noon) 

Ta -

Tf 

Tin 

Tout 

Tr 

u 

s 

cS 

A 

8 

w 

w 
s 

' Ws 

sunset time 

length of day= 24 hours= 86,400 seconds 

ambient temperature 

(Tin+ Tout)/2 = average fluid temperature 

inlet fluid temperature 

outlet fluid temperature 

average receiver surface temperature 

U value (W/m2 C) 

collector tilt from horizontal surface (positive towards 
equator) 

solar declination 

geographic latitude 

optical efficiency (also ~alled aT product in the flat­
plate literature)= fraction of insolation absorbed by 
absorber= efficiency if receiver at ambient temperature, i.e., no 
heat loss 

long-term average optical efficiency 

incidence angle of sun on horizontal surface 

acceptance half angle of compound parabolic concentrator (CPC) 

incidence angle of sun on collector aperture 

collector azimuth from due south, relative to horizontal 
plane (west is positive, east is negative) 

utilizability 

2rrt/T = hour angle 

2rrt /T = arccos (-tan A tan o) = sunset hour angle 
s 

2 rrt' /T = arccos [-tan cS tan ( A - S)] 
s 
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APPENDIX E 

ECONOMIC ANALYSIS AND SELECTION PROGRAM (ECONM4-T) 

E.l ECONOMIC ANALYSIS 

The required revenue methodology presented in Section 4.0 permits separation 
of the life-cycle cost analysis of a solar system from assumptions regarding 
fuel costs and fuel cost escalation. Solar systems in a given location can 
thus be modeled and evaluated under any chosen set of economic parameters; and 
this set of conditions can be changed without affecting the performance and 
capital cost output of PROSYS/ECONMAT. In order to perform sensitivity stud­
ies and applications rankings under a baseline economic scenario, however, an 
economic analysis was devised for the program ECONMAT. This economic analysis 
was used early in the end-use matching program, for it fully accounts for sys­
tem, location, and baseline economic parameters in order to calculate solar 
energy costs and hence provide applications rankings. In the present form of 
ECONMAT, the economic analysis is overridden and the only output is energy ca­
pacity cost, which is used to compare capital cost-effectiveness of systems. 
The chosen multiplier can then be applied to the capacity cost in order to 
yield a solar energy cost that can be compared to a chosen fuel price. By not 
overriding the economic analysis, a net present value of the solar system (as­
suming no storage, full-capacity backup system, and fuel savings only) is cal­
culated. This net present value can be used as a measure of economic viabil­
ity under baseline or user-defined economic assumptions. Net present value 
also facilitates sensitivity studies, as described in Section 5.0. 

Although industrial management utilizes a variety of criteria in evaluating 
alternative investment proposals (such as the payback period, judgmental anal­
ysis, or some forms of risk analysis under uncertainty), the most standard 
means of consistent and realistic analysis of capital-intensive investments is 
the evaluation of internal rate of return or net present value. The form of 
this analysis can be outlined and nominal values for certain parameters can be 

. assigned. (The nominal values selected may be later changed without affecting 
the form of analysis.) The analysis described in this appendix is based on 
the assumptions made by Dickinson and Freeman of Lawrence Livermore Laborato­
ries (1977). The equations in the Dickinson analysis have been modified to 
calculate the net present value of the solar system rather than an equivalent 
rate of return. 

The output of the performance analysis for a given process, site, system, and 
collector contains (or references) the following information: 

• expected annual energy per unit collector area delivered to the_load at 
the required temperature: Qdel; 

• installed collector equipment cost per unit area: CAC; 
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• installed cost of the balance of the system as a function of collector 
field area: csys; and 

• costs of alternative fuels at the site based on net deliverable energy 
to the customer: Pf. 

Several other important parameters might also be included in the economic 
analysis, such as operation, maintenance, property tax, and insurance (OMPI) 
costs; local land costs; and tax rates. In the present case, Qdel' CAC, Csys, 
Pf are of primary importance. Average values are assumed for other parame­
ters. 

No storage is provided in the solar IPH systems considered in this analysis. 
Therefore, each solar system requires a full-capacity backup system (e.g., a 
conventional fossil- or electrically fueled system) for which fixed and vari­
able costs will be incurred. As a result, the solar system makes an impact on 
the operating costs of the industry only insofar as it saves on the outlays 
for fuel not burned. The solar system is a fuel saver, and its return to the 
company is in the form of fuel bill savings. This form of analysis is a se­
vere test of solar economic feasibility. 

We assume that the industrialist is faced with two alternative investment 
strategies. On the one hand, he may elect to continue to pay annual operating 
charges for a conventional process heat system, so that the stream of annual 
outlays (after taxes) is as shown in Fig. E-1. Alternatively, the industrial­
ist may elect to add a solar IPR system (of any given size), which will reduce 
annual outlays for fuel (but not for other annual costs such as maintenance or 
debt service on the conventional system) and correspondingly add outlays for 
solar system investment debt service, operation, maintenance, or other 
costs. The cash flow for this alternative is shown in Fig. E-2. The decision 
to install a solar system will be sound on a life-cycle cost basis if the net 
present value of this alternative is at least as great as th~ net present val­
ue of the first alternative (no solar system). A cash flow shown in Fig.E-3 
represents the net benefit of Alternative II (the net cash flow of Alternative 
II minus the net cash flow of Alternative I) in each year of operation. In 
this way, the operating, maintenance, and debt service charges for the conven­
tional process heat system cancel. The resultant after-tax cash flow for Al­
ternative II shows savings due to fuel-bill reduction and additional deprecia­
tion and costs due to the additional outlays for operation and maintenance and 
for an investment at the beginning of year 1. Note that we assume one year 
for construction. The investment outlay I is made at the beginning of year 
O. Interest during construction (at 9%) brings the effective net investment, 
after taxes, at the beginning of year 1 to 

I'= 1.09 I - TC x I - 0.9T I (E-1) 
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!amortization 'payment and 
)wbere \OMPT, ll~-[qons~~ntl"l 
I ~-~t dq!@J.§. 

---1.··!-·--- -------· -

\f)~(1-t ) F1( t ) lwtiere F1 is the 1fuel bill, escalating 
ILn real dollars · · 

~P._EP1, I is thetax-deducti-bte \depreqialiQ.l}Jtaken on-ttie 
-,_ /conventional equipment, jdecreasing in realldollars 
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Figure E-1. Year-End, After-Tax Cash Flow for a Fossil-Fueled· Conventional 
IPH System: Alternative I 

_________ No~_:_~~ngths of arrows are not to scale. _____________________________ _ 
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IF~~ 
!_: 

I' 

:J+) Savings 

'.(-) Costs~ 

--·-, 
j F1a 

W =(1.09-TC-0.09t )I ::the equivalent total investment 
~- ---- - · ----------· for construction expenditures 

!made at the beginning of 
ly~ar zero wi!h interest at 9% 

i1t1= (1:_<f,=:~;rf) :wflere F-,liTTs ,tfre/re.cfuc-ec1-iue1 
\bill in real dollars. 

is the tax-deductible ;depreciation for 
ttie hyt?rid system 

Figure E-2. Year-End, After-Tax Cash Flow for a Solar-Supplemented Hybrid 
IPH System: Alternative II 

______ .N~te_: Lef'lgths of arE~ws ~re not to scale. 
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All cash flows are represented in constant dollars. 
ther system is assumed. 

No salvage value for ei-

The investment in a solar IPR system (Alternative II) will be sound if the 
present value of the benefit stream is greater than zero. The cash flow rep­
resented in Fig. E-3 can be collapsed into a single present value using stan­
dard compound interest formulas under the following assumptions: 

• General inflation occurs at an annual rate of g. 

• A real escalation in the cost of conventional fossil fuel occurs at an 
annual rate of e. 

• Straight-line depreciation over lifetime N is used. 

• Operation, maintenance, property tax, and insurance (OMPI) costs for 
the solar system will be a constant real fraction B of initial invest­
ment. 

• Industry will require a real after-tax rate of return Ron investment. 

The present value PV of the stream can be calculated as 

~ (1 + e)j I ~ ( 1 - g)j 
PV = (l - T)QdelPfAc ,[:'

1 
1 + R +TN f=;1 1 + R 

(E-2) 

Each summation in Eq. E-2 may be replaced by an equivalent closed-form expres­
sion, such that 

(E-3) 

Simplifying and consolidating terms and substituting Eq. E-1 gives 

(E-4) 

where 
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Ac= collector area (m2 or ft 2) 

= (1 - gl - 1 
~1 

R(l + R/ 

Ez=(i~:)[1-(t::n 
The solar IPR system investment can be evaluated with respect to the fraction 
of the annual average energy requirement supplied by solar energy. Fractional 
displacements from 10% to 100% in 10% increments are evaluated. The required 
collector area used in the present value formula is 

A 
C 

= annual process heat load 

Qdel 
(E-5) 

Whether a break-even solar collector field exists will depend on the nature of 
the change in unit system costs as the required collector field size varies. 

Present value analysis allows a few interesting observations to be made about 
the effects of system. size on economic viability. For example, if system 
costs are subject to economies of scale, applications may be found in which 
the system is uneconomical at small capacities but economical beyond a certain 
threshold capacity. The following example illustrates this effect. 

Consider the present value function, Eq. E-4, with the following nominal pa­
rameter values: 

't' = composite tax rate.= o. 50, 

e = real fuel escalation rate = 0.05, 

R = required after-tax market rate of 

N = lifetime = 20 yr, 

B = O:MPI annual fraction of I= 0~02, 

g = inflation rate= 0.05, 

TC= tax credit= 0.20. 

Equation E-3 then becomes 
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If solar system costs were constant with respect to collector field size--for 
example, $350/m 2--then I is equal to 350 Ac and 

where 

PV = 102.64 Ac - 260.75 Ac 

Q = 5.28 GJ/m2 
del 

(Pf)= 3.00 $/GJ 

Obviously, this expression is always negative and reaches zero only for an ef­
fective fuel cost, such that 

and hence 
0.745 I (0.745)(350) 

Pf= -6.-4-8_Q_d-el_A_c = (6.48)(5.28) = 7.62 $/GJ 

where solar system costs are a constant $350/m 2• 

Consider, however, a reduction in solar system costs per unit area with in­
crease in size. If costs decrease uniformly according to the equation 

I 
s 
~ = 500 - 50 log Ac 

C 

(shown graphically in Fig. E-4), then Eq. E-6 becomes 

PV = 6.48 Qd 1A (Pf) - (0.745)[500 A - 50 A log A] 
e C C C C 

(E-7) 

(E-8) 

From a plot of this function for Qdel = 5.28 GJ/m2 and (Pf)= $8.00/GJ (see 
Fig. E-5), one obtains 

PV = Ac[37.25 log Ac - 98.78] (E-9) 

Hence
2 

the break-even or threshold size for such a system is approximately 
450 m. 

System costs may not decrease as radically or as continuously as suggested by 
the functional relationship shown in Fig. E-5. However, this exampre illus­
trates the usefulness of present value analysis in studying the effects of 
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system economies of scale. In the same manner, present value analysis and the 
use of ECONMAT ,allow many useful studies to be made of solar IPH economics 
with full interaction among costs, economic factors, and fuel price scenarios. 

E.2 COMPUTER PROGRAM DESCRIPTION (ECONMAT) 

The ECONMAT computer program provides the economic analysis used in conjunc­
tion with the performance model PROSYS. Local fuel costs and labor rates are 
obtained from the data base ECONDAT and· collector costs are obtained from 
COLDAT. Performance results from the PROSYS execution are communicated to 
ECONMAT through the performance data base PERFDAT. The annual process load 
and the annual deliverable energy per unit area of collector are obtained from 
PERFDAT for each process/system/collector combination. Costs and net present 
values are computed for each combination for increments of annual deliverable 
energy. 

E.2.1 Program Logic 

The basic logic structure of ECONMAT is shown in Fig. E-6. Economic parame­
ters are initialized to preset values unless modified by user inputs. These 
parameters and default values are discussed in Table E-1. Costs per unit area 
for all cnllectors specified in COLDAT are read and stored. Fuel prices and 
labor rates for a selected site are accessed from ECONDAT. 

A series of three nested loops is entered. The outermost loop is the process 
loop, the middle loop is the system/collector loop, and the innermost loop is 
the incremental energy output loop. Information read from PERFDAT for each 
process includes process identification, required temperature, heat rate, 
steam flow rate, and estimated standard annual energy use. The deliverable 
annual energy per unit area for each system/collector entry is accessed from 
PERFDAT, and the incremental energy output loop is entered. The collector 
areas required to meet varying energy output levels are calculated. In addi­
tion, the resultant collector cost, system cost, total cost, net present val­
ue, and cost per unit of heat energy are calculated for each energy level. 

Results are printed in the economic report. 

E.2. 2 Input 

Normally ECONMAT is used with PROSYS to analyze all industrial processes at a 
selected site. In this mode all required information is contained on PERFDAT, 
ECONDAT, and COLDAT or is preset within the program, and no user input is re­
quired. However, the user may want to redefine certain economic parameters in 
special circumstances, such as case studies or sensitivity analyses. The new 
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Label 

ROR 

GIR 

FERG 

FERE 

FERO 

FERC 

TAXR 

TAX.CR 

OMPI 

CONI 

NYR 

NFUEL 

1 

2 

3 

4 

FPRICE 

SHDLSS 

Table E-1. ECONOMIC PARAMETERS 

Description/ Comments' 

Internal rate of return: 0.05 

General inflation rate: 0.06 

Fuel escalation rate, natural gas: 

Fuel escalation xate, electricity: 

Fuel escalation rate, oil: 0.05 

Fuel escalation rate, coal: 0.05 

Tax rate: 0.50 

Tax credit: 0.10 

0.05 

o. 05 

Operation, maintenance, property tax, and insurance cost; fraction 
of total cost: 0.02 

Interest rate during construction: 0.09 

System lifetime in years: 20 

Fuel type: 

Natural gas 

Electric 

Oil 

Coal 

(Normally given in PERFDAT as defined in the process data base 
IPHDB) 

Fuel price ($/MBtu) (Normally given in ECONDAT) 

Fraction of deliverable energy lost because of collector shading in 
large array configurations; applied to tracking concentrators 
only; assumed to be zero unless otherwise specified 
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values are read through the name l{st ECONDEF, and any of the parameters shown 
in Table E-1 may be specified. If they are not redefined, the nominal default 
values shown in parentheses will be retained. A sample input is shown in 
Fig. E-7. 

$ECODEF 
NFUEL = 2, 
FPRICE = 6.00, 
$END 

Figure E-7. Sample Economic Redefinition~lnput for ECONMAT 

E.2.3 Output 

• . The ECONMAT output is a printed economic report. The values of all economic 
parameters are listed. The backup fuel and its respective cost are identified 
for each process. The delivered energy, required collector area, collector 

lr-

cost, system cost, total cost, cost per unit area, cost per unit heat energy, 
capital cost of energy capacity, and net present value for each energy level 
are then printed for each system/ collector combination. A sample output is 
shown in Fig. E-8. The ECONMAT output quickly shows which system/ collector. 
combinations are most cost-effective for a specific process. 

E.2.4 Additional Uses 

In addition to its application in end-use matching analysis, ECONMAT is a val­
uable tool in case studies and sensitivity analyses. Detailed information re­
garding fuel cost, system lifetime, tax rate, etc., can be specified for indi­
vidual case studies, yielding an accurate economic picture. Additional runs 
can be made to compare results due to changes in fuel cost or to estimate the 
impact of a fuel change. 

The performance sensitivity analysis outlined in Section 3.4 can be extended 
to include cost factors by running ECONMAT in conjunction with the specified 
PROSYS runs. For example, in addition to the performance efficiency of a num­
ber of collectors over a range of temperatures, cost per unit energy can be 
compared. A sample plot of cost in $/GJ (or $/MBtu) versus temperature for a 
number of collectors is shown in Fig. E-9. 

ECONMAT analysis can also be useful in determining cost goals. A number of 
ECONMAT runs can be made using the same PROSYS-generated PERFDAT file as input 
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14593, 8 29187.5 43781.3 58375. 1 72968. 8 87562.6 102156.4 
269308. 538615. 807923. 1077230. 1346538. 1615845. 188'.:.153. 

38706. 76303. 113718, 151039. 188300. 225518. 262703. 
308013. 614918. 921641. 1228270. 1534838. 1841363. 2147856. 
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21. 11 21.07 21 .05 21.04 21.03 21 .03 21 .03 
92 .12 91. 95 91 .88 91. 83 91.80 91. 78 91. 77 
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766.5 1533.0 2299.5 3066.1 3832.6 4599.1 5365.6 
8250.7 16501 .4 247.52. 1 33002:0 41253.5 49504.2 57754.9 

166495. 332990. 499485. 665980. 832475. 998970. 1165464. 
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374.77 328.62 308.18 295.99 287.67 281.53 276.76 
34.82 30.53 28.63 27.50 26.73 26.16 25.71 
85.91 75.33 70.65 67.85 65.95 64.54 63.45 
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104.88 95.38 92.21 90.63 89.60 89.05 813.59 
110.63 100.61 97.27 95.60 94.59 93.93 93.45 

Figure E-8. Sample ECONMAT Output 
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but varying the collector cost data in COLDAT for each run. This approach 
shows the collector costs required to produce the 1esired economic results •. 

The sensitivity of economic parameters can be investigated easily with 
ECONMAT. All other input files remain unchanged while the parameter of inter­
est is changed in ECONDEF for multiple ECONMAT runs. 

E.2.5 Restrictions 

ECONMAT is not intended to provide an economic analysis that can stand alone; 
it can be used only in conjunction with PROSYS. The analysis is based on the 
assumption that no storage is available, and thus a full capacity backup sys­
tem is required. The only solar system benefit under these conditions is fuel 
bill savings, due to the displacement of conventional fuel by solar energy. 
There is no capacity displacement credit. 

The standard annual energy use or load for each process in the IPHDB is the 
average annual load for a typical plant. As there is no storage, the solar 
energy system can provide only that portion of the load occurring during the 
hours of sunlight. Therefore, in some cases the.results for the higher energy 
increments (the maximum being the estimated standard annual energy use) are 
not realistic if a plant's operation schedule is longer than the period of 
daylight. In fact, the solar energy system without storage could never meet 
100% of the load. Incremental energy levels were analyzed to show cost op­
tions at a number of increasing levels of energy supply, the largest of which 
approaches the industrial load demand of an average plant. The most valid in­
terpretation of the ECONMAT results is in terms of cost for the amount of en­
ergy delivered by a location/process/system/collector combination at any cho­
sen energy supply level. 

PROSYS performance predictions used by ECONMAT are based on calculations for a 
single collector module and do not account for the effect of shading in large 
collector array configurations. Such shading can result in a 10% or more re­
duction in energy output of tracking concentrators (Collares-Pereira and Rabl 
1978). Future expansions of PROSYS will include this factor. In the interim, 
to ensure an accurate economic measure, shading losses in large arrays may be 
taken into account through the ECONDEF user input parameter SHDLSS. A value 
may be assigned to SHDLSS that represents the fractional energy loss of track­
ing concentrators due to shading. If not specified, the shading loss is as­
sumed to be zero. 

E.3 REFERENCES 

Dickinson, W. C.; Freeman, H. J. 1977. An Economic Methodology for Solar­
Assisted Industrial Process Heat Systems: The Effect of Government Incen­
tive. Livermore, CA: Lawrence Livermore Labs.; June 6; UCRL-52254. 
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APPENDIX F 

ANAL~SIS OF HEATING POLICY DURING NONOPERATING PERIODS 

The case studies reveal an interesting problem in energy conservation: Is it 
more conservative of energy to heat or not to heat process units when the pro­
cess is not operating? (The two options are referred to herein as "continued 
heating" and "interrupted heating.") In this appendix this problem is ana­
lyzed and it is shown that it is always more energy-conservative not to heat 
d~ring nonoperating periods. 

F.l A BASIC ARGUMENT FOR INTERRUPTED HEATING 

Basically the argument is this: 

,' /\. 

(1) When the process unit temperature is maintained during nonoperating 
periods, heat must be added to a process unit to make up for heat 
losses from the unit to the surr~undings. 

(2) The heat loss rate to the surroundings ·is related to the temperature 
difference between the unit and the surroundings. As a first approx­
imation, it is directly proportional to this temperature differ­
ence. Thus, if heating is stopped and the unit is allowed to cool, 
the heat loss rate decreases as the temperature decreases. 

(3) The total amount of heat that must be added to bring the unit back to 
the operating temperature after a complete shutdown equals the amount 
of heat lost during the shutdown and reheating periods. The amount 
of heat lost is the integral of the heat loss rate with respect to 
time. The heat loss rate in the interrupted heating case is always 
equal to or less than that in the continued heating case because the 
temperature is always the same as or lower than the temperature in 
the continued heating case. Therefore, the integral (the total 
energy to be added) is always less if heating is stopped during the 
nonoperating period. 

There may be valid process reasons for keeping the unit at the operating tem­
perature during down times, such as instabilities of chemical solutions or 
thermal stresses on the equipment. However, energy conservation is not a val­
id reason because less energy is required when the heat is shut off. 

F.2 QUANTITATIVE ANALYSIS 

The rate of heat loss from a process unit to the surroundings is given by 

q = UA(T - Ts_L 
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where q is the rate of heat loss, UA is the overall conductance for .heat 
transfer between the unit and the surroundings, Tis the temperatur~ of the 
unit, and Ts is the temperature of the surroundings. The conductance UA is 
assumed constant, but it may actually depend on temperature. Consideration of 
temperature-dependent mechanisms that af feet UA--radiation, natural convec­
tion, and evaporation--results in increasing values of UA with increasing tem­
perature. Thus, UA is expected to be lower at lower temperatures, thereby 
causing the rate of heat loss to be even less than that estimated by assuming 
UA constant at operating conditions. The temperature of the unit, T, is as­
sumed to be uniform, but it may not be. The temperature at any point in the 
interrupted heating case, however, will always be equal to or less than the 
temperature in the continued heating case; thus the argument is quantitatively 
valid. 

At the operating temperature T
0

, the rate of heat loss q
0 

is 

and the overall conductance is 

qo 
UA = ----­(T - T ) 

0 S 

(F-2) 

(F-3) 

Thus ·UA may be determined from the temperatures of the unit and surroundings 
and from the heating rate required to keep the temperature constant at T

0 
dur­

ing the operating period. 

The rate of temperature change of the unit is given by 

(F-4) 

where M.r is the thermal mass of the up.it (the mass times the heat capacity, 
including latent heat effects), tis time, and qH is the reheating rate (the 
capacity of the heater which must exceed the steady-state heating rate). The 
thermal mass can be calculated from the mass and heat properties of the unit. 

When there is no heating, qH equals O. Substituting q from Eq. F-4 into Eq. 
F-1 and rearranging and integrating gives 

t T 
0 

dT ft UA 
(T. - T) = - ~ dt 

s t
1 

T 

where t 1 is the time at which process operation ends and the heat is shut off, 
tis a later time, and Tis the temperature of the unit at time t. The inte­
grated result is 

ln[(T - T )/(T - T )] 
S O S 

- UA ( t - t ) 
~ 1 

(F-5) 
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Since UA and MT can be determined, the temperature T after any time interval 
(t - t 1) can be calculated. Solving for T with Eq. F-5 gives 

T = T + ( T - T ) exp (- UA ,( t - t ) ) 
S O S ~ ·l 

(F-6) 

The rate of heat loss is found by substituting T from Eq. F-6 into Eq. F-1, 
which gives 

q = UA( T - T ) exp (- UA ( t - t ) ) 
· o s ~ l 

(F-7) 

The total energy loss while the heat is off is 

\.·.l • 
where t 2 is the time at which heating is resumed. Integration gives 

Q = M ( T - T ) [1 - exp (- UA ( t - t ))] 
loss T o s ~ 2 1 

Q is also given by loss 

Ql = MT(To - T2) 088 
(F-8) 

where Tz is the temperature at the time heating is started again. Equating 
the two expressions for Qloss and solving for Tz yields 

T = T - ( T - T ) [1 - exp (- UA ( t - t )) J ( F-9) 
2 0 0 s ~ 2 1 

Equation F-4, for the reheating period when qH * O, integrates to 

( T - T ) - qH [1 - exp(- UA ( t - t )) - ( T - T ) exp(- UA ( t - t )) J = 0 
s UA ~ 2 2 s ~ 2 

At the time the operating temperature is reached, t equals t
0 

and _'.I;' equals 
T

0
• Solving for T2 gives 
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(F-10) 

Equating Eqs. F-9 and F-10 and solving for (t
0 

- t 2) yields 

= - - ln MT 1 ·1 
UA + 0 8 exp - - ( t -

UA(T - T ) [ ( UA 

qH ~ o 
(F-11) 

When the terms on the right-hand side of Eq. F-11 are known, the time required 
to reheat the unit, (t

0 
- t 2), can be calculated. With this value, T2 can be 

calculated from Eq. F-9 and the heat lost during the off period can be calcu­
lated from Eq. F-8. 

The amount of heat added during the reheat period, QR, in the interrupted 
heating case is 

(F-12) 

The energy added if heating is continued rather than interrupted is 

(F-13) 

The energy saved by shutting off the heat is 

(F-14) 

The heat saved as a fraction of the total heat requirement of continuous heat­
ing is 

F = 
q (t - t) - q (t - t) o o 1 H o 2 

q (t - tl + t) 
0 0 p 

(to - tl) 
=-------

(t - tl + t ) 
0 p 

q (t - tl + t ) , (F-15) 
0 0 p 

where tp is the length of time the process operates continuously. 

Equations F-11 and F-15 can be used to determine the energy-saving potential 
for equipment operated part-time, as illustrated in Section F.3. 

F.3 APPLICATION OF ANALYSIS TO BRIGHT-DIP TANK 

The data available for the bright-dip tank are: 

• vo 1 ume = 6 • 1 m 3 ; 

• average heating rate= 0.19 MJ/h; 

212 



$::~1
1
., _______________________ T_R_-_0_91_ 

• operating temperature = 99 C (210 F) and temperature of surroundings 
= 21 C (70 F) (assumed); 

• unknown heating capacity of the electric heaters assumed to be twice 
that of the average heating rate, or 0.38 MJ/h; and 

• operating schedule of one shift per day (9 h), 5 days per week. 

From this information the energy savings resulting from shutting off the heat­
ing when the process is not operating can be estimated. 

Consider first one working day. The process operates for 9 hand is off for 
15 h. If the end of the operating period is t 1 = O, then the time when the 
process starts operating again is t

0 
= 15 h, and tp is 9 h. 

The thermal mass of the water i_n the tank is 

3 3 3 
~ = 6.1 m x 10 kg/m x 4.183 kJ/kg C = 25.5 MJ/C 

The tank actually contains an acid solution, but the properties of water are 
assumed. The mass of the tank walls is ~~glected. The rate of heat loss is • 

q
0 

= 0.19 GJ/h 

The assumed heating capacity is 

qH = O. 38 GJ/h 

The conductance between the tank and the surroundings at the operating condi­
tions can be calculated from Eq. F-3: 

UA = -,--q-o~~ = 0.19 GJ/h = 2.4 MJ/h C 
(T - T ) (99 - 2l)C 

0 S 

These values are substituted into Eq. F-11 to give 

2 5 • 5 MJ / C l I l + 
2.4 MJ/h C n 

2.4(99 - 21) 
380 

[ ( 
2. 4 

x exp - 25•5 x 

Hence, we find t 2 = 15 - 4.9 = 10.1 h; i.e., heating must be started at full 
capacity 10.1 h after shutdown to bring the tank back to the operating temper­
ature by the time the process is to resume operation. From Eq. F-9, the tem­
perature to which the tank cools is 

T = 99 - ( 99 - 21) [ 1 - exp (- ~ (10. 1 - 1 )\ J = 51 C 
2 25. 5 / 
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The energy saved as a fraction of the total energy input in a 24-hour period 
is 

15 0.38 (4·9) O 2% F = 24 - 0 • 19· ~ = • 22, or 2 o 

The weekend situation may be examined in the same wayo For this case (again 
with t 1 = O), t

0 
equals 63 hand tp is O. The other values are the same as 

they were for one working day. 

From Eq. F-11 we find 

t 
0 

- t - 25. 5 1 {1 + 2. 4(78) [ (- ~ 63) - 1] } = 7 .1 h 2 = 2. 4 n 380 exp 25. 5 x 

This gives t 2 = 63 - 7.1 = 55.9 h. 

The fractional energy saved over the weekend is 

F = 1 -
0

•
38 

(
7

•
1
) = 0 77 77% 0. 19 63 • ' or 0 

Consider now a full 168-hour week. From 8 a.m. Monday until 8 a.m. Friday, 
there are four 24-hour periods (96 hours) during which the energy saving is 
22%. There is a 9-hour period from 8 a.m. Friday to 5 p.m. Friday in which 
the process operates and there is no saving. Then there is a 63-hour period 
from 5 p.m. Friday until 8 a.m. Monday during which the saving is 77%. Thus, 
for the entire week, the saving is 

96 9 63 l6 8 X 0.22 + 168 X 0.QQ + 168 X 0.77 = 0.42, or 42% 
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APPENDIX G 

WATER AND ENERGY BALANCES FOR COMMERCIAL LAUNDRY 

The data, assumptions, and methods of determining water and energy balances 
for the commercial laundry case study are discussed and the results tabulated 
in this appendix. 

G.l THE DATA 

The basic data for the laundry, obtained from the laundry management, engi­
neering drawings, and the Public Service Company of Colorado, are the follow­
ing: 

(1) Monthly water use rates for May 1977 through April 1978. 

(2) Monthly natural gas use rates for May 1977 through April 1978 for (a) 
the boiler and (b) a noninterrupti ble supply. The \ noninterrupti ble 
supply was primarily for the gas-fired driers but included an unde­
termined amount for space heat. There was no clear-cut seasonal 
trend in this gas usage, so it was assumed that all of this natural 
gas was used in the driers. 

(3) Monthly electricity use rates and demand rates. No electricity was 
used for process heat, so this information was not used in the pro­
cess heat study. 

(4) Monthly weight of laundry processed, May 1977 through April 1978. 

(5) Washing formulas, i.e., the number of steps in a wash cycle and the 
temperature and amount of water in each step for each of the several 
types of laundry. 

(6) The temperatures at normal operating conditions of several streams as 
follows: 

(a) average temperature of the city water supplied: 16 C (60 F); 

(b) boiler-produced saturated steam: 174 C (345 F) at 858 kPa (125 
psia); 

(c) condensate in condensate exchanger: 77 C (170 F); 

(d) cold water leaving condensate exchanger: 60 C (140 F); 

(e) effluent leaving effluent exchanger: 32 C (90 F); 

(f) effluent into effluent exchanger: about 49 C (120 F); 

(g) water leaving steam water heater: 52 C (180 F); and 

(h) maximum temperature of gas for gas-fired driers: 107 C (225 F). 
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(7) Water content of laundry entering driers: about 50% of total 

weight; and ~ater content of laundry leaving driers, going to 
ironers: about 30% of t9tal weight. 

( 8) Operating schedule. The laundry operated 5. 5 days per week, one 
8-hour shift per day, all year ( 280 working days per year)., The 
boiler operated 10 h per day; it was turned on 2 h prior to startup 
to bring the steam and the equipment to operating temperature. 

(9) Steam rates for the various equipment as obtained from the engineer­
ing drawings. For units added subsequently, the steam rates for 
equivalent equipment in the drawings were used. The rates were 
25,000 kg/day (55,000 lb/day) for all the ironers and 6,000 kg/day 
(14,000 lb/day) for all the other equipment using steam. Several 

. pieces of equipment (not including the ironers) used open steam; 
i.e., the steam escaped from the system. 

(10) Condensates return: estimated to be 50% to 60% of the steam rate in 
reports to the laundry (Pritchard 1977; Garrett-Callahan Co. 
1977-78). 

( 11) Heating value of the natural gas at the flow rate conditions of 
31 MJ/m3 (840 Btu/ft 3), as obtained fro~ the utility company. 

G.2 ASSUMPTIONS AND APPROXIMATIONS 

No particular seasonal trends in utility use were found, so utility data were 
converted to a working-day basis by dividing the annual total by 280 working 
days per year. 

A weighted average temperature for a wash formula was found by multiplying the 
temperature by the weight of water for each step, summing these products, and 
dividing the total by the total weight of water per cycle. An overall average 
wash-water temperature was estimated from the approximate distribution of the 
various types of laundry. The overall average used was the 47 C (116 F) thus 
estimated, rather than the 49 C (120 F) estimated in the data given in (6f) of 
Section 6. 1. 

The rate of steam generation used in the calculations was back-calculated from 
the estimated steam requirements of the equipment and for heating water. This 
value agreed satisfactorily with that estimated from the fact that the new 
300-hp boiler (1 boiler hp= 34.5 lb/h steam at 212 F, or 31.6 lb/h steam at 
345 F) was found to be 20% to 25% undersized. This value corresponds to a 
boiler efficiency of 66%. The boiler efficiency was not independently checked 
and may be higher. If the efficiency were higher, the energy lost in the 
boiler stack gas would be lower and the respective percentage of the total en­
ergy input would be lower. 
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In or_der to obtain mass-and-energy-balance closure with a higher boiler effi­
ciency·, the loss of steam and energy would have to be greater and more boiler 
makeup water would have to be added. The other, values calculated in the water 
and energy balances would not change significantly. It is estimated that if 
the boiler efficiency were actually 75%, the condensate-return rate would be 
80% instead of 92% and the makeup water rate would be 7700 kg/day (17,000 
lb/day) instead of the calculated value of 3100 kg/day (7,000 lb/day). The 
steam losses unaccounted for would be about 8% of the steam rate instead of 3% 
and the energy losses unaccounted for would be 10% instead of 5% of the total 
energy input. 

G.3 METHODS AND RESULTS 

A schematic flow sheet of the process, based on the data and assumptions de­
scribed above, was constructed from the engineering drawings (see Fig. 6-1). 
Calculations of water and energy balances were made iteratively. 

A water-mass balance was estimated from the available data. Energy balances 
were calculated for the effluent exchanger, the condensate exchanger, and the 
steam water heater. The reported 50% to 60% c-ondensate return flow did not 
give closure of the condensate-exchanger energy balance. The condensate­
return flow rate was estimated from the condensate-exchanger energy balance. 
The boiler makeup water requirement was determined from the condensate-return 
flow rate. 

Unknown flow rates and temperatures were calculated and the water and energy 
balances were repeated until mass balance closure was obtained as closely as 
possible. At this point, about 3% of the steam and about 5% of the energy 
were unaccounted for, probably due to inaccuracies in the data and miscella­
neous steam leaks and heat losses from the equipment, storage tanks, and 
pipes. 

The results of the water and energy balances are summarized in Table G-1. 
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N 
1-1 

Streama 

1. City water 

2. Boiler makeup 
water 

3. Cold water to 
storage 

4. Cold water to 
heating 

5. Cold water to 
washers 

Table G-1. MASS AND ENERGY BALANCE RESULTS FOR COMMERCIAL LAUNDRY 

Water Flow Rate 

(10 5 kg/day) (10 5 lb/day) 

3.5 

0.03 

3.4 

1. 6 

1;8 

7.7 

0.07 

7.6 

3.6 

4.0 

Temperature 

'(C) (F) 

16 

16 

16 

16 

16 

60 

60 

60 

60 

60 

b Energy 

(GJ/day) 

0 

0 

0 

0 

0 

Energy 

Transferred 

(GJ/day) 

Input 

+15 

Source of Values 

Utility bills 

Water balance 

Streams 1 & 2 

Water and energy balances 

Streams 3 & 4 
Stream 4 and effluent­

exchanger balance 

00 6. Cold water leaving 
effluent exchanger 

1.6 3.6 38 100 15 
l 
I 

Condensate-exchanger 
balance 

7. Cold water leaving 
condensate exchanger 

8. Water to steam 
heater 

9. Water leaving 
steam heater 

10. Total:water to 
washers 

1.6 

1.6 

1.6 

3.4 

3.6 60 140 30 

3.6 60 140 30 

3.6 82 180 45 

7.6 47 116 45 

:streams are shown on Fig. 6-1. 
Energy values are with respect to water at 16 C (60 F). One GJ = 0.948 MBtu. 

+15 

Stream 6 and condensate­
exchanger balance 

Stream 7 

+15 Stream heater balance 

Stream 8 and known outlet 
temperature 

Streams 5 & 9 

UI 
Ill ,u -,.i' • 

~ 
I , 

0 
I.O 
1-1 
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Table G-1. MASS AND ENERGY BALANCE RESULTS FOR COMMERCIAL LAUNDRY (Continued) 

Ill 
Energy HI 

Water Flow Rate Temperature Energyb Transferred N 
I -

Streama (10 5 kg/day) (10 5 lb/day) (C) (F) (GJ/day) (GJ/day) Source of Values ;.
1 

11. Water leaving 
washers 

12. Effluent to sewer 

13. Wet laundry leav­
ing washers 

14. Laundry leaving 
driers 

15. Drier off gas 

16. Steam from 
· boiler 

17. Steam to ironers 

18. Condensate from 
ironers 

19. Evaporation from 
ironers 

20. Stea~ to other 
equipment 

21. Steam loss from 
other equipment 

3.3 

3.3 

0.14 

0.05 

0.09 

0.4 

0.25 

0.25 

0.05 

0.06 

0.02 

7.3 47 

7.3 32 

0.3 47 

0.1 93 

0.2 93 

0.88 174 

0.55 174 

0.55 174 

0.1 150 

0.14 174 

0.04 174 

aStreams are shown in Fig. 6-1. 
bEnergy values are with respect to water at 16 C (60 F). 

116 

23 l -15 

Output 

42 

90 

116 4 

200 6 

200 21 Output 

345 101 

68 

17 

345 

345 

/ loss, -42 

.300 10 Output 

345 17 

345 14 Output 

One GJ = 0.948 MBtu. 

Stream 10 less Stream 13 

Effluent-exchanger balance 

Stream 11 and temperature 
data 

Wet laundry= 50% water; 
temperature from wash 
formulas 

30% moisture, temperature 
estimated 

Streams 13 and 14 and 
energy balances 

Equipment data and steam 
heater balance 

Equipment data 

Energy balances 

Stream 17 

Stream 14 

Equipment data 

Energy balance 
~ 
0 
I..O 
f...i 
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Table G-1. MASS AND ENERGY BALANCE RESULTS. FOR COMMERCIAL LAUNDRY (Concluded) 

Water Flow Rate Temperature Energyb 

Energy 

Transferred 

Ill 
Ill ,u -Streama (10 5 kg/day) (10 5 lb/day) (C) (F) (GJ/day) (GJ/day) Source of Values 

1
., 

22. Condensate from 
other equipment 

23. Steam to water 
heater 

24. Condensate from 
water heater 

25. Total condensate 
to condensate 
exchanger 

26. Condensate from 
condensate 
exchanger 

27. Condensate make­
up water to 
boiler 

28. Natural gas to 
boiler 

29. Boiler stack gas 

30. Natural gas to 
gas-fired driers 

31. Unac~ounted-for 
steam 

32. Unaccounted-for 
energy 

0.04 0.10 

0.07 0.16 

0.07 0.16 

0.37 0.81 

0.37 0.81 

0.40 0.88 

0.01 0.03 

174 345 

174 345 

174 345 

174 345 

77 170 

71 160 

3 

20 

5 

24 

9 

10 

148 

50 

26 

3 

9 

~Streams are shown in Fig. 6-1. 
Energy values are with respect to watev at 16 C (60 F). One GJ = 0.948 MBtu~ 

-15 

-15 

Input 

-98 

Output 

Input 

Loss 

Loss 

Streams 20 and 21 

Streams 8 and 9 

Water and energy ba~ance 

Energy balance 

Energy balance 

Water and energy balance 

Energy balance 

Water balance 

, Utility bills 

Boiler energy balance 

Energy balance 

Utility bills 

Water and energy balances 

Energy balance 

1--3 

~ 
0 
I.O 
I-' 
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