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THE BDM CORPORATION

FOREWORD

This Final Report is submitted in three volumes to Sandia Laboratories
by the BDM Corporation, 7915 Jones Branch Drive, McLean, Virginia, 22102.
The Final Report summarizes the findings and project work in conjunction
with the "Photovoltaic" Applications Definition and Photovoltaic System
Definition Study in the Agricultural Sector" under Contract Number 07-6951.
Material in this report describes the results of identification and charac-
terization of agricultural energy demands that can effectively use photo-
voltaic power systems; details analyses and findings for conceptual designs
and performance analysis for selected applications; and presents results,
conclusions and recommendations. A Task 1 Report, summarizing agricultural
energy consumption, has been published and is available from NTIS under the
number SAND 78-7030.

The three volumes of the Final Report are:

Volume I - Executive Summary
Volume II - Technical Results
Volume III - Appendices

Volume I, Executive Summary, presents an overview of the project
results, the technical work accomplished, and the approach taken to achieve
the project objectives. The work upon which the conclusions and recom-
mendations are based has been accomplished by the joint efforts of The 8DM
Corporation and its subcontractor, General Electric. BDM has been responsi-
ble for overall project management and technical performance as well as
substantive contributions in agricultural energy consumption and demands
data collection, compilation and analysis; analysis and selection of poten-
tial photovoltaic applications; overall system performance and cost analy-
ses; and findings, conclusions and recommendations development. General
Electric completed the development of the conceptual designs for selected
applications and determined detailed cost and performance predictions for
those conceptual designs. A detailed discussion of the technical effort is
presented in Volume II, Technical Results. Supporting materials, including
agricultural operations and energy consumption, methodologies, system
operations and cost calculations, and load data, are contained in Volume
III, Appendices.
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EXECUTIVE SUMMARY

A. OBJECTIVE AND PiRPOSE

The BDM Corporation (BDM), assisted by General Electric as a subcon-

tractor for systems design, has been tasked by Sandia Laboratories (for

Department of Energy) to identify practical applications of photovoltaic

systems for the agricultural sector that are technically and economically

feasible. The program objectives are fourfold:

* identify and characterize agricultural energy demands that can

effectively use photovoltaic power systems

" develop effective photovoltaic system designs for the four most

promising applications

* determine performance and cost estimates for the designs

* recommend systems for early test and demonstration and critical

issues requiring further system studies

The purpose of the study is to develop information that will contri-

bute to the definition of the potential role of photovoltaics in meeting

future energy demands in agriculture. The energy demands in the agricul-

tural sector account for approximately 2 percent of overall U.S. energy

consumption. (See Table EX-1) Within that 2 percent, farm operations

TABLE EX-l. U.S. ENERGY CONSUMPTION BY SECTOR

Agri- Con- Manu- Trans- Com- House- Electric

culture Mining struction facturing portation mercial hold Utilities

2. 0% 2. 8% 2. 7% 28. 8% 24. 0% 7. 8% 15. 9% 16.0%

SOURCE: U.S. Department of Energy, End Use Energy Consumption Data Base,

Series 1 Tables, June 1978

EX- 1
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(which by definition does not include the residence) consume energy as

depicted in Exhibit EX-l. This study, which has excluded the 35 percent of

the operations that encompass transportation because of the impractic-

ability of photovoltaic applications using present or anticipated tech-

nologies, has focused on the other farms operations. In totality, these

other operations represent about 1.3 percent of U.S. energy consumption.

Fertilizer is excluded from this figure, but has been briefly analyzed

because of the production requirement for large quantities of energy.

However, since on-farm production of fertilizer is not technologically,

economically or practically viable during the 1980-85 period, the effort on

fertilizer production as an application for PV is discussed in Volume II

only in abbreviated form.

While the amount of energy used by the agricultural sector might not

appear significant in terms of overall U.S. energy consumption, three

points bear on its importance. First, the majority of the energy used on

the farm (approximately 80 percent) is petroleum. Thus, the application of

alternative energy sources will reduce petroleum use while continuing the

independence that farmers have traditionally sought and maintained.

Second, the disbursed nature of the agricultural sector readily lends

itself to the photovoltaic technologies already developed, that of small

scale applications of less than 100 kw peak. Third, the farm may prove to

be a viable early market which might contribute to the growth and commer-

cialization of photovoltaics.

B. CONCLUSIONS

The significance of this study is that it demonstrates that in certain

agricultural applications the use of photovoltaics is becoming potentially

viable as an alternative to conventional energy sources. The first order

assessment offered by the study provides conclusive data on four applica-

tions in terms of system design, performance and cost. It also establishes

the representative farm methodology developed for this effort as a valuable

and effective technique for evaluating energy in the agricultural sector.

EX-2
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General conclusions concerning the application of PV to the agricul-

tural sector in the 1986 timeframe include:

" Photovoltaic systems will be able to compete economically with

the utility grid for those farm loads that occur during the day,

are relatively constant, or are independent of time. Irrigation

and certain types of livestock production are the principal farm

sectors with load characteristics that match those requirements.

" Many farm loads are uneconomical for PV because their structure

reduces PV system's capabilities to directly input to the load.

Loads such as those in dairy farming, have extremely high peak

demands in combination with the early morning/late evening nature

of the activities.

* Changes in methods of farm management appear to offer significant

opportunities for enhancing the economics of PV on the farm.

" Farms offer several advantages in the application of PV,

including abundant land availability at economical prices and the

opportunity for remote and disperse location applications.

* Institutional and economic factors appear to enhance the

viability of PV applications to the farms.

A summary of the applications, array size and PV system costs is

provided in Table EX-2. The table describes the application, its location,

the load, PV system output, percent directly to the load by the PV system

only, and capital costs for scenarios with and without utility buy-back.

Beyond the summary nature of the table, the three levelized busbar energy

cost scenarios permit a comparison of the impact of utility buy-back.

The Three cases of utility buy-back selected include:

(1) no credit for power returned to the grid;

(2) credit at one-half the utility price per Kw hour; and

(3) credit at the full utility price.

A second parameter is a restriction on the utility buying-back more power

than it sells the farm. Thus, the farm cannot generate revenue, but can

only off-set (through credits) purchased power costs. The cost of

purchased power and buy-back price, used in this analysis is 0.025 to 0.030

EX-4
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TABLE EX-2. SUMMARY OF APPLICATIONS AND
COMPARISON OF PV SYSTEM COSTS

LEVELIZED BUS BARI
APPLICATIONYARRAY LIFE PV SYSTEM % ($KWH

AND OS TMSIZE CAPTAL CYCLE OUTPUT DIRECTLY
LOCA DESCRIPTION (KWp) COSTS COST (KW'YR) (KW/YR) TO LOAD BUY-BACK BUY-BAC

CREDIT.0 CREDIT.

FLAT PANEL
NO STORAGE 91.8 $105,010 $179,792 162,045 150.517 52.60 2085 1508

POULTRY

ATHENS. GA FLAT PANEL

STORAGE 91.8 $135,939 $232,747 162,045 150,346 86 62 1639 1583

FLAT PANEL
NOSTORAGE 124.7 $142,701 $244,325 162.045 254.199 5998 2484 1374

POULTRY

FRESNO.CA FLAT PANEL
STORAGE 124 7 $176,049 $301,421 162,045 248,766 98 02 1876 1462

$TPANE 30 3 $ 25,840 $ 44,243 76,936 39,710 30.98 1835 1376
HOG PRODUCTION

DES MOINES, IA. LINE FOCUS

CONCENTRATOR 9.5 S 24,703 S 42,296 26.427 11,716 3339 4738 4071

FLAT PANELE 30.3 $ 25,840 S 44,243 76.936 51,551 3657 1554 1098

HOG PRODUCTION +-4
BISMARK. N D LINE FOCUS

9.5 S 24.433 S 41,833 26.50' 17,858 50.43 3094 2649CONCENTRATOR'$2433 $1.3

FLAT PANEL
NO STORAG 4.5 3.938 S 13,557 5.23E 8038 3246 3920 1369

BEEFFEEDLOT_ ___ __ _____

FORTWORTH, TX
FLAT PANEL 216 $ 6.969 $11,932 5.238 3,886 7419 .3025 3025

NO STORAGE $45 3,938 S 6.743 5.238 7,809 3501 3634 1382
BEEF FEEDLOT

FRESNO, CA FLAT PANEL
STORAGE 216 $ 6.969 S 11,932 5,238 3.896 74.38 3027 3027

FLAT PANEL
NO STORAGE 382.2 $445,708 $763,118 843,290 843.290 100.0 .0894 NA

IRRIGATION
PHOENIX. AZ FRESNEL

CONCENTRATOR' 382 2 $761,635 $1,304,032 1.136,943 1.136.943 100.0 1134 NA

FLAT PANEL
NO STORAGE 3822 $445,708 $763,118 778.107 778,107 100.0 .0969 NA

IRRIGATION
SANTA MARIA, CA FRESNELCA ICENET 3822 $761,635 $1,304,032 978,845 978,845 100.0.1317 NA

CONCENTRATOR' _____ _____ _____ _____ _____ 37N

NOTES
'NO STORAGE
'COST FROM GRID EQUIVALENT LEVELIZED GRID COST BASED ON FIRST YEAR COST OF 0 025 to 0 030 S Kwh

ENERGY COST ANNUALIZED

COST OF

;K HUY-BACK ELECTRICITY

5 CREDIT 1.0 (S KWH)

1181 .0784

.1530 .0784

.0950 0795

1198 .0795

1101 .0784

.3568 0784

0848 .0795

2315 .0795

0829 0713

3025 0713

0853 .0795

3027 0795

NA .0795

NA .0795

NA .0795

NA .0795

EX-5/6
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$/Kwh. This price range is reflective of the rates in 1977, which are, to

a degree, low in light of oil price changes since then.

The best application in the farm sector is irrigation, using DC

current directly from the PV systems. Assuming that all the power produced

is used for the irrigation system on a vegetable farm, the cost of the PV

system is between 0.0894 and 0.1317 $/Kwh. These prices are nearly compe-

tetive with the annualized cost of electricity from the grid at 0.08 $/Kwh.

The principal disadvantage to these irrigation system designs, both flat

panel and fresnel concentrator, is their high capital cost of between

$445,000 and $760,000.* While generating between .778 Mwh and 1.1 Mwh

annually, the initial system cost may be prohibitive.

Poultry farming represents an application with a high percentage of PV

power directly to the load and a levelized busbar energy cost for the

storage cases that is approaching the cost of electricity. This combina-

tion of relatively high annual load requirements of 162,000 Kwh and the

high percentage of direct power factors enhances the attractiveness of the

poultry application, particularly if PV systems costs are reduced and

fossil fuel prices continue to rise.

Hog farms do not offer a particularly beneficial cost relative to

irrigation and poultry. The percentage of direct power to the load ranges

from 31 to 36 percent for the two flat panel and one line focus concentra-

tor. The second line focus concentrator achieves 50 percent direct power

to the load. Cost per Kwh runs from 0.0848 to 0.1101 for the flat panel

and 0.2315 to 0.3568 for the line focus concentrator. Thus, even for the

cost assumption with utility buy-back, the line focus concentrator is not

attractive. Conversely, the flat panel system is economically competitive,

but the low percentage directly to the load detracts from the overall

attractiveness of this application.

* Caution should be exercised in viewing the costs of concentrator com-
pared to flat plate systems. At this point the state of concentrator
technology is such that it is more costly than flat plate. In the future,
however, improvements in technology and efficiency will probably enhance
the attractiveness of concentrator systems.

EX-7
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The beef feedlot applications using flat panel with storage are nearly

cost competitive with the grid at 0.0829 and 0.0853 $/Kwh. Similar to the

flat panel systems in hog production, the percent direct power to the load

of 32 to 35 percent is low. The feedlot used for this study is represen-

tative of those found in farm-type operations and by its nature is small

(5,200 Kwh annually). However, the ability to use the sized load and

absence of peak load problems seen in other farm applications indicates

that commercial feedlots might be an attractive PV application.

Examination of the three cases under the levelized busbar energy cost

in Table EX-2 clearly shows the impact of utility buy-back, even given the

constraining (and realistic) parameter that buy-back credit cannot exceed

the amount of power purchased. In the flat panel system cases shown where

the percent of power directly to the load is low, such as hog production

and beef feedlots, the levelized busbar energy cost is driven down by the

fact that the cost of purchased power is low. With approximately two-

thirds of each of these loads derived from purchased power, the full buy-

back credit scenarios significantly lowers the overall levelized busbar

energy cost. These systems produce excess power during peaks and generally

draw power from the grid during non-peak periods, resulting in what is

essentially a combination of peak-load shaving and time-of-day usage.

In the larger poultry systems, with an annual load of 162,045 Kw, the

cost impact of buy-back is of importance because the credits move the cost

into the competitive range. With the higher percent of power directly to

the load achieved with storage, the overall effect of buy-back is

diminished. However, in the case of the poultry farm in Fresno, Cali-

fornia, the use of the storage system not only resulted in 93 percent power

directly to the load, but contributed to reducing the cost from 0.1876

$/Kwh in the no buy-back case to 0.1198 $/Kwh in the full credit case.

The data in Table EX-2 for the three levelized busbar energy costs

clearly illustrates the significance of the buy-back issue. With buy-back

constrainted to a credit which cannot exceed purchased power, a middle-of-

the-road approach, several PV systems are competitive with the grid. Con-

versely, without any buy-back, only the irrigation systems are competitive.

EX-8
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Overall, the study indicated that a limited set of applications appear

ready for test and demonstration. Particularly attractive are irrigation

and the poultry applications using flat panel with and without storage.

Small beef feedlots using flat panel are not economical at this point but

indicate further study of commercial feedlots might prove useful. Finally,

a number of study areas related to refining the representative farm,

defining economic and institutional issues, and examining the sensitivity

of other parameters in this study merit consideration for future work.

C. RECOMMENDATION OF SYSTEMS FOR EARLY TEST AND DEMONSTRATION AND
FOR ADDITIONAL STUDIES

Minimum busbar energy cost was used as the single measure-of-merit

across all the agricultural applications studies, facilitating the compari-

sons and the discussion of recommendations for early test and demonstra-

tions and for additional studies. These recommendations have been derived

from both the quantitative and qualitative aspects of the study.

1. Early Test and Demonstration

The combination of percent of power directly to the load and

busbar energy cost, as outlined in Table EX-2, leads to the conclusion that

the poultry applications using photovoltaic flat panel systems with and

without storage are desirable for early test and demonstration. With

levelized busbar energy costs ranging from 0.1530 $/Kwh to 0.0950 $/Kwh and

power directly to the load ranging from 60 to 98 percent, this appears

extremely attractive in terms of economics and a medium to high degree of

independence from the grid. While not at the break-even point now, the

extent of PV load satisfaction for the poultry application will make it

more competitive as the $/Kwh cost of electricity rises from the 0.025

first year $/Kwh used in this study.

A second set of applications that seems attractive for early test and

demonstration is that of irrigation. In cases where deep-well irrigation

is not required, photovoltaic as a D.C. power source appears to be a

viable application. The results of this study reinforce the earlier works

EX-9
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on irrigation applications and indicate the attractiveness of remote farm

applications as a replacement for diesel/gasoline generators. Since irri-

gation test and demonstrations are on-going, the data from this study

should be compared with that which is being generated. Additionally,

information that is new or at variance with that of the current demonstra-

tion should be reevaluated.

2. Further Studies

a. Rural Residential (On-Farm)

The current study offered a new approach to energy usage in

the agricultural sector, focusing on all the operations found on represen-

tative farms. However, the study did not include the farmhouse itself.

The inclusion of the farmhouse in an extension of the study methodology may

well offer substantial benefits in terms of efficient use of total energy

generated by photovoltaics.

b. Farm Management Methods

A basic assumption agreed upon initially and used throughout

the study was that farm management methods remained unchanged. During the

course of study it became evident that changes in farm management might

significantly enhance photovoltaic applications. For example, in several

energy intensive operations (e.g., milking and feeding) the schedule

greatly diminished the value of any purely solar technology by occurring

before/at sunrise and at or after sundown. A study should be initiated to

determine the impacts of changing those farm operations that potentially

would enhance solar applications. The study should examine not only the

operational impacts but also the institutional issues; the willingness of

the farm ti change for the perceived benefit that might be derived.

c. Institutional/Economic Issues

The study showed that the vast majority of the farms in the

United States are connected to the electric power grid. As indicated above

in 1., all study results are sensitive to the price of electricity and

sell-back in particular. The issue of utility buy-back (customer sell-

back) has been and is being investigated, but an agriculturally oriented

EX-10
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study is necessary to address the many unique aspects of on-farm elec-

tricity. These unique factors include the rural electrification program,

the peak demands for electricity, and on-farm generators using fossil

fuels, among others.

Associated with the energy issues related to the farm is the

myriad of legislative and economic programs that might impact on the

economics of PV. The complexity of the legislation and economic factors,

including interpretation of tax breaks, low interest loans, subsidies,

price supports, and other farm incentives/ disincentives, requires a

separate in-depth analysis to fully determine the influences of these on

the cost and applicability of PV to the agricultural sector.

d. Expansion of Farm Parameters

In concert with the above recommendations for further study,

an extension of the current methodology should be accomplished. This

should examine the sensitivity of system optimization and parameter selec-

tion for specific PV applications. Additionally, the study should use, or

develop, more definitive data with respect to the management methods,

sell-back, on-farm residences and economic incentives/disincentives.

e. Combined PV Systems

An area that requires further study is combined PV systems.

The hog production application indicates that a flat panel system without

storage is significantly more economical than a linear concentrator

systems, even with the large space hearing requirement (68 percent of the

load demand). The system provided only up to 37 percent of the power

directly to the load because of the large resistance heating load. Con-

versely, the line focus concentrator system was able to provide virtually

all of the space heating requirement directly from the load, but only 26 to

43 percent of the remaining electrical power. If the line focus concen-

trator system was sized to provide direct power to meet the electrical load

demand, it would significantly exceed the thermal load demand. It appears

that a combined flat panel concentrator system might be designed that would

adequately satisfy the electrical and thermal load demands. Studies of

EX-11
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this nature should be conducted for applications where thermal and elec-

trical load demands are not compatible.

0. APPLICATIONS ANALYSIS

The applications for the representative farms have been analyzed to

determine those with the highest potential for utilizing photovoltaic

energy systems. The methodology and results are described in Volume II,

Chapter IV. Exhibit EX-2 summarizes the most promising representative

farms and corresponding photovoltaic applications. Those applications

chosen for conceptual design are indicated by an asterisk. The promising

farm generally involves livestock activities, except for the year-round

vegetable farm with its large irrigation load.

The general conclusions of the applications analysis are summarized in

Exhibit EX-3. The seasonal load profiles for livestock operations

generally provide a better year-round match with available insolation. In

particular, ventilation appears to be a good application, with high elec-

trical energy demands that are greater in summer than in winter and pri-

marily daytime loads. Other favorable applications are primarily day-time

loads, including water supply, feed handling, egg collection and egg cool-

ing.

Some livestock applications, such as milking or milk cooling, provide

a good seasonal load match but have critical peak loads during the day

which provide a poor daily profile match. The relative importance of the

daily load match depends greatly on storage cost and performance. From

discussions with Sandia and other Sandia contractors it was concluded that

battery costs in this analysis were overly optimistic relative to the other

PV system costs. The effect of this was to initially de-emphasize the

importance of daily load matching versus monthly and seasonal load

matching. For example, the results of the initial analysis for the dairy

farm were favorable. Even through the average seasonal loads were well

matched with array energy, the daily load profiles have peaks in early

EX-12
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FARM

POULTRY-LAYERS*

POULTRY-BROILERS

HOGS*

BEEF FEEDLOT*

DAIRY

REMOTE LIVESTOCK

YEAR-ROUND
VEGETABLE FARM*

PRIMARY LOADS

VENTILATION, FEEDING, LIGHTING, EGG COOLING

VENTILATION, BROODER HEAT, FEEDING,
LIGHTING

VENTILATION, SPACE HEATING, BROODER HEAT-
ING, PEN CLEANING, FEEDING

FEEDING, WATERING, LIGHTING

WATER HEATING, MILK COOLING, MILKING,
FEEDING

WATERING, PASTURE IRRIGATION, REMOTE
DOMESTIC
IRRIGATION

*CHOSEN FOR CONCEPTUAL DESIGN

Exhibit EX-2. Potential Photovoltaic Applications

EX-13
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* SEASONAL LOAD PROFILES FOR LIVESTOCK GENERALLY
PROVIDE A GOOD YEAR-ROUND MATCH WITH INSOLA-
TION (E.G., VENTILATION IS HIGHER IN SUMMER THAN
WINTER AND IS PRIMARILY DAYTIME)

e DAILY LOAD PROFILES FOR LIVESTOCK CAN SOMETIMES
BE POORLY MATCHED IF THERE ARE CRITICAL PEAK
LOADS OCCURRING AT LOW INSOLATION TIMES (E.G.,
DAIRY); THIS DEPENDS GREATLY ON STORAGE COST
AND PERFORMANCE

* MOBILE FIELD OPERATIONS (E.G., BATTERY-POWERED
TRACTORS) PROVIDE POOR APPLICATIONS BECAUSE
OF HIGH POWER REQUIREMENTS AND ERRATC USAGE

* ON-FARM ELECTROLYSIS OF HYDROGEN FOR FUEL DOES
NOT APPEAR TO BE COST EFFECTIVE IN THE NEAR
TERM (ALTHOUGH SEASONAL STORAGE CAPABILITIES
ARE ATTRACTIVE)

* PRODUCTION OF FERTILIZER IS A HIGH TECHNOLOGY,
CAPITAL INTENSIVE INDUSTRIAL PROCESS NOT SUITED
FOR ON-FARM OPERATION, EVEN IF HYDROGEN
ELECTROLYSIS WERE COST EFFECTIVE.

* IRRIGATION DOES NOT APPEAR TO BE GENERALLY
ATTRACTIVE BECAUSE OF THE LIMITED ANNUAL
OPERATING CYCLE AND THE VERY HIGH ENERGY
DEMANDS (WHICH MAKE IT DIFFICULT TO MATCH WITH
OTHER APPLICATIONS); HOWEVER, YEAR-ROUND
IRRIGATION MAY BE ATTRACTIVE, PARTICULARLY SINCE
THE LOADS ARE NON-CRITICAL AND CAN BE MATCHED
TO WEATHER-DEPENDENT ARRAY POWER.

* REMOTE LIVESTOCK WATERING AND PASTURE IRRIGA-
TION PROVIDE GOOD NEAR-TERM MARKETS IN AREAS
WHERE UTILITY POWER IS UNAVAILABLE.

Exhibit EX-3. Agricultural Applications- General Conclusions

EX-14
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morning and late evening which are difficult to supply via storage. Sub-

sequent analysis of dairy farm daily loads in conjunction with performance

characteristics resulted in the dropping of this potential application from

design consideration.

Remote farm operations for livestock watering, pasture irrigation, and

domestic use provide possible near term markets in areas where utility

power is unavailable. Conventional systems are diesel fuel or LP gas which

require continual operation and maintenance activities. Photovoltaic

systems require less maintenance and are marginally cost effective at the

lower system prices, although even in the remote case limited seasonal

operating cycles make it difficult to justify the initial costs. Remote

applications were not considered for further analysis because they tend to

be a single-type application, not a part of an integrated farm operation.

Extensive work has been accomplished in remote applications and are

available.

Irrigation does not appear to be generally attractive because of the

limited annual operating cycle and the very high energy demands for typical

large irrigation loads, which make it difficult to match unused energy with

other applications. This is reflected in the negative cost savings for the

wheat farm (with irrigation as the only load) and also in the near-zero

optimal solar power level for irrigation on other representative farms that

include crop production. However, year-round irrigation, as required on

the vegetable farm, may be very attractive in those locations for which it

is suitable, such as southern California, Arizona, and Texas. This is

particularly true since irrigation is a non-critical load with flexible

demands that are higher during high-insolation periods.

Transportation and mobile field operations using battery-powered

vehicles provide poor applications for photovoltaic systems, primarily

because of high power requirements and erratic usage. Small vehicles,

e.g., for light transportation or inspection with lower power requirements

would be possible but constitute a small market relative to the overall

farm needs.
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On-farm electrolysis of hydrogen for fuel appears attractive because

it provides the possibility of safe, high density, seasonal storage for

excess array energy. Moreover, fuel requirements for on-farm vehicles

constitute the largest energy demand among agricultural activities. How-

ever, electrolysis does not appear to be cost effective in the near term

and much more design effort is necessary before technical difficulties are

resolved and sufficiently high conversion efficiencies are attained.

Fertilizer is a large-scale, high-technology, industrial process that

is not suitable for on-farm operation. Capital costs are prohibitively

high, the nature of the business is completely different from typical farm

activities, and the technical expertise required is not readily available

to the farmer. Even if photovoltaic-powered production of hydrogen via

electrolysis were technically and economically attractive, it would not be

feasible/practical for on-farm fertilizer production. Thus, fertilizer is

not within the scope of this study. Nevertheless, fertilizer remains one

of the most expensive and energy-intensive requirements for agriculture.

Photovoltaics could well contribute to the energy demands of fertilizer

production in an industrial setting. This is discussed further in Volume

III, Appendix A.

Finally, small scale applications such as corrosion protection, animal

monitoring and detection, failure warning devices, and electric fences were

not analyzed in this study. These applications are not in general use on

farms and comprise a negligible fraction of total agricultural energy

consumption. Generally associated with small scale remote PV applications

that have been studies elsewhere, these applications do not fall within the

orientation of this study.

E. PRELIMINARY APPLICATIONS IDENTIFICATION

A preliminary list of potential photovoltaic applications was devel-

oped using a systematic applications tree methodology (described in Volume

II, Chapter II) to provide a basis for organizing the study effort. This

preliminary list was then screened to eliminate unpromising applications

EX-16



THE BDM CORPORATION

and focus remaining study efforts, based on criteria including: technical

feasibility, cost feasibility, market size, and compatibility with the

scope of the project. The preliminary list is summarized in Exhibit EX-4,

with the applications matrixed against the various agricultural subsectors

defined in Volume II, Chapter III.

Many of the applications have been generalized so that they are asso-

ciated with several subsectors. However, specific/subsector applications

differ significantly in the actual equipment involved and the mode of

operation. For example, lighting may be used outdoors at night to illumi-

nate drinking areas and discourage intruders on a beef farm, or used during

primarily daylight hours in enclosed buildings to increase egg production

on a layer farm. Similarly, feed handling and conveyance is considerably

different for 400 lb. hogs than for 4 lb. layers, even though both are

classified under the same application in Exhibit EX-4. All mobile field

operations and transportation requirements are categorized under the

general applications; battery power for vehicles, and hydrogen electrolysis

for fuel.

The approach used by BOM to analyze the potential photovoltaic appli-

cations identified in Exhibit EX-4 has been to formulate representative

farms and farm activities for the different agricultural subsectors defined

in Volume II, Chapter II. The representative farms are summarized in

Exhibit EX-5. Each representative farm is characterized by specific appli-

cations equipment data card energy demand profiles as described in Volume

III, Appendix A. In general the representative farm cuts across subsectors

and incorporates a variety of operations that may or may not be included in

an actual farm (e.g. , growing of feed crops on a dairy farm). However, the

energy demand profiles have been developed in accordance with specific

growth cycles and seasonal crop operations, realistically reflecting the

natural growth processes that characterize agricultural operations.
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F. SUMMARY OF CONCEPTUAL DESIGN AND PERFORMANCE ANALYSIS

1. Parameters and Overview of Results

Using the promising agricultural photovoltaic applications that

were identified in the first phase of the project, primary and alternative

conceptual designs and their respective performance analyses have been

accomplished for poultry-layers, hog production, beef-feedlot and year-

round vegetable farm. Each of the PV systems and the agricultural load

profiles were studied in two different meteorological regions of the

country where farms of the given type are likely to be located.

Flat panel PV arrays with and without a hybrid lead-acid battery

storage system have been investigated for the poultry-layer and beef-feed-

lot applications. For the hog production applications, a flat panel array

without storage and a linear concentrator system with thermal storage have

been examined. For the year-round vegetable farm (irrigation load demand)

a flat panel array without storage and a Fresnel concentrator system with-

out storage have been studied.

A performance and life cycle cost analysis was conducted using

the SOLCEL photovoltaic system model. SOLCEL has the capability to vary

selected input parameters over a given range and optimize the overall set

of parameters for a system that exhibits the lowest levelized busbar energy

cost (Reference 1). The costing methodology modeled is that which was

developed by the Jet Propulsion Laboratory for ERDA (Reference 2). The

SOLCEL costing parameters used for this analysis are shown in Table EX-3.

The conceptual designs for the four applications, with two alter-

native designs for each, have been outlined in Table EX-2. This table also

presents the geographic locations that were used for meteorological com-

parison. In all cases identical PV system and load demand profiles have

been used in a given pair of locations. Only the meteorological (SOLMET)

tapes have been changed in the parametric input stream to the SOLCEL

analysis.

A module cost of $50/m2 was used throughout the study. This cost

was selected and applied to each of the conceptual designs because it

EX-20



THE BDM CORPORATION

TABLE EX-3. SOLCEL COSTING PARAMETERS

Base Year for all Dollar ($) Calculations 1975

Price Year for all Cost Data 1977

(Adjusted to 1986)

First Year of Construction 1986

First Year of Operation 1986

Life of System 20 years

Battery Life 10 years

Inflation Rates

General Inflation .08

Capital Cost Inflation .08

Purchased Power Inflation .10

Operations and Maintenance Inflation .08

Property Tax Inflation .09

Mortgage 20 years

Down Payment .10

Mortgage Interest Rate .09

Discount Rate .10

Investment Tax Credit .10

Depreciation (Sum-of-Digits) 20 years

Property Tax Rate .02

State and Federal Tax Rate .30

Annual Operations and Maintenance Cost 1.

(Percent of Capital Cost)

Salvage Value 2.

(Percent of Capital Cost)

EX-21



THE BDM CORPORATION

represents the U.S. Government's 1985 photovoltaic goals for module cost.

The entries summary on Taole EX-2 are those systems selected by SOLCEL that

minimize busbar energy cost for the parameters that have been varied in the

analysis. Varied parameters include:

* array size

" sell-back price to the utility for excess energy generated

by the array

" battery storage capacity

Table EX-2 also depicts the levelized busbar energy cost and the

percent of power directly applied to the load for these conceptual designs.

Power directly to the load is expressed as a percentage of the total power

generated that is used by the load. This percentage represents the amount

of the load that is provided by the array as a "stand along" power genera-

tion system. In the case of hog production using linear concentrators, the

percentage is of the electrical load demand only. Percent of power

directly to the load has no meaning for the irrigation application for the

year-round vegetable farm. Every watt of energy generated is applied to a

DC water pump to irrigate the fields regardless of demand.

In the following sections a summary of the conceptual designs is

provided with specific data on the design itself and the performance

analyses. For each application a conceptual design trade-off summary, an

annual average power generation plot from SOLCEL (including a load demand

curve), and a comparison of system costs and power distribution character-

istics is given. The capital cost elements for all applications include:

" structural support

" cabling

" site preparation

" lightning protection

* storage (as appropriate)

* power conditioning

" installation

" contractor markup of 15 percent
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* module cost ($50 /m2)

" tracking system (as appropriate)

A detailed discussion of each of the conceptual designs and the performance

analyses are contained in Volume II, Chapters V thru VIII. Specifics of

the methodologies for the cost and performance analysis are in Volume III,

Appendices.

2. Poultry Farm Conceptual and Performance Analysis

a. System Conceptual Design
The conceputal designs were developed for the application

utilized field-mounted flat-plate PV panels. The major system differences

between the two alternate designs were the use of battery storage or

utility feedback. An array area of 1393 m2 was selected as a pre-system
optimization value for both designs providing approximately 60 percent of

the 162,600 Kwh annual load. For this study, a 75,000 layer operation

housed in a windowless, three-story structure was considered. The dominant

energy demand is for ventilation, lighting, feeding, and egg cooling; the

ventilation requirements varying significantly with season.

Load profiles have been developed from hourly consumption

rates. Most of the loads do not vary significantly seasonally, other than

the ventilation load. All of the individual load components are electrical

and, with the exception of ventilation and water pumping, exhibit daily

profiles that are identical throughout the year. While the water pumping

variation from winter to summer amounts to only 1.4 Kwh/day, the ventila-

tion requirement increases from 140.7 to 327.3 Kwh/day, thereby causing a

winter-to-summer increase in the daily total load from 261 to 549 Kwh/day.

The dominant load component is ventilation accounting for 39 percent of the

total in January and 60 percent in July. The lights account for 17 percent

of the daily demand and egg cooling accounts for 16 percent of the load.

The load profile exhibits relatively low demand at night

with the peak occurring at midday. This fact, coupled with a monthly load

variation that parallels the monthly insolation, makes the layers applica-

tion a good choice for solar energy utilization.
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The primary design, consists of a maximum power-tracking

inverter which is connected directly to the solar cell circuits. When the

solar array power output capability allows the inverter output to exceed

the house load demand, the excess power is supplied by the utility to meet

the house load demand. Thus, the utility distribution system essentially

becomes the storage medium for the photovoltaic system.

The alternate concept utilizes a direct charge system in

which the battery is connected directly across the solar array. With this

system configuration, charging is at the rate determined by the load demand

and the solar array capability until such time as the battery voltage limit

is reached. At this predetermined voltage level, the battery charge con-

troller limits the voltage of shunting excess current through dissipative

elements. The system control switches operation onto the utility when the

battery voltage reaches a predetermined low threshold value. Trade-off

studies were performed to evaluate the various system options and were the

basis for the selection of the primary and alternate concepts (see Table

EX-4). The system options can be categorized as being associated with

either the collector or the power conditioning and storage subsystems.

b. Detailed System Performance and Life-Cycle Cost Estimates

SOLCEL computer runs were made varying key input parameters

to arrive at a system design for the poultry farm application both with and

without storage. The measure-of-merit used was levelized busbar energy

cost. Meteorological data was input from SOLMET tapes for Nashville, TN,

the closest site to Athens, GA, that has hourly weather data available. A

series of SOLCEL runs were also made using meteorological data representa-

tive of the Fresno, CA area. Comparisons of levelized busbar energy cost

and power directly to the load were made for identical PV systems and farm

load demands at each location.

1) Poultry Farm Application (Athens, Georgia)

The lowest levelized busbar energy cost for Athens,

Georgia was obtained with a 92 Kwp PV flat plate array with an area of 1400

m 2 , tilted at an angle of 30 degrees, without storage. This cost of .1181
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TABLE EX-4. CONCEPTUAL DESIGN TRADE-OFF SUMMARY FOR POULTRY FARMS

SYSTEM ALTERNATIVE SELECTION BASIS

DC VS. AC LOADS AC LOADS COMMERCIALLY AVAILABLE EQUIPMENT
FOR LOAD TYPES GENERALLY AC

PV VS. PV/THERMAL PV-ONLY ALL LOADS ARE ELECTRICAL
(NONE ARE THERMAL)

STORAGE VS. NO-STORAGE TRADE-OFF ECONOMIC TRADE-OFFS-STORAGE VS.
REQUIRED UTILITY FEEDBACK SHOULD BE MADE

UTILITY BACKUP VS. STAND ALONE UTILITY UTILITY READILY AVAILABLE
BACKUP

FIXED FLAT ARRAYS VS. TRACKING FLAT TRACKING PERFORMANCE PROVIDES
ARRAY HIGHER OUTPUT BUT ADDED COMPLEXITY

AND COST

ON-ROOF VS. OFF-ROOF ARRAY MOUNTING FIELD AVAILABLE ROOF AREA INADEQUATE TO
MOUNTING MEET LOAD AT FULL INSOLATION

ACTIVE VS. PASSIVE COOLING PASSIVE THERE ARE NO THERMAL REQUIREMENTS

CENTRALIZED VS. DISTRIBUTED CENTRALIZED NO ADVANTAGES TO DISTRIBUTED
CONDITIONING APPROACH
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$/Kwh uses utility buy-back credit of .03 $/Kwh and, as all other applica-

tions, a module cost of $50/m2. For the PV system using a lead-acid stor-

age capacity of 150 Kwh with the same array size tilt angle, module cost

and utility buy-back, the lowest levelized busbar energy cost was .1530

$/Kwh.

Exhibit EX-6 and Exhibit EX-7 are the computer plots

for the annual load demand, the power generated by the array and that

supplied by the utility. In addition, Exhibit EX-7 indicates the battery

usage. These curves illustrate the requirements for power and each sys-

tem's ability to provide it on a time of day basis.

Table EX-5 summarizes the SOLCEL data for each system.

These are the result of SOLCEL calculations that minimizes the levelized

busbar energy cost for the parametric variations conducted. A measure of

the ability of each system to meet the load demand is obtained from Table

EX-5 by subtracting the item "Excess Power for Feedback" from "System

Output" and dividing the difference by the "Load Demand". These calcula-

tions indicate that for the selected PV systems 53 percent of the power

generated goes directly to the load for the no storage system and 87 per-

cent for the system with storage.

The results of the analysis shows that in neither case

is the levelized busbar energy cost particularly sensitive to array size,

which was varied at 1400 m2, 1650 m2 and 1900 m2. For the PV system with-

out storage the levelized busbar energy cost is sensitive to the utility

buy-back, costing .2085 $/Kwh with no buy-back. The cost differential

between no buy-back and full credit equal to purchased power is .0904

$/Kwh. In this case the issue of buy-back is critical to achieving a cost

competitive with the grid. The .0109 $/Kwh differential for the system

with storage is not as significant (approximately 15 percent).

2) Comparison of Cost and Performance Data for Different
Meteorological Conditions

A SOLMET tape for Fresno, California was used to gen-

erate cost and performance data for comparison to Athens, Georgia data.

Identical PV systems and farms applications for poultry were modeled,

including the load demand shown in Exhibit EX-6. The system which produced

EX-26



THE BDM CORPORATION

A- ARRAY. L -=LOAD. 8-=BATTERY. U-UTILITY
WATTS

SI I I I 1

ARRAY SIZE: 1400 M2

A

A. .

A ~
I A

A'A
i

A-

A - L . A

- 4.hnnmiuni.uin

.AA

ir .. I -i.

6.m0 12.00

TIME OF DAY

18.00 24.00

EXHIBIT EX-6. ANNUAL AVERAGE POWER
GENERATION, POULTRY'NO STORAGE.'ATHENS

EX-27

ANNUAL AVERAGE

.1O E+O6-

.8750E+05-

.7500E+05

.6250E+05 -

.500E+06 -

.3750E+05 -

.250E+0 -

1150E+05 -

0.

0.



THE BlM CORPORATION

ANNUAL AVERAGE

.1000E+06-

.8750E+05-

.7500E+05-

.5250E+05

5000E+05-

.3750E+ 05-

.2500E +05-

.1250E+05-

0. -

0.

A-ARRAY, L -LOAD. B-BATTERY, U-UTILITY
WATTS

I I I I I I I

6.000 12.00
TIME OF OAY

EXHIBIT EX-7. ANNUAL AVERAGE POWER
GENERATION. POULTRY 'STORAGE 'ATHENS

EX-28

ARRAY SIZE: 1400 m2
STORAGE CAPACITY: 150 Kwh

A

i '
A!A

/\
.A.'A

A ,' .

A. L

I
A

eeeeeeeeeeeeeet "'.lu A U
~.eu u ~'eeee~e ~ ~mAein m

18.00 24.00
i



THE BDM CORPORATION

TABLE EX-5. COMPARSION OF PHOTOVOLTAIC SYSTEM COST AND POWER
DISTRIBUTION CHARACTERISTICS FOR POULTRY, FLAT
PLATE 92 KWP SYSTEM, ATHENS, GEORGIA

* STORAGE CAPACITY OF 150 KWH

EX-29

WITHOUT WITH
CAPITAL COSTS STORAGE STORAGE*

MODULE COST $ 45,899 $ 45,899

STRUCTURE AND TRACKING 30,329 30,329

POWER CONDITIONING 15,659 13,256

LAND 1,783 1,783

SITE PREPARATION 4,209 4,209

MISCELLANEOUS 7,132 7,132

TOTAL $ 105,010 $ 102,606

LIFE CYCLE COSTS

LIFE CYCLE CAPITAL COST $ 105,010 $ 135,939

TOTAL LIFE CYCLE COST $ 179,792 $ 232,747

LEVELIZED ANNUAL COST $ 17,771 $ 23,005

LEVELIZED BUSBAR ENERGY COST ($/KWH) $ .1181 $ .1530

ANNUAL POWER DISTRIBUTION (KWH/YR)

LOAD DEMAND 162,045 162,045

SYSTEM OUTPUT 150,517 150,356

INSOLATION 2,191,813 2,191,813

UTILITY POWER 76,814 21,675

EXCESS POWER FOR FEEDBACK 65,286 9,976
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the lowest levelized busbar energy cost for Fresno for both the storage and

no storage cases was for a 1900 m2 array. These two 125 Kwp systems have

greater capital and levelized busbar energy costs without any utility

buy-back at .1876 $/Kwh and .2484 $/Kwh.

With utility buy-back equivalent to purchased power,

the costs decrease to .0950 $/Kwh for the no storage system and .1198 $/Kwh

with storage. The impact of buy-back, once again, is obviously a critical

issue. For Fresno a greater percent of power generated goes directly to

the load, 60 percent in the case of no storage and 98 percent for the

system with storage. Thus, in Fresno the meteorological conditions improve

system performance by 7 to 12 percent in power directly to the load and

approximately 20 percent improvement in the levelized busbar energy costs

over Athens. While initial capital costs are 40 percent higher, the cost

per Kwh is more attractive in Fresno than Athens. Table EX-6 provides a

summary of system cost and power distribution characteristics for the two

systems using Fresno meteorological data.

2. Hog Production Conceptual Design and Performance Analysis

a. System Conceptual Design

Hog production constitutes the third major energy consumer

among livestock behind beef (cows and calves) and dairy. The areas of

energy consumption most amenable to photovoltaic utilization are space

heating, ventilation, waste disposal, and water supply. Many farms also

have an irrigation demand for corn production and feed.

Since there was a significant space heating demand for this

application, the major conceptual design trade-offs existed between an

all-electric system using a flat plate (PV shingle type collector with

resistive space heating) and a concentrating-type PV/thermal collector

where the actively-cooled array produces thermal heat for space heating.

Both systems assumed utility backup and feedback of excess energy. The PV

shingle area required to provide the demands is 205 m2 tilted at 35 .

Whereas the combined PV/Thermal solar system utilizes an array of 2 axis

tracking active cooled line focus parabolic collector with an effective

aperture area of 105.5 m2 and a geometric concentration ratio of 33.9.
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TABLE EX-6. COMPARSION OF PHOTOVOLTAIC SYSTEM COST AND POWER
DISTRIBUTION CHARACTERISTICS FOR POULTRY, FLAT
PLATE 125 KWP SYSTEM, FRESNO, CALIFORNIA

WITHOUT WITH
CAPITAL COSTS STORAGE STORAGE*

MODULE COST $ 62,374 $ 62,374

STRUCTURE AND TRACKING 41,215 41,215

POWER CONDITIONING 21,279 21,295

LAND 2,422 2,422

SITE PREPARATION 5,719 5,719

MISCELLANEOUS 9,691 9,691

TOTAL $ 142,701 $ 142,716

LIFE CYCLE COSTS

LIFE CYCLE CAPITAL COST $ 142,701 $ 176,049

TOTAL LIFE CYCLE COST $ 244,325 $ 301,421

LEVELIZED ANNUAL COST $ 24,149 $ 29,792

LEVELIZED BUSBAR ENERGY COST ($/KWH) $ .0950 $ .1198

ANNUAL POWER DISTRIBUTION (KWH/YR)

LOAD DEMAND 162,045 162,045

SYSTEM OUTPUT 254,180 248,765

INSOLATION 3,891,434 3,891,434

UTILITY POWER 64,843 3,209

EXCESS POWER FOR FEEDBACK 156,997 89,930

* STORAGE CAPACITY OF 150 KWH
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Space heating is by far the highest energy demand for this

application, requiring 68 percent of the total annual demand of 79,000 Kwh.

The ventilation requirement is the second largest demand at 23 percent of

the annual demand. These two demands comprise 91 percent of the annual

load. The remaining loads consist of feed conveyance, feed grinding, and

mixing, cleaning and water supply for the hogs.

Heat developed at the cell is transferred to the water-

cooled copper pipe and it is utilized to provide space heating requirement

to the hog farm buildings. The thermal energy is transferred from the

collector loop to an energy storage tank through the heat exchanger for

usage, or it can be diverted to a cooling tower for heat dissipation when

not needed.

Electrically, the system is tied in with the utility for

energy storage or backup. The maximum power tracking controller, which is

connected directly to the solar cell circuits, will provide power to the

DC/AC inverter at the maximum power point of the solar output. When the

solar array power output exceeds the electrical load demand, the excess

power flows back into the utility grid. On the other hand, when the photo-

voltaic power generation is smaller than the load requirement, the utility

serves as an infinite energy back-up system. An alternate concept to the

system design is the passively-cooled flat plate photovoltaic system that

utilizes on-roof mounting of shingle-type solar module. A summary of the

initial trade-offs performed to evaluate the various system options is

presented in Table EX-7. These analyses were the basis for the selection

of the primary and alternate design concepts.

b. Detailed System Performance and Life-Cycle Cost Estimates

SOLCEL computer runs were made with parameters that model

the hog farm conceptual design. The parameters varied for each system

studied included utility buy-back and array size. Meteorological data was

obtained from SOLMET tapes for two locations: Columbia, Missouri, as

representative of the climatological conditions of Des Moines, Iowa, and

Bismark, North Dakota, as an alternative location for insolation

comparison. Meteorological data was input from SOLMET tapes for the Fort
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TABLE EX-7. CONCEPTUAL DESIGN TRADE-OFF SUMMARY FOR HOG PRODUCTION

SYSTEM ALTERNATIVE SELECTION BASIS

DC VS. AC LOADS AC LOADS COMMERCIALLY AVAILABLE EQUIPMENT
FOR LOAD TYPES GENERALLY AC

PV VS. PV/THERMAL TRADE-OFF SPACE HEATING DEMAND 68% OF ANNUAL
REQUIRED DEMAND

STORAGE VS. NO-STORAGE UTILITY EITHER STORAGE MODE WOULD BE
FEEDBACK ACCEPTABLE FOR CONCEPUTAL DESIGN

UTILITY BACKUP VS. STAND-ALONE UTILITY UTILITY READILY AVAILABLE
BACKUP

FIXED FLAT ARRAYS VS. TRACKING TRADE-OFF ANNUAL INSOLATION ON FIXED SURFACE
REQUIRED COMPARABLE TO TWO-AXIS TRACKER

ON-ROOF VS. OFF-ROOF ARRAY MOUNTING ROOF MOUNTING/ SHINGLE SYSTEM IS ROOF-MOUNTED
FIELD MOUNTING TRACKING SYSTEM IS GROUND-MOUNTED

ACTIVE VS. PASSIVE COOLING ACTIVE/PASSIVE SHINGLE IS PASSIVELY COOLED
TRACKER IS ACTIVELY COOLED

CENTRALIZED VS. DISTRIBUTED CENTRALIZED NO ADVANTAGES TO DISTRIBUTED
CONDITIONING APPROACH
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Worth, Texas location and a comparison was made using Fresno, California

tapes.

1) Hog Production Application With Flat Plate Systems

Hog production applications in Des Moines, Iowa and

Bismark, North Dakota for the PV flat plate system with no storage is based

on a 30 Kwp system (array size of 256 m2). Using the levelized busbar

energy cost as the measure-of-merit to evalute system performance, the

lowest cost of .1101 $/Kwh and .0848 $/Kwh were obtained with utility

buy-back at .03 $/Kwh. While the cost of power appears to approach that of

the electric grid, the percent of PV system power directly to the load is

31 percent (Des Moines) and 37 percent (Bismark), a rather low figure.

This indicates that some form of storage system is desirable to improve

system performance. However, the addition of storage in this case would

increase both the capital cost and the levelized busbar energy cost.

Exhibit EX-8 and Exhibit EX-9 provide plots of the

annual load demand, the power generated by the array and that supplied by

the utility. Table EX-8 compares the costs and power distirubtion charac-

teristics of the two flat plate systems. While the capital costs, life

cycle costs and load demands are identical, the system in Bismark is able

to generate more power, providing a greater number of Kwh's in excess power

for which utility credit (buy-back) can be given. Since approximately

two-thirds of the power must be purchased, with only one-third coming

directly from the system, the greater insolation in Bismark provides the

opportunity for the array to generate this excess power.

2) Hog Production Application With PV/Thermal System

The hog farm electrical load for this application is

significantly lower (approximately 66 percent less) than the electrical

load applied to the flat panel array previously. This is due to the fact

that the heating load for the parabolic collector is satisfied by hot water

generation versus resistance heating for the flat panel system. The sys-

tems analysis was optimized on lowest busbar energy cost. The selected

system based on variations in collector surface coolant temperature and

thermal storage was the same for both geographical locations; a 105 m2
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TABLE EX-8. COMPARISON OF PHOTOVOLTAIC SYSTEM COST AND POWER
DISTRIBUTION CHARACTERISTICS FOR HOG PRODUCTION,
FLAT PLATE, 30 KWP SYSTEM

EX-37

CAPITAL COSTS DES MOINES, IA. BISMARK, ND.

MODULE COST $ 15,130 $ 15,130

STRUCTURE AND TRACKING 3,004 3,004

POWER CONDITIONING 4,140 4,140

LAND 0 0

SITE PREPARATION 0 0

MISCELLANEOUS 3,566 3,566

TOTAL $ 25,840 $ 25,840

LIFE CYCLE COSTS

LIFE CYCLE CAPITAL COST $ 25,840 $ 25,840

TOTAL LIFE CYCLE COST $ 44,243 $ 44,243

LEVELIZED ANNUAL COST $ 4,373 $ 4,373

LEVELIZED BUSBAR ENERGY COST ($/KWH) $ .1101 $ .0848

ANNUAL POWER DISTRIBUTION (KWH/YR)

LOAD DEMAND 76,936 76,936

SYSTEM OUTPUT 39,710 51,552

INSOLATION 359,748 463,992

UTILITY POWER 53,102 48,800

EXCESS POWER FOR FEEDBACK 15,876 23,415
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array, coolant temperature of 330*K and a thermal storage of 9.2 m3. The

coolant fluid is water. Table EX-9 compares system costs and power gen-

erated for identical 10 Kwp line focus parabolic systems in Iowa and North

Dakota. The array in North Dakota provides 50 percent of the system out-

put directly to the load. In Iowa, only 33 percent of the power generated

by the system goes directly to the load, a situation created by a decrease

in total insolation. The requirement for more utility backup in Iowa that

cannot be off-set by credit from the utility for excess power causes the

levelized busbar energy cost to be 35 percent greater than that for the

North Dakota location.

Table EX-10 is a summary of the levelized busbar energy

cost for all the hog production applications considered. The percent

directly to the load from the system is divided into two parts; power used

for space heating (54,000 Kwh) and power used for strictly electrical

purposes. In this way, the all-electrical flat panel systems can be com-

pared with the PV/thermal systems. The PV/thermal systems are assumed to

satisfy all the space heating requirement. The flat panel systems are the

preferred systems based on lowest levelized busbar energy cost. A PV/

thermal system in North Dakota comes closest to providing a self-sufficient

energy source, requiring 57 percent of the electrical load (15 Kwh) to be

provided by a utility backup.

TABLE EX-10. PHOTOVOLTAIC SYSTEM COMPARISON-FLAT PANEL
VS PV/THERMAL FOR IOWA AND NORTH DAKOTA

LEVELIZED
BUSBAR ENERGY ELECTRICAL LOAD THERMAL LOAD

PV SYSTEM COST ($/Kwh) PERCENTAGE PERCENTAGE

FLAT IOWA .1101 100 4
PANEL* NORTH DAKOTA .0848 100 23

PV/ IOWA .3568 26 100
THERMAL NORTH DAKOTA .2315 43 100

* ON AN ANNUAL BASIS, PRIORITY IS GIVEN TO SATISFACTION OF THE
ELECTRICAL DEMAND. EXCESS POWER ABOVE THAT REQUIREMENT GOES
TO SPACE HEATING (THERMAL LOAD).
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TABLE EX-9. COMPARISON OF PHOTOVOLTAIC SYSTEM COST AND POWER DISTRIBUTION
CHARACTERISTICS FOR HOG PRODUCTION-LINE FOCUS CONCENTRATOR
(NO STORAGE) 10 KWP SYSTEM

CAPITAL COSTS DES MOINES, IA. BISMARK, ND.

MODULE COST $ 4,748 $ 4,478

STRUCTURE AND TRACKING 15,167 15,167

POWER CONDITIONING 1,792 1,792

LAND 331 331

SITE PREPARATION 69 69

MISCELLANEOUS 2,596 2,596

TOTAL $ 24,703 $ 24,433

LIFE CYCLE COSTS

LIFE CYCLE CAPITAL COST $ 24,703 $ 24,433

TOTAL LIFE CYCLE COST $ 42,296 $ 41,833

LEVELIZED ANNUAL COST $ 4,180 $ 4,135

LEVELIZED BUSBAR ENERGY COST ($/KWH) $ .3568 $ .2315

ANNUAL POWER DISTRIBUTION (KWH/YR)

LOAD DEMAND 26,427 26,503

SYSTEM OUTPUT 9,769 15,841

INSOLATION 94,980 159,012

UTILITY POWER 17,603 13,138

EXCESS POWER FOR FEEDBACK 2,892 4,493

TRACKING POWER 167 173
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3. Beef Feedlot Conceptual Design and Performance Analysis

a. System Conceptual Design

This application uses a PV flat plate system to generate

power for the energy demands of a beef feedlot. Energy requirements con-

sist both of feedlot and field operations associated with the feedlot. The

main energy demands include silo unloading, feed conveying, water supply,

water heat to keep the drinking water from freezing during winter months,

lighting and grain convey. The conceptual design was sized to meet these

loads.

The overall average load is only 14 Kwh/day; therefore, a

flat-plate array has been selected for the conceptual design. Sufficient

roof area is available, so a PV-roof shingle system with a maximum power

tracking DC/AC inverter supplying the load in parallel with the utility

appears appropriate for this application. A trade-off of utility feedback

and battery storage provides two alternate conceptual designs for system

tradeoffs. An active array area of 38 m2 adequately provides for the

average loads in the fall, winter and spring and provides some excess

power, which may be delivered to the irrigation demands in the summer

months.

From previous studies, an optimum battery size to array area

ratio of .4 was estimated for initial battery sizing. Following this

guideline, the battery was sized at 15 Kwh which would provide almost full

load capability for an average day. The inverter was sized at 4 kVA for

both systems. The annual peak hourly demand occurs in August at 3.2 Kw, so

a 4 kVA inverter would also be required to meet this demand in the battery

storage system. Table EX-11 is a summary of the conceptual design trade-

off for this application. Meteorological data was input from SOLMET tapes

for the Fort Worth, Texas location and a comparison was made using Fresno,

California tapes.

b. Detailed System Performance and Life-Cycle Cost Estimates

SOLCEL computer runs were made varying key input parameters

to arrive at an optimum system design for the beef feedlot application.

The measure-of-merit used as a comparative parameter was levelized busbar

energy cost.
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TABLE EX-11. CONCEPTUAL DESIGN TRADE-OFF SUMMARY FOR BEEF FEEDLOT

SYSTEM ALTERNATIVE SELECTION BASIS

DC VS. AC LOADS AC LOADS LIGHTNING IS PRIMARY LOAD

PV VS. PV/THERMAL PV-ONLY THERE ARE NO THERMAL REQUIREMENTS
FOR THIS APPLICATION

STORAGE VS. NO-STORAGE TRADE-OFF HIGH NIGHTTIME LOAD WITH HIGH PEAK/

REQUIRED SHORT DURATION DISCHARGE REQUIRE-
MENTS IN SOME MONTHS

UTILITY BACKUP VS. STAND-ALONE UTILITY UTILITY READILY AVAILABLE
BACKUP

FIXED FLAT ARRAYS VS. TRACKING SHINGLE LOW LOAD REQUIREMENT DICTATES
CONCEPT FIXED ARRAY

ON-ROOF VS. OFF-ROOF ARRAY MOUNTING ROOF MOUNTING LOWER STRUCTURE COST
SUFFICIENT AREA AVAILABLE

ACTIVE VS. PASSIVE COOLING PASSIVE SHINGLES DESIGNED FOR FRONT FACE
COOLING

CENTRALIZED VS. DISTRIBUTED CENTRALIZED NO ADVANTAGES TO DISTRIBUTED
CONDITIONING APPROACH
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1) Beef Feedlot Application (Ft. Worth, Texas)

The small PV flat plate systems (less than 5 Kwp)

necessary to provide power to beef feedlots are nearly competitive with the

grid for no storage systems (.0829 $/Kwh) and are totally uncompetitive for

systems with storage (.3025 $/Kwh). This seeming anomaly is the result of

a combination of small load demand, limited system output, the percent of

power directly to the load from the system, and the capital cost associated

with storage. In essence, it can be concluded that storage systems for

small use applications are uneconomical, even if the system supplies the

majority of the power.

Exhibit EX-l0 and Exhibit EX-ll provides a graphic plot

of the annual load demand, the power generated by the array and the power

supplied by the utility. For the storage case (15 Kwh), Exhibit EX-11, the

battery is also plotted. These plots clearly show the limited load and the

early morning peak that detracts from the ability of the system to contri-

bute to meeting the load. Only one-third of the flat-plate with no storage

system output goes directly to the load, while three-quarters of the system

with storage output goes directly to the load. Thus, from the perspective

of percentage of system power that goes directly to the load, the system

with 15 Kwh storage does well.

Table EX-12 provides a comparison of the costs and

performance characteristics for flat plate systems with and without

storage. These results are based on an array size of 38.3 m2 at a module

cost of $50/m2 and utility buy-back at .025 $/Kwh. The system without

storage provides the most competitive cost in comparison with the grid, but

as noted above, only 33 percent of the power generated goes directly to the

load. While the system with storage provides more power directly to the

grid, the lack of excess power for feedback to gain credit from the utility

for purchased power impacts on the life cycle cost as does battery cost of

approximately $3,000.

As indicated in Exhibit EX-10 and Exhibit EX-l1, the

beef feedlot has the same fundamental problem as the dairy farm; an

application not selected for system design. Peak loads occur during hours

EX-42
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TABLE EX-12. COMPARISON OF PHOTOVOLTAIC SYSTEM COST AND POWER DISTRIBUTION
CHARACTERISTICS FOR BEEF FEEDLOT, FORT WORTH, TEXAS

WITHOUT WITH
STORAGE STORAGE

CAPITAL COSTS (5 KWP) (2 KWP)

MODULE COST $ 2,265 $ 1,083

STRUCTURE AND TRACKING 450 1,317

POWER CONDITIONING 662 662

LAND 0 0
SITE PREPARATION 0 0

MISCELLANEOUS 561 561

TOTAL $ 3,938 $ 3,624

LIFE CYCLE COSTS

LIFE CYCLE CAPITAL COST $ 3,938 $ 6,969

TOTAL LIFE CYCLE COST $ 6,743 $ 11,932

LEVELIZED ANNUAL COST $ 666 $ 1,179

LEVELIZED BUSBAR ENERGY COST ($/KWH) $ .0829 $ .3025

ANNUAL POWER DISTRIBUTION (KWH/YR)

LOAD DEMAND 5,238 5,238

SYSTEM OUTPUT 8,038 3,886

INSOLATION 74,556 35,623

UTILITY POWER 3,538 1,352

EXCESS POWER FOR FEEDBACK 6,338 0
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of low system performance, at the beginning and end of the day. The

approach taken to this study, that of using the levelized busbar energy

cost as the measure-of-merit results in trade-offs between storage costs

and array size, with the higher costs of battery storage driving increases

in array size.

2) Comparison of Cost and Performance Data For Different
Meterorological Conditions

A SOLMET tape for Fresno, California was used to

generate cost and performance data for comparison with Fort Worth. Once

again, identical PV systems (with and without storage) were modeled. Load

profiles were also the same (Exhibit EX-10 and Exhibit EX-11). Array size

was the only PV system parameter varied. The results of this analysis is

summarized in Table EX-13 for cost and power distribution characteristics.

The costs and power directly to the load are nearly identical for both sets

of systems, as shown in Table EX-14.

TABLE EX-14. LEVELIZED BUSBAR ENERGY COST COMPARISON

Percent Percent
Cost ($/Kwh) Directly to Load Cost ($/Kwh) Directly to Load

No Storage .0829 32.46 .0853 35.01

With Storage .3025 74.19 .3027 74.38

Average insolation was about 4 percent higher for the

Fresno, CA. location. This accounts for the slightly higher percent of

power directly to the load in the without storage system of 35 percent for

Fresno, which is generally accomplished at the expense of a slightly higher

levelized busbar energy cost than that for the Fort Worth location. Con-

sidering test case tolerances and averages, the systems perform and cost

virtually the same in either location.

4. Year-Round Vegetable Farm Conceptual Design

a. System Conceptual Design

The irrigation demand of a year-round vegetable farm pre-

sents an attractive PV system application because it is year-round and it
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TABLE EX-13. COMPARISON OF PHOTOVOLTAIC SYSTEM COST AND POWER DISTRIBUTION
CHARACTERISTICS FOR BEEF FEEDLOT, FRESNO CALIFORNIA

WITHOUT WITH
STORAGE STORAGE

CAPITAL COSTS (5 KWP) (2 KWP)

MODULE COST $ 2,265 $ 1,083

STRUCTURE AND TRACKING 450 1,317

POWER CONDITIONING 662 662

LAND 0 0

SITE PREPARATION 0 0

MISCELLANEOUS 561 561

TOTAL $ 3,938 $ 3,624

LIFE CYCLE COSTS

LIFE CYCLE CAPITAL COST $ 3,938 $ 6,969

TOTAL LIFE CYCLE COST $ 6,743 $ 11,932

LEVELIZED ANNUAL COST $ 666 $ 1,179

LEVELIZED BUSBAR ENERGY COST ($/KWH) $ .0853 $ .3027

ANNUAL POWER DISTRIBUTION (KWH/YR)

LOAD DEMAND 5,238 5,238

SYSTEM OUTPUT 7,809 3,896

INSOLATION 77,943 37,242

UTILITY POWER 3,404 1,342

EXCESS POWER FOR FEEDBACK 5,975 0
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is, in most cases, a noncritical load. The solar array field is sized to

supply a seasonal amount of water to the fields and not any specific daily

demands. The array, therefore, delivers water to the field when sunshine

is available and does not operate during non-sunshine hours. DC power is

supplied to a variable speed pump which accommodates the variable input

from the array. The system is a stand-alone system without any battery

storage.

The two conceptual designs trade-off a two-axis tracking

collector with a field-mounted flat-plate array. The two-axis tracker is a

circular Fresnel collector with a geometric concentration ratio of 100 and

an aperture area of 3425 m2. The field-mounted flat-plate collector is a

Solar Power module used in the poultry application with a total array area

of 3425 m 2. Both systems service a 200-acre farm located in Phoenix,

Arizona. An alternate location, Santa Maria, California was also studied.

Trade-off analyses were performed on each of the key system considerations

and the results are listed in Table EX-15.

b. Detailed System Performance and Life-Cycle Cost Estimates

The irrigation systems were analyzed using the philosophy

that all the power from the array goes directly to drive a DC water irri-

gation pump. The system has no inverter and there is no utility backup or

sellback. The concentrator system described previously was modified for

input to SOLCEL. Cell temperatures were exceeding the limits acceptable by

the model when a concentration ratio of 100 was used. The Fresnel system

actually modeled has a concentration ratio of 33.3 and an overall aperature

area of 5800 m 2 . The measured annual electrical output from this array

matches closely (within 1.5 percent) the estimated output of the specified

design.

. Table EX-16 compares the performance and cost data for each

of the arrays studied in both locations, Phoenix and Santa Maria. Since

all the power generated goes directly to drive the DC irrigation pump, load

satisfaction has no meaning. Instead, a comparison is presented of array

output and efficiency for a given insolation level. The systems compared

are the SOLCEL selected ones based on lowest levelized busbar energy cost
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TABLE EX-15. CONCEPTUAL DESIGN TRADE-OFF SUMMARY FOR VEGETABLE FARM

SYSTEM ALTERNATIVE SELECTION BASIS

DC VS. AC LOADS DC LOADS PUMP MOTOR ONLY REQUIREMENT

PV VS. PV/THERMAL PV-ONLY NO THERMAL REQUIREMENTS

STORAGE VS. NO-STORAGE NO BATTERY VARIABLE SPEED PUMP ACCEPTS
STORAGE OR DC DIRECTLY/NO NIGHT REQUIREMENT
UTILITY
FEEDBACK

UTILITY BACKUP VS. STAND-ALONE STAND ALONE NO BACK-UP ENERGY REQUIRED

FIXED FLAT ARRAYS VS. TRACKING TRADEOFF SITE HAS HIGH DIRECT INSOLATION
REQUIRED LEVELS

ON-ROOF VS. OFF-ROOF ARRAY MOUNTING OFF-ROOF NO ROOF AREA AVAILABLE
MOUNTING

ACTIVE VS. PASSIVE COOLING PASSIVE NO REQUIREMENT FOR THERMAL
ENERGY

I
m

0

C)
0

0

H
0
z

r1



THE BDM CORPORATION

for the system parametric variations considered. Table EX-17 and Table

EX-18 offer cost and performance characteristics for each set of systems.

TABLE EX-16. COMPARISON OF VEGETABLE FARM PV SYSTEMS AT
PHOENIX AND SANTA MARIA

PV SYSTEMS INSOLATION ARRAY ARRAY LEVELIZED
(Mwh) OUTPUT EFFICIENCY BUSBAR ENERGY

(Mwh) PERCENT COST ($/Kwh)

PHOENIX 12,477 843 6.8 .0894
FLAT

PANEL SANTA 10,730 778 7.3 .1134
MARIA

PHOENIX 12,267 1,137 9.3 .0969

FRESNEL SANTA 10,215 979 9.6 .1317
MARIA

The flat panel system generates about 20 to 25 percent less

annual energy than the Fresnel system at about a 20 percent reduction in

the levelized busbar energy cost for a given location. Fresnel concen-

trator systems are more efficient but also more expensive. Capital costs

are 930 $/Mwh out of the array for the Fresnel system and 700 $/Mwh out of

the array for the flat panel system.

G. AGRICULTURAL ENERGY CONSUMPTION DATA BASE

The Task 1 Report describes the data base The BDM Corporation has

assembled to support the study of possible photovoltaic (P/V) systems'

applications in U.S. agriculture. There is voluminous material available

concerning energy use in U.S. agricultural activities. This information is

found in Federal sources, state governmental departments and agencies, the

manufacturers of farm equipment, rural cooperative associations, and numer-

ous other sources. While there is a wealth of information on agricultural

energy use, to support this study of potential P/V applications to agricul-

tural activities the data had to be reshaped to focus on particular charac-

teristics of that sector.
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TABLE EX-17. COMPARISON OF PHOTOVOLTAIC SYSTEM COST AND POWER DISTRIBUTION
CHARACTERISTICS FOR IRRIGATION, FLAT PLATE, 382 KWP SYSTEM

CAPITAL COSTS PHOENIX, AZ. SANTA MARIA, CA.

MODULE COST $ 166,154 $ 166,154

STRUCTURE AND TRACKING 126,237 126,237

POWER CONDITIONING 0 0

LAND 149 149

SITE PREPARATION 17,463 17,463

MISCELLANEOUS 135,704 135,704

TOTAL $ 445,708 $ 445,708

LIFE CYCLE COSTS

LIFE CYCLE CAPITAL COST $ 445,708 $ 445,708

TOTAL LIFE CYCLE COST $ 763,118 $ 763,118

LEVELIZED ANNUAL COST $ 75,426 $ 75,426

LEVELIZED BUSBAR ENERGY COST ($/KWH) $ N/A $ N/A

ANNUAL POWER DISTRIBUTION (KWH/YR)

LOAD DEMAND 843,290 778,107

SYSTEM OUTPUT 843,290 778,107

INSOLATION 12,476,985 10,729,953

UTILITY POWER 0 0

EXCESS POWER FOR FEEDBACK 0 0
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TABLE EX-18. COMPARISON OF PHOTOVOLTAIC SYSTEM COST AND POWER DISTRIBUTION
CHARACTERISTICS FOR IRRIGATION, 382 KWP SYSTEM, FRESNEL
CONCENTRATOR (NO STORAGE)

CAPITAL COSTS PHOENIX, AZ. SANTA MARIA, CA.

MODULE COST $ 263,816 $ 263,816

STRUCTURE AND TRACKING 344,784 344,784

POWER CONDITIONING 0 0

LAND 149 149

SITE PREPARATION 17,182 17,182

MISCELLANEOUS 135,704 135,704

TOTAL $ 761,635 $ 761,635

LIFE CYCLE COSTS

LIFE CYCLE CAPITAL COST $ 761,635 $ 761,635

TOTAL LIFE CYCLE COST $ 1,304,032 $1,304,032

LEVELIZED ANNUAL COST $ 128,890 $ 128,890

LEVELIZED BUSBAR ENERGY COST ($/KWH) $ N/A $ N/A

ANNUAL POWER DISTRIBUTION (KWH/YR)

LOAD DEMAND 1,136,943 978,845

SYSTEM OUTPUT 1,136,943 978,845

INSOLATION 12,266,845 10,214,669

UTILITY POWER 0 0

EXCESS POWER FOR FEEDBACK 0 0

TRACKING POWER 12,082 11,817
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The objective of the data organization effort has been to develop

detailed descriptions of the separate ways energy is used in agricultural

subsectors_ In order to fully support the research concerning potential

P/V applications, this data has been organized so that the types and

amounts of energy used in all the agricultural activities that contribute

to crop, livestock, and fertilizer production are identified. These data,

where possible, have been reported by month and state in order to provide

material for estimating regional and seasonal variations that might influ-

ence the appropriateness of P/V applications. In addition, these data for

individual crops, livestock categories and distinct agricultural activities

have been broken down to indicate the amount of energy expended in pro-

duction of given crops by acre and in production of given quantities of

livestock products providing a basis for accurate estimation of energy

consumption patterns. Finally, as a basis for estimating future markets

for P/V systems in U.S. agriculture, projections that describe the likely

changes of U.S. agricultural production have been included in the data

base.

Unlike most other sectors of the economy in which P/V applications

have been identified, energy consumption in the agricultural sector is

affected extensively by seasonal variations. This is particularly true in

crop production activities like planting, harvesting and storage that occur

only at specific times of the year and which vary in the different farming

regions of the nation. If P/V applications had been identified for only

isolated specific usages, these seasonal variations could reduce the effi-

cient utilization of a P/V system to only a small fraction of the year for

many farm operations. In such circumstances, P/V would most likely never

achieve cost-effectiveness. Instead of focusing on single applications,

this project has, through load matching of various farm equipment energy

use cycles, identified groups of applications in the agricultural sector

which can use the energy produced by P/V on an annual basis.

In order to be able to make the judgments necessary to group applica-

tions effectively, the data base reflects regional, season, and farm usage

variations on a nation-wide basis. The data base then served as the
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central source of information concerning energy usage patterns that have

been matched with P/V array power production capabilities.

The Task 1 Report describes the data base BDM has assembled and organ-

ized to support the remaining program tasks. The report has been divided

into four parts, the first providing an overview of agricultural energy

consumption and the other providing specific information about each of the

three subsectors:

(1) An overview of energy consumption in the U.S. agricultural

sector, which presents a review of the data in its most aggre-

gated form;

(2) A description of the data focusing on energy consumption patterns

in crop production activities which includes a review of the

patterns for each crop and projects likely changes in crop pro-

duction by 1985 and by the year 2000;

(3) A characterization of the data that describes energy consumption

patterns in livestock production activities for 1974, 1985, and

2000; and

(4) A description of energy consumption patterns in fertilizer pro-

duction from the present to the year 2000.
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