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ABSTRACT

The 150 kW, Solar Irrigation Projegt at
Coolidge, Arizona consists of a 23,000-ft° line
focus collector subsystem, a 30,000-gallon
thermal storage subsystem, and a 150 kW, power
generation unit.

The purpose of this document is to present the
plan for the facility's testing and evaluation,
a description of the facility, and the objec-
tives of the project. Detailed test plans and
a schedule are included.
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150 kWe SOLAR IRRIGATION PROJECT
TEST AND EVALUATION PLAN

Scope

This document defines the plan for test and evaluation of the
150 kWe Solar Irrigation Project at Coolidge, Arizona. The testing
will commence at the completion of construction checkout of the pro-
ject. The tests defined by this plan will last for approximately 1
year. It is contemplated that additional operational testing will

follow, but its exact nature is undefined at this point in time.

Specifically, this document defines the objectives, responsible
organizations, types and duration of tests, test schedules, data re-
guirements, and data reduction and analysis requirements for the

tests.

Description and Background

The 150 kwe Solar Irrigation Project is part of the Solar Thermal
Program supported by the Department of Energy (DOE). The 150 kwe
Solar Irrigation Project undertakes the design, construction, and
operation of a solar thermal electric power plant. The primary objec-
tive of the Solar Thermal Program is "to provide a sound technological
and industrial base on which a viable solar thermal power industry can
be founded." This will be accomplished by establishing a high confi-
dence in the technical and cost readiness of solar thermal concentrat-
ing collector systems in industrial process heat, cogeneration, elec-

tric energy, and other application sectors.
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The objectives of the 150 kW, Solar Irrigation Project are as

follows:

1. To provide private industry the opportunity to participate,
both as manufacturer and user, in solar technology develop-
ment,

2. To prepare a detailed design of a solar-powered experimental
facility to provide 150 kWe of electrical power to be fed
into a local utility grid to offset the load of operating
deep well irrigation pumps,

3. To construct the facility in accordance with the prepared
design and install it on a farm near Coolidge, Arizona, and

4. To operate the facility in an actual farm environment and

gather data on the facility's performance.

The project is the world's largest solar thermal power plant. A
preliminary design study was undertaken early in 1977 by three con-
tractors and completed in August 1977. The project site was selected
in February 1977 and is the Dalton Cole farm south of Coolidge,
Arizona. On the basis of the conceptual design competition, Acurex
Corporation was selected as the prime contractor for this project, as
well as the supplier of the solar collectors. The major subcontrac-
tors to Acurex are Sundstrand Corporation and Sullivan and Masson
Consulting Engineers. Sundstrand is the supplier of the Organic
Rankine Cycle (ORC) power generation unit. The team of Sullivan and

Masson and Acurex was responsible for the detail design task.

A schematic diagram of the 150 kwe Solar Irrigation Project is
shown in Figure 1. Basically, the Acurex collectors heat Caloria
HT-43 heat transfer oil to 288°C (550°F). The oil is then transferred
to thermal storage or moved directly to the vaporizer where toluene is
superheated for use by the Organic Rankine Cycle power generation

unit.
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Figure 1. Schematic Diagram of the 150 kW, Solar Irrigation Project



Test Objectives

This l-year test program has been subdivided into .wo phases.
The first phase, the subsystem characterization phase, will have a
duration of approximately 4 months, with the exception of the col-
lector subsystem tests which will continue all year and be devoted to
checking out and determining the operational characteristics of each
individual subsystem. The second phase, the system operation phase,
will occupy the remainder of the year and will entail the operation of

the complete system on a daily basis to demonstrate its capabilities.

Subsystem Characterization Phase

This phase will begin with an evaluation of the thermal storage
subsystem. Its thermal loss characteristics will be determined along
with the characteristics of its thermoclihe. Next, the system safety
interlocks and malfunction lockouts will be checked out. Then, the
entire system will be brought on line, and the operational character-
istics of the individual subsystems will be determined. Further, this
phase will be devoted to developing and verifying operational and

maintenance procedures for the system.

System Operation Phase

During this phase, the entire system will be in operation daily
with the goal of delivering the maximum possible electrical energy to
the power grid. To achieve this goal, a variety of operational tech-
niques will be investigated. For example, during periods of consis-
tently sunny days, the ORC subsystem's electrical output will be
adjusted to a rate that will allow it to operate continuously, 24
hours per day, to avoid the losses associated with starting it up and
shutting it down. This technique will be compared to operation of the

ORC subsystem at its peak efficiency as energy is available.
Overall system performance will be monitored daily to provide

data for future system designs and a comparison with the DOE specifi-

cation requirements. The characteristics of the individual subsystems
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will be closely checked periodically to monitor any degradation so
that the effects of the individual subsystems on the overall system

per formance can be monitored.

For both phases of testing, records will be kept to document
operational procedures and changes, maintenance procedures and
changes, and to maintain a record of repairs and associated downtimes.
The records will differentiate between activities required to support
operating subsystems and to support the instrumentation. Man-hours
and spare parts costs for the operation and maintenance of the system

will be established.

Test Objectives within Each Subsystem

Collector Field Subsystem -- The test objectives are as follows:

. Determine overall subsystem performance characteristics,
. Determine parasitic electrical energy requirements,
. Determine optimum starting time,

. Determine control system characteristics,

1

2

3

4

5. Determine subsystem performance degradation with time,

6. Determine washing cycle requirements,

7. Determine the operating and maintenance characteristics,

8. Compare the actual characteristics to design targets,

9. Determine thermal losses both during steady-state operation
and during overnight cool-down, and

10. Determine optical property degradation of the collectors

with time.

ORC Subsystem —-- The test objectives are as follows:
1. Determine subsystem performance at design conditions,
2. Determine subsystem performance at off-design conditions,
3. Determine boiler efficiency under a variety of operating
conditions,
4. Determine the energy available from the condenser,
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5. Determine the parasitic electrical energy ccnsumed,

Determine the thermal energy required to stezrt the ORC

subsystem,
7. Determine the subsystem performance degradation with time,
8. Determine the operating and maintenance characteristics, and
9. Compare the actual characteristics to the design goals.
Thermal Storage Subsystem —-- The test objectives are as follows:
i. Determine the thermal loss from the subsystem,

2. Determine the growth rate of the thermocline under steady-
state conditions,

3. Determine the stability of the thermocline under transient
conditions,

4. Determine a technique for flushing the thermocline from the
storage tank and the frequency required,

5. Determine the operating and maintenance characteristics,

6. Compare the actual characteristics to the design goals, and

Determine the subsystem performance degradation with time.

Responsibilities

The University of Arizona, under contract to Sandia National

Laboratories, will be responsible for the following:

1. Operating the system in accordance with this test plan,

2. Data reduction and analysis,

3. Providing Sandia with the raw data for analysis,

4. Writing the test reports,

5 Maintaining the system with the help of Acurex and
Ssundstrand on a subcontract basis, and

6. Maintaining the visitor center and conducting prearranged

tours.

12



The Acurex Corporation, under contract to Sandia National Labor-

atories, will be responsible for the following:

1. Reviewing this test plan for the purpose of assuring that
the required data will be made available to confirm the
theoretical models used in the design of Coolidge and

2. Providing the design targets for the various subsystems for

verification by the test results.

Tests

This section presents a detailed description of the tests to be
conducted, the data to be collected, and the data reduction required.
Table 1 presents a test matrix for the subsystem characterization
phase. Table 2 presents a test matrix for the system operation phase.

Following the tables are the detailed test plans for each test to be

conducted.
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TABLE 1

Subsystem Characterization Test Matrix

Test Objective

Results

Thermal Storage Subsystem

1. 24-Hour Thermal Loss Study thermal losses
Test from storage tank.

2. Thermocline Lifetime Study the thermo-
Test cline under steady-

state conditions.

3. Thermocline Stability Study the stability
Test of the thermocline
under transient con-
ditions.
4. Thermocline Flushing Find a suitable tech-
Test nique for removing

the thermocline from
the storage tank.

Percentage of
stored energy
lost in a 24-hour
period will be
determined. The
heat loss paths
will be defined
and quantified.

The growth rate
of the thermo-
cline will be de-
termined. The
thermal losses
associated with
the thermocline
will be defined.

The quantity of
400°F oil that
can be added to
top of the stor-
age tank without
upsetting the
thermocline will
be determined.
Similarly for hot
0il added to the
bottom.

A technique for
utilizing the
low-grade energy
contained in the
thermocline using
the ORC subsystem
will be estab-
lished. Also,
the removal fre-
quency required
will be deter-
mined.



Test

TABLE 1 (Continued)

Objective

Results

System Start-Up

1.

System Safety Inter-

locks and Malfunction

Lockouts Test

Collector Automatic
Tracking System Test

Collector Field Sub-
system Fluid Bypass
Controls Test

Collector Field Sub-
system Automatic
Fluid Temperature
Control System Test

ORC Subsystem Start-
Up Test

Determine a tech-
nique for checking
the system safety
interlocks and mal-
function lockouts.

Check out and cali-
brate the collector
automatic tracking

system.

Check out and cali-
brate the fluid by-
pass controls for
the collector field
subsystem.

Check out and cali-
brate the automatic
fluid temperature
control system for
collector field sub-
system.

Check out and start
up the ORC subsystem.

A technique will
be so determined,
and they will Dbe
checked out and
calibrated.

The collector
automatic track-
ing system will
be put into oper-
ation.

The fluid bypass
controls will be
put into oper-
ation.

The automatic
fluid temperature
control system
will be put into
operation.

The ORC subsystem
will be put into
operation.
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Test

TABLE 1 (Continued)

Objective

_Results

Collector Field Subsystem

1.

2.

All-Day Subsystem Test

Control System Charac-
teristics Test

Starting Time Test

Subsystem Performance
Degradation Test

Washing Cycle Test

Determine overall sub-

system performance.

Determine control
systems character-
istics under a
variety of condi-
tions.

Determine optimum
starting time.

Determine perfor-
mance degradation
with time.

Study the effects of
washing cycle fre-
guency.

Seasonally, the fol-
lowing subsystem
characteristics will
be determined:

a. Efficiency vs.
time of day
b. All-day thermal

efficiency

c. All-day energy
collection

d. Start-up time
required

e. Parasitic elec-
trical energy
consumed during
start-up and
steady-state
operation

The subsystem con-
trols characteris-—
tics will be moni-
tored under the fol-
lowing conditions:

a. Start-up

b. Steady-state
operation

c. Transient cloud
cover

d. Shutdown

The starting time
that will maximize
the net system out-
put will be deter-
mined for each
month.

Subsystem perfor-
mance will be con-
tinually monitored
to determine degra- -
dation rate.

Seasonally, the sub-
system will be moni-
tored to determine
performance degrada-
tion as a function
of washing fre-
quency.



TABLE 1 (Continued)

Test Objective

Results

Fluid Loop

1. Steady-State Thermal Study the steady-
Loss Test state thermal losses
of the various fluid
loops.

2. Overnight Thermal Loss Study the overnight
Test thermal losses of the
various fluid loops.

3. Parasitic Loss Test Study the electrical
7 energy consumed by

‘the pumps in the

various loops.

The steady-state
thermal loss rate
and the thermal ca-
pacity of the vari-
ous loops will be
determined. Re-
ceiver losses will
be separated out.

The overnight losses
will be determined
and sources of ther-
mal syphoning will
be defined.

The all-day electri-
cal energy consump-
tion of the pumps in
various loops will
be monitored.
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Test

ORC Subsystem

1.

Subsystem Overall Per-
formance Test

Boiler Efficiency Test

Waste Energy Test

Parasitic Energy
Consumption Test

Start-Up Test

TABLE 1 (Continued)

Objective

Results

Determine overall sub-
system performance un-
der a variety of oper-
ating conditions.

Determine boiler ef-
ficiency.

Determine
low—-grade
available
condenser.

quantity of
energy
from the

Determine parasitic
energy consumed by
the subsystem.

Determine thermal
energy required to
start up the sub-
system.

The subsystem over-
all performance will
be determined for
the following condi-
tions:

a. Design conditions

b. 1/2 design Ca-
loria flow rate

c. 1/4 design Ca-
loria flow rate

d. Repeat with 500°F
Caloria

The flow rates and
temperature changes
in the Caloria and
toluene will be re-
corded during test
No. 1. This data
will be used to cal-
culate boiler effi-
ciency.

The properties of
the toluene will be
monitored at the in-
let and exit of the
condenser to deter-
mine the energy
available.

The electrical en-
ergy consumed by the
various electrical
devices in the sub-
system will be de-
termined.

The Caloria flow
rate and temperature
into the vaporizer
will be determined
and the start-up en-—
ergy calculated from
it.



TABLE 2

System Operation Test Matrix

Test Objective

1. Maximum System Output Maximize the daily
net energy output of
the system.

2. System Normal Maximize the system
Operational operating time.

Results

Daily energy output
will be monitored
for a variety of Ca-
loria flow rates to
the ORC subsystem.
This data will allow
the selection of the
optimum Caloria flow
rate.

Data will be col-
lected daily to
monitor the overall
system performance
and that of the in-
dividual subsystems.
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Thermal Storage Tests

aF

1.

Determine 24-hour thermal loss from full tank.

a. Maintain tank at 204°C (400°F) for 24 hours.

b. Heat storage to 288°C (550°F) while measuring flow rate,
inlet o0il temperature (Tin)' and outlet oil temperature

(T ). Integrate data to determine thermal input.

c. Rezgtall tank thermocouples inside and out and thermo-
couples on attached pipelines every 3 hours during cool-
down.

d. Let tank cool for 24 hours with no flow into or out of
it.

e. Take final reading on all tank and attached plumbing
thermocouples.

f. Replace hot oil in tank with 204°C (400°F) oil while

recording flow rate, Tin and To . Integrate data to

determine thermal output. u

Determine thermocline steady-state lifetime.

a. Fill tank half full of 288°C (550°F) hot oil.

b. Monitor thermocouples on side of tank and thermocouple
probes every few hours for 2 days.

Thermocline stability.

a. Cool tank down to 204°C (400°F).

b. Fill tank half full of 288°C (550°F) oil.

c. Pump 1000 gallons of hot oil from the top of the tank
into the bottom of the tank.

d. Record effect on thermocline by monitoring the tank's
vertical thermocouple probe.

e. Repeat pumping oil from the bottom of tank into the top
of the tank.

Determine frequency that the thermocline must be removed and

how to remove it for daily storage tank operation.

System Start-Up Tests

20

1.

Devise the required technique and confirm that all the system

safety interlocks and malfunction lockouts are operational.



Manually override the collector field subsystem fluid temper-
ature controls and establish full flow through the collector
field. Set the bypass controls to return the fluid to the
thermal storage tank.

Put one collector loop at a time into focus and calibrate its
automatic tracking system. With the first loop tracking
automatically, move on to the second loop, and so on.

When all loops are tracking automatically, manually switch
the bypass controls to begin recirculating the fluid through
the collector field. Calibrate the bypass controls so that
the fluid will be directed to the thermal storage tank when
it reaches 260°C (500°F).

Manually adjust the fluid flow rate to maintain 288°C (550°F)
outlet temperature.

Calibrate the automatic fluid temperature control system so
that it will maintain 288°C (550°F) outlet fluid temperature
when in the fully automatic mode.

Initiate the vaporizer Caloria pump, verify proper Caloria
temperature and flow rate at the vaporizer, and start up the

turbine.

Collector Field Subsystem Tests

Seasonally determine the following:

U W N

Subsystem efficiency versus time of day.
All-day thermal efficiency.

All-day energy collection.

Start-up time required.

Optical properties of the collectors.

Subject to these conditons:

a. Freshly washed reflectors and receiver tubes.
b. 1 week after washing.

c. 2 weeks after washing.

d. 1 month after washing.

e. 2 months after washing.

21



In addition, seasonally determine:

1. Optimum starting time and fluid flow rate during start-up.
2. The solar insolation level required for "break-even" opera-

tion of the subsystem.

3. Parasitic energy used during start-up and steady state.
4. Response to transient cloud cover.
5. Control system characteristics during

a. Start-up,
b. Steady-state operation,
c. Transient operation, and

d. Shutdown.

6. The performance degradation rate by comparing current data to

previous data.
Daily record the following:

1. When mirrors and receiver tubes were washed.
2. When mirrors and receiver tubes were rain-washed.

3. Turn-on time and stop time.
In addition to the above, after a rain, record the start-up time
during the next day of operation. This will indicate the effect of

the rain dampening the insulation on the pipelines.

Fluid Loop Tests

1. Determine the steady-state thermal losses.
Pump hot oil from storage through the various fluid loops

with the collectors out of focus and the turbine not running.

Record the following:

a. Time to reach steady state.
b. Flow rates.
¢. Temperature readings throughout the system.

Calculate the following:

a. Steady-state thermal loss rate of the various portions of
the loops (separate receiver losses from header and
piping losses).

22



ORC Tests

b. Determine the thermal capacity of the loops as follows:
1. Determine the total thermal energy put into the loops

during test.

2. Subtract losses that occurred during steady-state
operation.
3. Subtract estimated losses during warm-up.

Determine overnight thermal losses.

The morning after a normal day's operation, monitor all
thermocouples in the various loops and estimate the overnight
thermal losses as a fraction of the thermal capacity calcu-
lated above. Document the sources of thermal syphoning.
Determine electrical energy consumed by the various pumps 1in
the loops during a normal day's operation for the various
seasons. Separate morning start-up parasitics from steady-

state parasitics.

Determine ORC performance at design conditions as specified
by Sundstrand.

Repeat No. 1 but with minimum possible hotwell temperature.
Determine the effects of varying inlet o0il temperature and

flow rate on ORC performance as follows:

a. Operate at 1/2 design Caloria flow rate.
b. Operate at 1/4 design Caloria flow rate.
c. Repeat with 260°C (500°F) Caloria.

Determine minimum inlet o0il temperature and flow rate to
keep the ORC running and keep its performance at that level.
Determine the efficiency of the boiler during the above-
mentioned tests by observing flow rates, temperatures, and
changes in temperature of the fluids passing through the
boiler.

Determine the energy available from the vapor condenser by
measuring the flow rate and the change in thermal properties
of the toluene passing through the vapor condenser.

Determine the parasitic electrical energy consumed by the

23



10.

ORC by measuring the power cbnsumed by its various
components during above-mentioned tests.

Determine the amount of energy put into the ORC system by
the Caloria in order to start it up.

Determine the water usage rate of the vapor condenser under
a variety of conditions.

Periodically monitor the subsystem's performance to deter-
mine its rate of degradation and the frequency of cleaning

required by the vapor condenser.

Normal Systems Operations Tests

1.

2.

24

The collector field subsystem will be operated with an
outlet temperature of 288°C (550°F).

A variety of flow rates of Caloria to the vaporizer will be
investigated to determine the flow rate that will maximize
the net electrical energy output on a daily basis for dif-
ferent seasons.

The thermocline in the storage tank will be removed periodi-
cally, as determined by the thermal storage tests. The
effect on the system of doing so will be determined and
documented.

The system will be operated on sunny days whenever possible.
Operation will not stop due to a malfunction of an automatic
control system if control can be maintained manually. When
possible, routine maintenance and repairs will normally be
done on cloudy days or at night.

During a rain shower, the collectors will be turned upward
to be cleansed by the rain water.

Routine collector washing will be defined after the test
results from the first part of the Collector Field Subsystem
Tests are concluded.

Determine the optical properties of the collector subsystem
on a periodic basis and, if possible, before and after an
unusual occurrence (i.e., rain, dust storm), after washing,

before washing, etc.



8. The following data will be recorded on tape whenever the
system is opérating.
« Collector field inlet and outlet temperatures
«+ Collector field flow rate
. Collector loop outlet temperatures
. Solar insolation (NIP)
»+ Ambient air temperature
+ Wind speed
* Vaporizer inlet and outlet temperatures
+ Vaporizer flow rates

* Electrical power output

In addition, at the end of each day the following will be

recorded:

. kWhe output of the system
. kWhe consumed by the system
+ Peak kwe consumed by the system

+ Turn-on and stop times of the system
9. The following calculated values will be determined daily:

- Integrated NIP

+ Integrated thermal output of the field
+ Daily collector efficiency

+ Daily system efficiency

« Peak collector efficiency

. Energy input by the gas-fired heater

10. Monthly calculate the availability of the collector field

subsystem and ORC subsystem when defined as follows:

. \ . L g
Collector field subsystem availability: Percentage of
time when the solar insolation is above the "break-even"

level and the collectors are in operation.

ORC subsystem availability: Percentage of time the ORC
was operating when sufficient energy was available at the

vaporizer from the Caloria.

NY
(6]
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Maintenance

Incorporate the Weekly Operational Maintenance Report (see
page 27) into the monthly report. Nonrecurring operational
maintenance and test maintenance will simply be logged in the
facility log book.

Prepare a maintenance schedule for all routine maintenance
required by the various components.

Collector washing will be a maintenance item.
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Recurring Costs Required For Facility Operation*

WEEKLY OPERATIONAL MAINTENANCE REPORT

Week**

COLLECTOR FIELD

Operator mh Services

Parts

Operator mh

POWER

Services

Parts

FLUID SYSTEM

Operator mh Services

Parts

10

11

12

13

14

15

*Nonrecurring operation costs,

testing costs,

**Week 1 corresponds to 1-15-80 start.

etc., will be logged in record books.
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Schedule
Oct. Nov. Dec. Jan. Feb. Mar. Apr. May June July Aug. Sept.
FY 80 Major Milestones
1. Subsystem VA VB vC VD vE
Characterization
2. System VA vB
Operation
1A Complete Thermal Storage Subsystem Tests
1B Complete System Start-Up Tests
1C Complete Fluid Loop Tests
1D Complete ORC Subsystem Tests
1E Complete Collector Field Subsystem Tests
2A  Begin System Operation Tests
2B Complete System Operation Tests
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