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Abstract

Detailed reference designs developed for optimally sized photovoltaic-thermal (PV-T)
systems are presented for three selected applications. The results of trade-off analyses
to determine the effects of load variations, new components, changes in location, and
variations in array cost are also discussed. SANDR2—7157/2 provides an overview of
o available photovoltaic-thermal (PV-T'} technology and discusses general issues associ-
ated with the design and installation of PV-T systems. SAND82 —7157/3 identifies the
technical issues involved in designing a photovoltaic-thermal system and provides
guidance for resolving such issues. A summary of the major results of this entire study

and conclusions concerning PV-T systems and applications is presented in
SANDS82—7157/1.
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® FOREWORD

This volume of technical report BDM/A-82-458-TR-R1 is submitted by

The BDM Corporation, 1801 Randoiph Rd., S.E., Albuguerque, N.M. 87106.

® This report documents work performed for Sandia National Laboratories

under contract 68-036l. This volume documents the detailed PV-T system

designs developed for three selected applications, and presents the

results of a trade-off study performed for these same three applications.

® This work was performed under the guidance of Mr. Miguel Rios, the
Sandia Contract Monitor,
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® CHAPTER 1
INTRODUCTION

In this volume a reference design is developed for an optimally
® sized PV/T system for the three applications selected as most promising.
These 1include the Dixon, California meat-packing plant; the Fresno,
Catifornia hospital; and the Albuquergue, New Mexico school. These
designs were based on actual plant operational procedures and require-
® ments in the case of the meat-packing facility, and the typical hospital
and school HVAC systems as determined by visits to such facilities in the
Albuquerque area. Trade-off studies based on these three designs were
performed and are presented in chapter V.

® Load profiles for the school and hospital were not available so
these profiles were developed using TMY data and standard ASHRAE methods
as described in volume I. The load profile for the meat-packing plant
was developed based on plant operating procedures and requirements as

o specified by the plant engineer. Since none of the applications lent
themselves to a roof mounted system, it was assumed that sufficient land
area was available to install the optimum size system as determined by
SOLCEL performance simulations.

L J The SOLCEL simulations were all performed for a line focus Fresnel
(LFF) concentrator using the economic data presented in volume I. A
sel1-back ratio of 0.75 was assumed for all systems. Initial calcula-
tions were performed to determine the appropriate row length and flow

o rate. It was found that the row length had 1ittle effect on the life
cycle cost ratio (LCCR) or the total field size. We also found that
decreasing the flow rate from 10 to 15 gpm (6.31 x 10-4 m3/sec to
3.16 x 10'4 m3/sec) per row decreased the LCCR slightly; however, we

¢ decided not to decrease the flow rate further since at lTower flow rates
the temperature rise along a collector row would become excessive causing
unacceptable voltage mismatch losses.

Subsequent to these calculations we found that E-Systems LFF can
® withstand a maximum fluid pressure of about 100 psig. Assuming

I-1
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redasonable pressure drops through the balance of the system (piping, heat
exchanger, cooling tower, valves, etc.), this meant a maximum row Tlength
of 11 collector arrays at 5 gpm (3.16 x 10°4 m3/sec) . Thus, in the
system designs the flow rate has been chosen at 5 gpm (3.16 x
10'4 m3/sec) , and the row length at nine or 10 LFF arrays per delta-T
string.

In the following chapters each application is described, the trade-
off studies used to size the field are described, and the detailed system
design is provided along with design calculations. Engineering drawings
are included at the end of each chapter for the appropriate application

and system.

I-2
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® CHAPTER II
DIXON, CALIFORNIA MEAT-PACKING PLANT

. A.  INTRODUCTION

1. Plant Description

The Dixon, California meat-packing plant is owned by Armour

Food Company, a division of the Greyhound Corporation which is one of the

e country's largest meat-packing concerns, To obtain the plant energy

requirements and operating procedures we talked to Mr. David Brown, the

plant manager, and Mr. K. M. Ries, manager of energy programs at Grey-

hound corporate headguarters in Phoenix. The Dixon plant is engaged pri-

® marily in lamb slaughter and packing. [t also processes a lesser amount

of beef. Although the plant slaughters approximately 10 percent of the

nation's lamb, the total operation is too small to utilize a rendering

facility. This makes the plant very suitable to a PV-T application since

® steam is not required for rendering but is used primarily to produce hot

water for cleanup.

The plant operates 5 days a week with a full shift from 8 a.m.

to 9 p.m., a reduced shift from 9 p.m. to midnight, and cleanup from mid-

@ night to 8 a.m. A Tlargde amount of cleanup water is used just before the

morning shift begins. The peak electrical demand for the Dixon plant is

approximately 500 kWe. About one-third of the

electrical

(150 kWe) is for powering vapor compression refrigeration 24 hours per
e day 7 days per week. The rest is used during the full and partial shifts
to provide power for the conveyor system in the plant and to drive a high
pressure air supply used to drive pneumatic knives. The plant currently
generates 5,000 lbs/hr (2268 kg/hr) of 100-psia (0.67 MPa) steam, used

® primarily to produce 140°F (GOOC) water for plant cleanup.
some steam is used for knife sterilization during the slaughtering opera-
tion. The current Jload profile for steam generation
volume I.
o
II-1
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THE BDM CORPORATION

A1l electricity is purchased from a Tlocal utility while the
steam is generated onsite using natural gas with number 2 diesel fuel as
backup. The current overall annual electric to thermal ratio is 0.246.
Based on conversations with the plant managers we found that, on the
average, 197 gpm (0.012 m3/sec) of 1409F (609C) water is required for
cleanup between 6 a.m. and midnight, and 113 gpm (0.0071 m3/sec) between
midnight and 6 a.m. The cleanup water is discarded and the makeup water
enters the heat exchanger at 650F (18.30C). Based on these requirements,
a thermal load profile to be supplied by the PV-T system was developed
and is shown in figure II-1. The electrical load profile 1is shown in
volume I (figure III-17). The general plant configuration is shown in
figure II-2.

PV/T DEMAND
140°F (60°C) HOT WATER
24 HOUR/DAY, 5§ DAY/WEEK

E/T=0.212
10 -
197 gpm (0.012 m>/sec)
8 gp . 5
=) 7.4 x 108 Bru/hr (2168 KW)
x 6 (0.0071 m/sec) 140°F (60°C)
< 113 gpm
2 44 G
@ 4.2 x 10° Btu/hr {1231 KW)
2 -
]

12:00 24:00

TIME OF DAY BOM/A-82-458.TR-R1

Figure II-1, Dixon, California Meat-Packing
Plant Thermal Load Profile to
be Supplied by the PV-T System
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The Dixon plant is located in a good insolation area and is
situated on approximately 50 acres (200,000 mz) of land, close to half of
which could be available for collectors. The majority of buildings at
the site are not structurally suitable for collector installation.

2. Design Trade-0ff Studies

Using the electrical and thermal Tloads to be displaced by the
PV-T system, several design trade-off studies were performed using
SOLCEL-ITII. These included trade-offs with respect to row length (i.e.,
the number of E-Systems four-module arrays per row), flow rate, and

storage size.

Inftial calculations were made without storage and assuming row
lengths of 12 and 24 arrays with flow rates of 5 to 10 gpm (3.16 x 10_4
to 6.31 x 10_4 m3/sec). The results of these calculations, shown in
figure II-3, 1indicate that the Tlower flow rates improve the LCCR
slightly, and decreasing the number of arrays per row has an even smaller
effect. Because we did not want an excessive temperature rise along the
row, we limited the flow rate to 5 gpm (3.16 X 10'4 m3/sec).

For the initial storage and field sizing calculations, the
storage tank was assumed to operate between 659F (18.39C) (the temper-
ature of the makeup water) and the annual average outlet temperature of
the array. The average outlet temperature of the field, averaged over
the year, with 10 arrays per row and 5 gpm (3.16 x 10'4 m3/sec) is 1600F
(71.1°C). Thus, the relation between storage volume and energy stored
ise

Q. = 645.6 V (160 — 65) = 6.133 x 10%v

where V is the tank volume in m3 and QS is the stored energy in watt
hours, For the SQOLCEL simulation a storage tank size was assumed in
terms of energy (or watt hours) and was treated as an energy bin; any
energy produced by the PV-T system in excess of the load was placed in
storage. If storage was full the excess energy was dissipated in the

—
—
)
I
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Figure I1-3. LCCR Versus Number of Rows for No Storage and for Various
) Arrays Per Row and Coolant Flow Rates Per Row
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cooling tower. For a given storage size the volume was calcufated from
the above relation and the storage cost determined from the relation:

$ 8

—_ O.
CS = Y750(V)

The results of the storage calculations are shown 1in figure [I-4.
Increasing storage significantly decreased the LCCR and increased the
field size. The storage size chosen for this design was 11.6 MWh with a
volume of approximately 50,000 gallons (190 m3) . A larger size did not
improve the LCCR significantly and was felt to be too large in volume.

The basic design selected for the Dixon plant was a field of
720 collectors, 72 rows of 10 LFF arrays per row. The storage was sized
to contain 11.6 MWkh of energy and the flow rate through each row was
5 gpm (3.16 X 107 m3/sec).

3. Generalized Design Concept

The overall system conceptual design is shown in figure II-5.
Parasitic electrical power associated with the pumps, cooling tower and
PV-T tracking system is added to the existing electrical load. If the
array outlet temperature (TF0) is greater than 2109F (98.99C) the flow is
routed through the cooling tower to decrease the array inlet temperature,
The flow rate through the array and the heat exchanger is constant. The
flow through the load is variable and intermittent depending on the
required washing operation. The flow through the heat exchanger is
slightly greater than the average daytime load flow rate so that thermal
storage may be charged for use after sundown. The load water is wasted
and makeup water equals the entire load requirement. Makeup water is
from the city mains and enters the system at 650F (18.3°C) .

The SOLCEL simutations indicate the annual electrical and
thermal energy characteristics of the system as shown in table II-1. The
array electrical efficiency (energy provided tc the load, parasitics and
sell-back versus available insolation) is 11 percent. The system thermal
efficiency (energy provided to the load versus insolation) is 37 percent.

II-6
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TABLE II-1. DIXON MEAT-PACKING PLANT ANNUAL INSOLATION,

* ELECTRICAL AND THERMAL ENERGY CHARACTERISTICS

INSOLATION (kW-hrs)
- Total Direct Normal Radiation Available

ELECTRICAL CHARACTERISTICS (kiW-hrs)
Electrical Load

Total Array DC Electrical Energy
e Array AC Electrical Energy to Load

Backup AC Energy to Load

Electrical Parasitic

Sold Back AC Energy

THERMAL CHARACTERISTICS (kW-hrs)
Thermal Load
Total Array Thermal Energy
® Array Thermal Energy Directly to Load
Array Thermal Energy to Storage

Stored Thermal Energy to Load
Backup Thermal Energy
® Heat Rejected at Coecling Tower

LOAD DISPLACEMENT AND EFFICIENCIES
Percent of Electrical Load Displaced
® Percent of AC Electrical Energy Sold Back
System Conversion Efficiency (DC to AC)
Array Electrical Efficiency
Percent of Thermal Load Displaced
System Thermal Efficiency

I1-9

1.9 x 107
2.253 x 106
2.33 x 106
1.166 x 106
1.087 x 106
8.03 x 104
8.33 x 10°
1.2095 x 107
9.83 x 106
4.96 x 106
2.67 x 106
2.22 x 106
4.92 x 106
3.27 x 104
52 %

40 %

89 %

11 %

59 %

37 %
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In the following sections a detailed system design is provided
along with the analyses used to design the system and choose and size
components. Although the sections have been divided into electrical and
mechanical design, several iterations were performed to determine the
proper row length based on voltage and current requirements, temperature
increases, and voltage mismatch losses due to the temperature fincrease
along a row. These trade-offs should become clear in the following
sections.

B. ELECTRICAL SYSTEM DESIGN

The following sections summarize the electrical design. The text is
keyed to electrical drawings E-1 through E-7 contained at the end of this
chapter.

1. Electrical System Overview

A block diagram of the photovoltaic power system (PPS) for the
Dixon plant PV-T design is shown in drawing E~-1. The DC output of the PV
system is rated as 543 V and 1.830 kA (894 kW) at 1000 W/m2 with an inlet
fluid temperature of 250C and a temperature rise from inlet to outlet of
500C. The expected AC output of the system is 875 kW assuming an overall
power conditioning efficiency of 88 percent. It operates interactively
with the electric utility service. The output voltage is 277/480 VAC,
three phase, four wire. The elements in the block diagram will be des-
cribed briefly in this secticn and presented in more detail in subseguent
sections with rationale for component selection. Critical electrical
components are specified on the appropriate drawing and summarized in
table II-2.

The DC portion of the PPS consists of two fields supplying
separate 500-kW inverters. Each field is divided into nine subfields. A
subfield consists of four electrical loops and a subfield maintenance and
safety (M&S) enclosure. Each electrical loop contains 10 E-Systems
linear Fresnel lens arrays. (The term array is used by E-Systems to
describe a single frame assembly supporting four linear Fresnel Tens

I1-10
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TABLE II-2. MAJOR PPS ELECTRICAL COMPONENTS

ITEM NO. SUBSYSTEM/ITEM DESCRIPTION
1.0 Subfield Maintenance and
Safety Enclosure/NEMA 3R
Enclosure (48"H x 36"W x 18"D)
1.1 Resistor, 98 KR, 1 W, 1%
1.2 Resistor, 2 k2, 0.1 W, 1%
1.3 Resistor, 0,10, 100 W, 1%
1.4 Safety Switch, 3 Pole,
600 vDC, 30 A
1.5 Varistor, 420 V
1.6 Blocking Diode, 1200 V, 70 A
1.7 Busbar, 200 A
2.0 Subfield Maintenance Switch
Safety Switch, 2 Pole,
600 vDC, 200 A, Qutdecor
3.0 Field Maintenance and
Safety Enclosure/NEMA 1
Enclosure {72"H x 72"W x 14"D)
3.1 Varistor, 420 V
3.2 Safety Switch, 2 Pole,
Fusible, 600 VDC 200 A with
150 A Fuse
3.3 Safety Switch, 2 Pole,
600 VDC, 200 A
3.4 DC Current Transducer
3.5 Rotating Switch, 10 Position
3.6 Ammeter

11-1

(MFR.) PART NO.
(OR EQUIVALENT)

(Dale) WWA-416
(Dale) EMF-50-10
(Dale) RH-100
(Square D) HU-361

(GE) V320-PA-40A
(IR) IRKE 71-12

(Square D) HU-364RB

(GE) V320-PA-40A
(Square D) H-264

(Square D) HU-264

(DSI) CT2-00LT

Qry.

18

144
144
72
72

144
144
54

36
18

18

36
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ITEM NO.

TABLE II-2.

SUBSYSTEM/ITEM DESCRIPTIGON

4.0

Field Maintenance Switch/
Safety Switch, 2 Pale,
600 VDC, 1200 A

DC-AC Inverter, 500 kW, 480 VAC,
3 Phase, 4 Wire

AC Switchgear Enclosure/
Circuit Breaker Enclosure
(92"H x 55"W x 72"D)

Circuit Breaker, 480 VAC,
3 Phase, 800 A

Circuit Breaker, 480 VAC,
3 Phase, 1600 A

Utility Interface Breaker
Enclosure/Circuit Breaker
Enclosure (92"H x 55"W x 72"D)

PPS Circuit Breaker, 480 VAC,
3 Phase, 1600 A

Utility Circuit Breaker,
480 VAC, 3 Phase, 1600 A, with
Remote Electrical Operator

Subfield Transformer, 480/120 V
Single Phase, 5 kVA, Outdoor
Type

Interruptible Power Supply/
Diesel Generator Set, 100 kW
with 6-Cylinder, 516 cu. in.
Engine, 225 A-H, 24 vV, GEL-CELL
Batteries, 100 gal Fuel Tank

I1-12

MAJOR PPS ELECTRICAL COMPONENTS (Continued)

(MFR.) PART NO.
(OR_EQUIVALENT) qrY.

(Square D) HU-268 2

(DECC) 61306 2
1
(WEC) DS-206 ?
(WEC) DS-416 1
1
(WEC) DS-416 1

(WEC) DS-416 w.E.0. 1

(SORGEL) 5S40F-0 18

(ONAN) 100.0 DYC-15R 1
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® TABLE II-2. MAJOR PPS ELECTRICAL COMPONENTS (Concluded)
(MFR.) PART NO.
- ITEM NO. SUBSYSTEM/ITEM DESCRIPTION (OR_EQUIVALENT) QTY.
1'\ 10.0 Uninterruptible Power Supply/ (Gould) 5247A-1 1

Inverter, 3 kVA, 120 VAC, 1 Phase,
60 Hz with GEL-CELL Sealed
Batteries and Rectifier,

120 VAC to 133 vDC

® 11.0 Master Cantroller and Not Defined 1
Hazard Station/(Includes
Microcomputer and Hazard
Relays)

I1-13
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collectors. Therefore, we have also used this nomenclature and defined
the total number of arrays interfacing with an inverter as a field.) Each
subfield M&S enclosure includes an externally-mounted safety switch which
together provide for interconnection of the four electrical loops,
measurement of electrical loop parameters, isalation of the subfields and
of each individual loop, and protection from lightning and other tran-
sients.

Nine sets of DC field cables are routed to each field M&S
enclosure located in the electrical control building. Each field M&S
enclosure provides for interconnection of the nine subfields, measurement
of subfieid electrical parameters, DC switchgear and 1lightning protec-
tion. The 500 kW inverters convert the DC power into 277/480-VAC, three-
-phase, four-wire, 60-Hz power. The inverters also contain OC and AC
monitoring and protection switchgear. The AC outputs of the inverters
are combhined through circuit breakers in the PPS AC switchgear enclosure.
The PPS AC power is then routed to the Dixon plant. The public utility
enters the plant through two meters. The meters are connected 1in
opposite directions to measure the flow out of and into the utility. The
utility service and the PPS are interconnected through circuit breakers
in the utility interface breaker enclosure. The combined AC power is
routed to the main AC panelboard which supplies the building toads and
also the AC power for the PPS. A meter is provided between the utility
interface switch and the main AC panelboard to measure the total power
required by the Dixon plant and the PPS. The main AC panelboard
indicated in the drawing is part of the standard plant equipment.

The AC power for the PPS is routed to the AC panelboard in the
electrical control building. A meter on this line measures the power
required by the PPS. The AC power is stepped down as appropriate for the
various electrical control building and field power reguirements.

2. Field Design
a. Determination of PV-T Field Size and Layout
Sizing trade-off analyses performed using the SOLCEL-TI
computer code indicated that the laowest 1ife cycle cost for the system

[1-14
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would be obtained using 720 E-Systems arrays arranged in 10- to 12-array
loops with a differential in inlet to outlet fluid temperature of 509C at
1000 w/mz. Because the large number of rows required wculd produce an
elongated field which would produce Targe power Tlosses due to Tong
thermal and electrical runs, it was decided to break the field into two
sections arranged side by side to produce an almost square field. For
ease of maintenance, it was decided to divide each loop into two rows so
that the inlet and outlet piping are all in the center of each field.
The thermal design considerations are discussed in more detail in
section II-C.

The electrical design and layout shown in drawing E-2 is
based on the PV system interface with the DC-AC inverter and on a para-
metric analysis performed using the PV-TAP code, which was presented in
volume III. In this analysis it was shown that to prevent excessive
losses due to temperature differences the series string of cells needed
to provide the operating voltage necessary for the inverter should not
extend beyond one thermal loop. This restriction also reduces the wiring
runs and simplifies the wiring scheme, Thus, it is desirable to design
the electrical series string to correspond with the thermal Tloop.
Because the total field size results in a power of 994 kW with the fluid
temperature differential of 500C, it was decided to use two 500-kW inver-
ters available from the Delta Electronic Control Corporation (DECC). The
inverter selection rationale and specifications are presented in sub-
section 4 of this electrical section. The inverter has a nominal input
operating voltage range of 425 to 600 V. It is desirable to operate the
array near the midpoint of this voltage range. Since each of the
E-Systems collectors shown in the array detail in drawing E-2 produces
30.1 V and 12.7 A at 259C constant fluid temperature, only 5 arrays (20
collectors) connected in series would produce the 600-V maximum allowable
voltage for the inverter. However, since significant voltage will be
lost due to cell temperature mismatch for the case of a fluid temperature
differential of 500C, the 600 V would never he achieved. Since no satis-
factory voltage could be obtained by series/parallel combinations of 12
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arrays, 1t was decided to use the 10-array opticn with two coliectors
connected in parallel by two in series in each array, as shown in
drawing E-2, to obtain the 20 series collectors needed to produce the
600 V.

The PV-TAP parametric analyses noted ahove also quantified
the power and voltage losses for various array configurations and tempe-
rature differentials. These analyses indicate that the string voltage
loss is proportional to temperature and will be 9.8 percent for the 500C
fluid temperature differential resulting 1in a string voltage of
aproximately 543 V. In this arrangement, collectors are electrically
connected within an array by first connecting two collectors in parallel
and then connecting two such groups in series. Thus, all 10 arrays are
required to develop the 543 V.

An alternative design was also considered, connecting all
four collectors within an array in series which would develop the full
voltage caver the five arrays in & row and then connecting twoc rows in
parallel. However, the PV-TAP analysis also indicated that this would
result in greater voltage and power losses than the design option chosen.
The voltage and power losses from the ideal constant fluid temperature
conditions would be approximately 2 percent greater (or 11.8 percent) for
the alternate electrical design than for the design chosen.

An additional analysis was performed to determine the OC
operating voltage range of the fields under extremes of illumination and
temperature to ensure that it remains within the 425 to 600 V operating
range of the inverters. It was determined from the SOLCEL runs for the
Dixon plant PPS that the inlet temperature of the fluid will fall within
the range, 20°C to 500C, over the course of the year and the insolation
will not exceed 1000 w/mz. Assuming the lower Timit of the tracking is
100 W/m2 and also assuming a temperature differential from fluid to cell
of 149C at 1000 W/mz, the voltage matrix in table II-3 was developed.
The results are shown graphically in figure II-6. The voltage at each
fluid temperature peaks at about 300-350 w/m2 because the higher expected
voltage at 1000 W/m2 is offset by the higher inlet-to-outlet temperature
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TABLE II-3. DC OPERATING VOLTAGE MATRIX FOR DIXON PV/T SYSTEM
DC OPERATING INSOLATION (W/m2)
VOLTAGE (V) 100 200 300 350 400 500 700 800 1000
Tr (INLET) DC OPERATING VOLTAGES (V)

(9C/°K}
20/293 581 591 592 592 591 587 576 570 557
25/298 565 575 577 577 576 572 562 556 543
30/303 549 560 562 562 561 558 548 542 529
35/308 533 545 547 547 546 543 534 528 516
40/313 517 529 532 532 531 528 520 514 502
45/318 501 513 517 517 516 514 506 500 489
50/323 485 498 502 502 501 499 491 486 475

NOILVHOdHOD N9 dHL
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Figure I1-6. DC Operating Voltage Variation for Dixon PY-T System

11-18



THE BDM CORPORATION

differential which causes the voltage mismatch discussed previously. The
lowest voltage is 475 V at 500C inlet fluid temperature and 10G0 W/m
The highest voltage is 592 V at 20°C inlet fluid temperature and about
350 W/m°.

The resulting electrical/thermal loop is shown in drawing
E-2. The far end of the loop is center tapped and grounded in the M&S
enclosure to limit the voltage excursions above and below ground to less
than 360 V.

b. Determination of Subfield Size

Referring again to drawing E-2, each field is divided into
nine subfields with four loops per subfield. This specification resulted
from the desire to locate summing junction boxes close to the loops to

prevent excessive wire runs and to reduce the potential for obstructions
which might result from the Tlarger boxes which would be required if six
loops were grouped in a subfield. Thus, it was decided to Tlocate this
junction box, or the M&S enclosure, near one of the negative termination
posts of the second row of each subfield. Thus, four positive, four
negative, and four center tap wires are interconnected in this enclosure.
The subfield could alternately have been specified as six loops with the
subfield M&S enclosure Tocated at the center of the third or fourth row.
This would result in only six subfield M&S enclosures per field instead
of nine, but would also result in longer DC cable runs within each sub-
fielda. Thus, the DC cablies would have to be sized larger to prevent
voltage and power lcsses in the cables and subseguent mismatch of loop
voltages.

The center taps of the electrical loops are interconnected
in each subfield M&S enclosure and connected to ground. After intercon-
nections of positive and negative cables within each subfield M&S
enclosure, one set of DC cables (one positive and ocne negative) is routed
to the electrical control building from each subfield M&S enclosure.
Details of the subfield enclosure are contained in the following section.

I1-19
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3. DC Switchgear
a. Subfield Maintenance and Safety (M&S) Enclosure
There are 18 subfield M&S enclosures, nine for each field.

These enclosures serve as the focal point for interconnecting and routing
of DC cables from the individual electrical loops to the inverters, for
transient protection of the arrays and DC cables, and for maintenance and
troubleshooting of the arrays. Drawing E-3 is a schematic diagram of a
typical subfield M&S enclosure. After the positive, negative, and center
tap cables from a particuiar loop are routed into the enclosure, volitage
and current monitoring resistors are connected between the cables. The
98—kﬂ and 2-kQ resistors form a voltage divider so that the voltage at
the test point will be only 2 percent of the half-locop veltage from
ground. The 0.l-ohm current shunt resistor will carry current only if
the positive and negative lines are unbalanced due to an array failure or
ground fault. Next, a 30-A three-pole switch, defined in the drawing
parts 1ist, is provided to isolate the electrical loop for maintenance.
This loop maintenance switch is rated at 600 V DC per contact because the
open-circuit voltage on either side of ground could reach 360 V under
worst case conditions.  Therefore, a 250-V rated switch could not be
used. The center tap of the Toop is grounded on the inverter side of the
switch to the M&S enclosure which, in turn, is grounded to the counter-
poise system.

Blocking diodes and varistors are incorporated for loop
protection. The varistors are provided for lightning protection to
prevent high-voltage excursions on either side of ground. The breakdown
voltage of the varistors has been sized to exceed the maximum open-
circuit voltage which can be generated by either side of the Toop so that
these varistors will not shunt current during normal operation. The
blocking diodes prevent reverse power flow into the loop in the event of
either low-level transients from lightning or power conditicning, which
dc not exceed the breakdown voltage of the varistors, or from shorting
failures within the loep itself. The blocking diodes are required on
both positive and negative lines because of the loop center tap. The
blacking diode breakdown voltage has been sized at 1200 VDC to greatly
exceed the normal varistor voltage of 420 V in the event that the latter
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rises significantly due to high-freguency transients. This transient
increase is typically greater than 100 percent. Since the blocking diode
represents a continuous power 10Sss during normal operation, it has been
rated to handle twice the normal current of the loop to reduce the
forward voltage in operation and as a result the power 1oss as well.

Beyond the Tloop protection and monitoring circuitry, the
plus, minus, and center tap conductors are connected with the corre-
sponding conductors from the other three loops of the subfield. A 200-A
two-pole subfield maintenance switch is provided on the positive and
negative output lines. It is mounted in its own enclosure external to
the subfield M&S enclosure. This switch is rated at 600 V per contact
for the same reasons as are the loop maintenance switches. A two-pole
switch is used here instead of a three-pole switch because there is no
need to break the center tap line at this pcint. The output conductors
will consist of direct burial cable and will be routed into the ground in
conduit and then routed to the electrical control building 2 ft (0.61 m)
underground without conduit.

Fuses have not been included in the subfield M&S enclosure
design. Fuses are used to prevent exceeding the current capability of
the wiring in the case of shorts to ground. The individual loops,
however, are protected from reverse power flow from other Tloops by
blocking diodes. The direct burial cable from the subfield M&S enclosure
to the electrical control building is protected against reverse current
flow from the other subfield in the case of shorts to ground and from
lightning and other transients by fuses located in the electrical control
building as discussed in the next section.

b. Field Maintenance and Safety (M&S) Enclosure

The 18 sets of direct burial cables from subfield M&S

enclosures are routed to two field M&S enclosures in the electrical

control building. The nine pairs cof cables from field A are routed to
one field M&S enciosure; the nine pairs of cables from field B to the
other. A schematic of the field M&S enclosure is shown in drawing E-4,
The two field M&S enclosures interface with separate inverters,
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Each of the cables entering the field M&S enclosure is
protected from lightning surges by a varistor which is grounded to the
case. The case is, in turn, grounded to the counterpoise system outside
the building. A 200-A two-pole switch, defined in the drawing parts
1ist, is provided for isolating each subfield from the other. Fuses are
provided on each line to protect the field cabling against overcurrent
conditions from other subfields feeding power into subfield shorts to
ground. A second 200-A two-pole switch is included on the other side of
the fuse to isolate the fuse from all pcower if it requires replacement.
DC current transducers are placed on each of the 1B 1ines to measure the
current flow in each line. The current transducers interface with two
10-position ammeter switches. One switch feeds current measurements from
the positive lines to one ammeter; the other switch feeds current
measurements from the negative 1lines toc a second ammeter. In this
manner, the currents in the plus and minus lines of each subfield can be
compared. [f the current values are not the same, the subfield lines are
not baltanced indicating a fault condition. The ammeter switches also
have an off position. On the other side of the current transducer, the
lines from the individual subfields are interconnected, The positive
lines are connected to one bus bar; the negative lines to another. A
1200-A two-pole switch is used on the output of each field M&S enclosure
to permit disconnection of each field from its inverter., It is mounted
in its own enclasure external to the field M&S enclosure.

Fach component is rated to exceed the maximum current and
voltage which will be experienced. The maximum open-circuit voltage
which will be experienced is 720 V (+ 360 V from ground); the maximum
short-circuit current will be less than 1000 A. Normal cperating voltage
and current will be < 590 V and 915 A, respectively.

4, [nverters
a. Selection Rationale

A PV system inverter converts the array DC power into
utility-compatible 60-Hz AC power and operates the PV power system in
parallel with the public utility. The inverter must incorporate
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L automatic start-up when power is available from the array and automatic shut-
down at night and under fault conditions in the DC or AC Tines. For this
application, the inverter power requirements are dictated by the size of
the PV fields which have a rated power of approximately 1 MW. Three

@ available inverters are currently being used in applications greater than
100 kW. These are: 1) the Garrett 1000-kW inverter which is being used
in the ARCO Solar 1-MW PV plant in Hesperia, California; 2) the Delta
Electronic Control Corporation (DECC) 500-kW inverter which is also being

L J used in the ARCC 1-MW PV plant; and 3) the DECC 300-kW inverter which is
being used in several existing applications. The power requirements can
be met by using one 1000 kW inverter, two 500-kW inverters, or four
300-kW inverters. For this application, the second option was chosen for

@ the following reasons:

{1} The PV field layout Tends itself well to division intc two
separate fields.

(2) Using two inverters instead of one provides greater flexibility

L and increased reliability in that half the system can still be

generating power when the other half is shut down for mainte-
nance or repair.

(3) DECC inverters have a proven history of performance as

® witnessed by the 300-kW applications.

(4) Ailthough the 300-kW inverters have proven performance, using
four inverters would result in more complex wiring and inverter
interface problems and would also be more costly in terms of

] being oversized for the application.

b. Inverter Specifications

The inverter specifications are summarized in table II-4.

The normal input voltage operating range of the inverter is 425 to

L 4 600 VDC with a maximum allowable voltage of 750 VDC. The rated array
operating voltage with input fluid temperature of 259C and a fluid tem-

. perature differential from inlet to outlet of 50°9C will be 543 VDC. The
array operating voltage will vary from approximately 475 V to 590 V over

® the course of the year as previously discussed in secion [[-B-2-a. Under
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TABLE II-4. [INVERTER SPECIFICATIONS

INPUT
Maximum Voltage
Normal Operating Range, Loaded

QUTPUT
Voltage
Power (Max.)
kvar

EFFICIENCY
No Load Losses (tare)
Efficiency at 250 kW
Efficiency at 500 kW
Standby Power Drain from Utility

Qutput Current Distortion, Full Load
Frequency Synchronization Range

PHYSICAL CONFIGURATION

Dimensions

ENVIRONMENTAL
Temperature
Humidity

QUTPUTS TO DATA ACQUISITION SYSTEM

11-24

SPECIFICATION
750 vDC
425-600 vDC

480 VAC 3 Phase

500 kW

Automatically Minimized
(p.f. > .99)

10 kW
93%
93%
300 W

3% THC

60 + 2 Hz

88"H x 196"W x 48"D

-109€C to 450C

0 - 95%

Standard Level Analog and
Digital Signals
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worst case conditions, the array open-circuit voltage should not exceed
720 VDC. The inverter output is 480-VAC, three-phase, four-wire,
60-Hz AC power. The inverter is rated at 500-kW maximum power; however,
the inverter will handle more than 10 percent over-power with the exact
shutdown power determined by the actual input voltage. The AC output is
automatically synchronized to the utility grid and provides array peak
power tracking within 1 percent over the entire power range of 10 to
100 percent of rated power. The inverter will start up and shut down
automatically in the presence or absence of sufficient solar power. The
inverter will automatically disconnect from the utiility grid when the
grid exceeds inverter frequency and voltage tolerances. The inverter
will also shut down for input over-voltage, inverter over-temperature,
excessive reverse power flaow, blown fuses, excessive output current (both
peak and average), excessive rate-of-rise of current and excessive phase
imbalance in the output current. Meters dare provided on the control
panel to display input power, input voltage, input current, input kWhr,
output voltage, output current, output power, output VAR, and total
running time.
5, AC Power Distribution System

An AC ore-line diagram for the Dixon PV-T system is shown in
drawing E-5, The output of the inverter will provide the same type of
power as the utility service, 4B0-VAC, three-phase, four-wire power. The
inverters will display output voltage, current, power and VARs. A
separate KWhr meter in the AC switchgear in the control building will
measure the cumulative energy of the PV Power System (PPS).

The AC outputs of the inverters are interconnected through
800-A, utility service rated, 480-VAC circuit breakers in the PPS
AC switchgear enclosure. A third circuit breaker, rated at 1600 A, is
provided after the outputs are interconnected. The circuit breakers are
provided for safety, fault isolation, and disconnection for maintenance.

At the plant utility service entrance, the utility line con-
tains two kWhr meters back-to-back to measure the power flow to and from
the utility. Since standard utility meters cannot run backwards, two
meters are necessary to determine the utility sell-back discount.
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Inside the plant, both AC sources are fed to 1600-A circuit
breakers 1in the utility interface enclosure. The existing utility
circuit breaker must be replaced by a 1600-A breaker because the utiiity
service was not designed for 1 MW. The utility service wiring and trans-
former might also require replacement. The utility circuit breaker
contains an electrical operator so that it can be tripped remotely by the
utility lineman. ,

The AC sources are interconnected and fed to the main plant
AC circuit breaker panelboard for distribution through transformers as
needed to satisfy all plant power requirements. The combined AC output
is metered to determine the energy requirements of the plant and the FPPS.
A 480-VAC output is fed back to the PPS electrical control building to
satisfy the AC power requirements of the PPS. The AC input to the elec-
trical control building is metered to determine the PPS parasitic power
requirements.

The AC power supplied to operate the PPS is fed to the main
AC panelboard in the electrical control building. The AC panelboard dis-
tributes 480-VAC power to the mechanical skid and to the PV-T field
transformers. 480 VAC 1is supplied to the field even though the field
trackers require 120 VAC because of the long distances involved and the
losses which would result from distributing the lower voltage, higher
current power to the field. Eighteen transformers in the field will
convert the 480 VAC to 120 VAC for the trackers and field outlets. The
transformers (previously defined in table [I-2} are located in the field,
one near each subfield M&S enclosure. They are specified as 5 kVA. This
was obtained by adding the roll (1/60 hp) and tilt (1/4 hp) motors, mul-
tiplying by 6 to account for surge and multiplying by four rows with
746 W = 1 hp. Each tilt and roll drive train controls ten arrays, or one
row, across the center of piping of each field. The AC panelboard in the
electrical control building also routes 480 VAC to a §tep down trans-
former which supplies 120 VAC for control building electrical service,
for the mechanical skid, and for the controller and hazard station.
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® An interruptible power supply (IPS) consisting of a diesel
generator set provides power for emergency stowing of the arrays in the
event of a utility outage. An uninterruptible power supply (UPS) con-
sisting of a battery bank and an inverter provides a source of constant
.' power to the master tracking controller to prevent loss of computer
volatile memory.

The control and auxiliary power systems will be discussed in
, more detail in the following sections.
o 6. Control Systems

There are four components to the electrical control system

required for the Dixon PPS:
(1) Master tracking controller
L J (2) Array tracking controller
(3) Weather station
(4) Hazard enclosure
The exact configuration of the control system can not be determined at
L this time due to the developmental nature of E-Systems arrays and the
need to develop practical controls for large fields. E-Systems is in the
process of performing this redesign and it would not be appropriate to
duplicate or contradict their efforts here. However, basic control
@ requirements and generic designs can be presented.
a. E-Systems Tracking Control Reguirements

Each E-Systems array string contains one array configured

as a master tracking array and several arrays slaved to the master array.

® Each master array tracker receives signals from a single weather station
to automatically initiate tracking in the presence of direct sunlight and

to shut down in the absence of direct illumination or in adverse weather

conditions. A remote controller is also available to initiate or cancel

* stowing of an individual string from the control building. The present
remote controller concept is only feasible for a small number of strings.

4 For a large field, a multiplexing scheme will be required to interface
all strings from cone or two controllers. This will probably require a

® small computer as part of the remote controiler. The computer would
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sequentially interrogate the strings for tracking status. For emergency

stowing of the whole field, the computer would sequence strings in groups

because activating all motors simultaneously would require excessive

instantaneous currents. Since this interface has not been designed we

indicate a generic master tracking controller in the control building but
do not provide any details of the design.
b. Array Tracking Controller

As previousiy noted, the array tracking controller drives

one string of arrays. In the Dixon PV-T system, the string is composed

of ten arrays of which one array is the master. The array tracking con-
troller is part of the array distribution panel which is located on the
drive post to the east side of the master array. (The array layout is
shown in drawing M-1.) In addition to housing the tracking controller,
the distribution panel feeds the 120-VAC power from the field transfor-
mers to the tilt and roll drive motors and also rectifies the AC power to
provide regulated DC voitages to the controller. There are 72 distri-
bution panels with array tracking controllers.

The Tlogic diagram for the tracker is shown in figure II-7.
[t describes the sequence of decisions and actions required to guide
tracking for the array. If the weather station indicates high winds or
insufficient sun, the array will stow with the tilt to the south and the
roll to the east. If the weather station indicates good conditions, the
tracker drives the tilt north and south until it acquires and balances
the sun in the tilt sensors, then searches east and west until it
acquires and balances the sun in the roll sensors.

E-Systems also provides a portable controller unit (Local
Control Unit) which plugs intc the array distribution panel and allows
the user to drive the tilt north or south and the roll east or west for
maintenance or troubleshocting.

c. Weather Station

The present E-Systems weather station design consists of a
pyranometer and a wind speed indicator. The weather station obtains
12-VDC power from the array distribution panel and returns either a "sun
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out" signal to indicate good conditions or a "dark" signal to indicate
insufficient sunlight or high wind speed. In a practical application,
the weather station would receive 12-VDC power from only one array dis-
tribution panel but would be required to provide light/dark signals to
all distribution panels.

For the Dixon PV-T system, it is recommended that the
weather station be modified to accept 120-VAC power from the control
building, convert it to 12 VDC for internal use, and return light/dark
signals to the master tracking controller in the electrical control
building. The master controller would then distribute the "sun out"
signal to the array distribution panels. The "dark" signal would be
incorporated into the emergency stow signal from the controller. The
weather staticn would be Tlocated north of the PV-T field sufficiently
southwest or southeast of the electrical control building and mechanical
skid to prevent shading and wind obstruction.

d. Hazard Enclosure

The Dixon PPS design also includes a hazard enclosure to
sense anomalous conditions and initiate emergency stowing through the
master tracking controller, Some array fault conditions such as cell
over-temperature would result in stowing of individual loops. Fault con-
ditions which would require stowing of the whole field would signal the
hazard enclosure for such problems as Jow Jlevel in storage tank,
electrical ground fault, utility outage, mechanical eguipment failure,
etc. Before the PPS could be implemented in the field, a detailed final
design would have to address the following issues:

(1) Which conditions would be managed locally at the array distri-
bution panel by E-Systems-furnished equipment and which managed
centrally by the hazard enclosure and master controller?

(2) Which fault or anomalous conditions would necessitate stowing?

(3) Should the hazard enclosure be a separate unit or be incor-
porated as part of the master tracking controller?

7. Auxiliary Power Systems

The purpose of the auxiliary or backup power systems is to
protect the arrays from damage in the event that emergency stowing is
required during a utility ocutage. Two types of systems are required, an
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IPS which supplies power for the tracking motors when conventicnal power
is not available, and a UPS which prevents the Toss of volatiTe memory in
the computer of the master tracking controller and provides continuous
power for the hazard enclosure.
a. Interruptible Power Supply (IPS)

The IPS consists of a 100-kW diesel driven generator set.
It is radiator cooled and includes a 100-gallon (0.38 m3) fuel tank and
225 A-H engine starting batteries. The parts description was previously
included in tahle II-2. Start-up is initiated by a loss-of-power relay
in the hazard enclosure which is activated from the output of the PPS AC
systam. The power from the IPS is routed to the field transformer 1ine

in the control building AC service panelboard and interconnected through
a circuit breaker, When the IPS is activated, commands will be sent to
the field to stow all the arrays. The signal will be 1locked out,
however, if the field has already been stowed (e.g., at night or due to
poor weather). The IPS provides the power for stowing but does not
initiate stowing. This is accomplished through the master tracking con-
troller.
b. Uninterruptible Power Supply (UPS)

The UPS consists of a battery bank driving a 3-kVA

inverter which provides the power for the master tracking controller and

the hazard enclosure, both for normal operation and for emergency
stowing. A small inverter is sufficient because only these two systems
would be operated from this inverter. A battery charger powered from the
AC service panelboard is used to keep the batteries charged. In the
event of a utility power outage, the batteries would always have suffi-
cient charge to keep the controller operating until all the arrays have
been stowed. The array strings would be interfaced seguentially in
groups since the diesel generator set which supplies emergency power
would not be capable of providing motor start-up power for all strings
simultaneously.

The sizing requirements for the UPS will be dependent on
the master tracking controller and hazard enclosure design and may be
adjusted based on the PV-T system final design prior to construction.
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8. Electrical Control Building Design

a. Building Construction

The electrical power conditioning and centrol equipment is
housed in the Electrical Control Building (ECB) shown in drawing E-6.
The design of the ECB is based on an existing 1-MW PV system control
building but is tailored for use in a more routine cperational environ-
ment than the other experimental installation.

The ECB is Tocated to the north center of the PV-T field
and is composed of two structures, each of metal fabrication. The main
building is 32 ft wide by 38 ft Jong (9.8 x 11.6 m) with 12-ft
(3.7 m) eave height as shown in drawing E-6. The walls and roof system
consist of preformed metal panels of vertical profile, with R-19 insula-
tion and liner panels. Primary framing is clear span rigid frame. The
building has 1 on 12 roof slope. The smaller building is used to house
the diesel generator set, 100-gallon (0.379 m3) fuel tank, and engine
start batteries which are located as shown in the drawing. This building
is 14 ft long by 10 ft wide (4.3 x 3 m) with 7-ft (2.13 m) eave
height and a 1 on 12 roof slope. It has a 6 ft wide by 7 ft high
(1.8 x 2.1 m) double door. The diesel generator is set on 6 in by 6 in
by 1 in (15.2 cm x 15.2 cm x 2.54 cm) vibration pads.

The main building has two 3 ft wide by 7 ft high
(0.91 x 2.1 m) metal doors for personnel access and a 12 ft  wide by
10 f£ 1 in high (3.7 x 3.1 m) roll-up door for equipment and hardware
access. The roll-up door is Tocated at the socuth end of the east wall.
The personnel doors are located at the north end of the east wall and the
west end of the south wall. The Tlatter door opens into a 8 ft by 32 ft
(2.4 x 9.8 m) control room separated from the power conditioning and
switchgear room by interior-quality dry-wall and a 3 ft by 7 ft
(0.91 x 2.1 m) metal door at the south end. The control room is insu-
lated and provides an air-conditioned office environment for personnel
isolated from the noise of the inverters and exhaust fans and from the
variable temperature of the equipment room.

Windows in the 1large eguipment rcom are located in the
center of the east and south walls. Windows in the smaller control room
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are located one in the north wall and three in the west wall. The higher
density of windows in the control rocm is not primarily for 1ighting but
to create a more pleasant working enviromment since ample electrical
1ighting will be available in both rooms. The windows are 6 ft long by
3 ft high (1.8 x 0.91 m) and slide open horizentally. A1l  windows
contain screens,

The ECB is laid on a concrete slab, 12 in (0.3 m) thick,
as noted in the drawing. The concrete slab has wire fabric reinforcement
under the top surface with #5 rebars 3 in (7.62 cm) above the bottom
surface., The rebars are on 12 in (0.3 m) centers. The slab top surface
is steel trowe! finished 6 in (0.15 m) above the surrounding grade.

Two concrete pads are required for the inverters. They
are 5 ft wide by 17 ft 4 in long by 3 ft 4 in thick (1.52 x 5.28 x
1.02 m) with the top surface 4 in (10.16 cm) above the buiiding slab.
The slabs are steel trowel finished with two C channel beams mounted in
each pad flush with the surface as noted in the drawing.

Two concrete stoops are required for the cutside personnel
doors and a sloped concrete apron for the service door. The stoops are
4 ft by 4 ft by 12 in thick (1.22 x 1.22 x 0.3 m). The apron is 12 ft by
12 ft by 12 in thick (3.66 x 3.66 x 0.3 m). All three are wire fabric
reinforced under the top surface with #5 rebars 3 in (7.62 cm) above the
bottom surface on 12-in (0.3 m) centers. The stoops have a 1 percent
sTlope while the apron slopes 6 in (0.152 m} over 12 ft (3.66 m) to the
surrounding grade. A1l three have a broom finish.

CabTe runs to and from the building are routed in 5-in
(12.7 cm) conduit through the concrete slab floor and under the slab to
the exterijor of the building. Conduit terminates outside the building
with external cable runs to the field and the plant consisting of direct
burial cables.

b. Equipment Arrangement

Referring to drawing E-6, the power conditioning and
switchgear are 1located in the main eguipment room which has inside
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dimensions of 30 ft 4 in by 28 ft 1 in (9.25 x 8.5 m). The two DC field
M&S enclosures are arranged along the south wall on either side of the
window. These enclosures are approximately 6 ft by 6 ft by 2 ft deep
(1.83 x 1.83 x 0.61 m) each. The DC conduit runs are made overhead to
the two inverters located near the center of the room. Field A goes to
jnverter A and field B to inverter 8.

The 500 kVA inverters are each 4 ft wide by 16 ft 4 in
long by 7 ft 4 in high (1.22 x 5 x 2.24 m) and are located on the
concrete pads 6 ft (1.83 m) apart, with distances to the walls as listed
in the drawings. A minimum 4 ft (1.22 m) clearance is required around
the inverters because they have 4 ft (1.22 m) wide doors for servicing.
The AC conduit runs are made overhead to the PV power system AC switch-
gear panel,

The PPS AC switchgear panel is located along the north
wall 7 ft (2.13 m) from the east wall. [t is approximately & ft long by
6 ft high by 4 ft deep (1.83 x 1.83 x 1.22 m) and consists of three
circuit breaker panels and an AC kWhr meter.

The control equipment and UPS are located in the control
room in the west end of the ECB. The AC service for the control room and
the field is brought into an AC service panelboard which also contains a
meter and step-down transformer for the 120/240 service to the building.
This panelboard is Tocated in the northeast corner of the control room.
Just south of the panelboard are the UPS system and its battery bank
which occupies about 8 ft (2.4 m) of wall space. Next is located the
master tracking contrecller and hazard enclosure station. Finally, a desk
and chair are located near the door.

c. Heating, Ventilation and Air-Conditioning (HVAC)
The inverters require a high degree of air flow for

cooling which is accomplished by two roof exhaust fans. One fan is
located over each inverter. The fans are propelier-type, upblast fans as
shown in the drawing, each with a 14,000-CFM (6.6 m°/sec), 3-hp (2.2 kW)
motor operating from 480-VAC, three-phase, 60-Hz power. Air flow into
the building for inverter cooling 1is accomplished by installing
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a 7 ft high by 8 ft long (2.13 x 2.43 m) motorized damper and filter bank
in the north wall.

The control room is air-conditioned for personnel comfort
with a heat pump installed in the west wall as shown in the drawing. The
cooling capacity of the heat pump is 22,500 Btu/hr (6.6 kW); the heating
capacity is 13,900 Btu/hr (4 kW).

The windows in the ECB are of the horizontal slider type
with screens for fresh air access without insect penetration.

9. Protection and Grounding

Numerous safety and protection féétures have been incorporated
in the Dixon PV-T system design. DC switches and fuses, and AC circuit
breakers and disconnects have been provided for electrical isolation, for
protection against transients, and for personnel safety during mainte-
nance. Blocking diodes are used at the ends of array strings to prevent
reverse current flow into the PV cells and surge arresters are used on
both DC and AC lines for protection against lightning. The inverters
also have internal protection against anomalous conditions such as array
over-voltage, utility out-of-range (voltage and frequency), utility over-
current and ground fault, as discussed in the inverter section.

The PV-T field is also monitcred for pctentially hazardous con-
ditions such as loss of fluid flow, cell over-temperature, and loss of
tracking contrcl. These conditions are fed to each array tracker for
emergency stowing of the individual string. Other hazardous conditions
such as inclement weather and ground fault are fed to the master tracking
controller or the hazard enclosure 1in the electrical control room for
emergency stowing of the whole field. All mechanical equipment in the
field are monitored for proper operation.

In addition to the above features which have been previously
discussed in other sections, a counterpoise grounding system is employed
for safety in the event of equipment shorting and for Tlightning protec-
tion. The counterpoise system shown in drawing E-7 consists of a network
of #4/0 AWG, stranded, bare copper wire buried 2 ft {0.61 m) deep in the
field and around the mechanical skid and the electrical equipment

I1-35



THE BDM CORPORATION

building. Trenches are dug throughout the field for both the counter-
poise system and for the routing of DC and AC cables in the field.

A1l vertical posts of the PV-T arrays are drounded to the
counterpoise as are the subfield M&S enclosures. The center taps of each
PV-T string are also grounded to the counterpoise through the M&S
enclosure cases. The counterpoise conductors are routed north and south
between rows of arrays and east and west between every other row. This
ensures that no adjacent grounding conductors are more than 100 ft
(30.5 m) apart and provides conductors adjacent to each row for array
grounding. Conductors are interconnected at intersections with standard
cable-to- cable bolted connectors., Ten-ft (3 m) grounding rods are sunk
at intersections not more than 80 tc 100 ft (24.4 to 30.5 m) apart.

At the mechanical skid, all mechanical equipment and electrical
distribution boxes are grounded to the counterpoise. The metal
electrical control building is also grounded to the counterpoise on all
four sides. A1l electrical equipment cases are also grounded to the
counterpoise via the metal building frame.

Lightning rods are positioned around the roof of the electrical
building, around the mechanical skid, and on the weather station. If &
fence 1is reguired arcund the system, it will also be grounded to the
counterpoise every 8C to 100 ft (24.4 to 30.5 m} of length. Using
lightning rods in the PV-T field does not appear to be warranted since
the arrays already act as lightning conductors and lightning rods could
not divert lightning strokes a significant distance away from the arrays.
Lightning rods also provide sources of obstruction and shadowing.

C. MECHANICAL SYSTEM DESIGN

1. Constraints for Mechanical Design

The PV-T system designed for Dixon, California is shown on the
P+ID drawing M-3, and the P+ID specifications are given in table II-5.
The design methodology for the system resulted from the following fixed
constraints:
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®

.
SYMBOL
Bv-9, 10
11, 12, 13

® CDT-1
cKk-1, 2,
FB-1

®
FRG-1

® FWP-1
HX-2
LL-1

®
tv-1
MvV-3

L
PRG-1
PRG-2

@
SP-1

°

TABLE II-5. DIXON PLANT P+ID SPECIFICATIONS
WATER (LOAD) SIDE

DESCRIPTION SIZE  CONNECTION PART MANUFACTURER & NO.

Ball Valve 3" 150# Worcester - 51-44-150

Condensate - - Existing

Tank

Check Valve 3" 1504 Crane, #147

Fossil Fuel -- - Existing

Boiler

Flow 3" 150# Taylor Tools, #TF-D-1

Regulator 0-250 gpm, Set at
215 gpm

Feedwater Pump -- -—- Existing

Heat Exchanger -- -—- Existing

Low Level 3/4" NPT Magnetrol, Capacitance

Switch Type, #81-4212-002,
with Flexible Probe
41-1201

Level Valve 2" NPT Fisher, #171F

Motorized 3" 150+# Worcester - 51-44-150

Valve with 3075X Actuator

Pressure -- - Existing

Regulator

Pressure - -—- Jordan, Mark 67 with

Regulator External Pilot, Press.
Range 70-150 psig, Set
100 psig

Supply Pump 3" 150# Peerless, 7 1b, 11 Stage,
Curve #2847296, 265 ft of
Head at 200 gpm
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TABLE II-5. DIXON PLANT P+ID SPECIFICATIONS (Continued)

WATER (LOAD) SIDE

SYMBOL DESCRIPTION SIZE  CONNECTION  PART MANUFACTURER & NO.
ST-3,4 Strainer 3" 1504 Armstrong, #BIFL-3-150
TCV-1 Temperature 3" 150# Jordan, Mark 87, Direct
AND TB-1 Control Valve Acting, Temp. Range
102-185°F, Set 140°F

WP-1 Wash Pump -- --- Existing
WWP-1 Water Well -- - Existing

Pump
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® TABLE II-5. DIXON PLANT P+ID SPECIFICATIONS (Continued)
. GLYCOL (FIELD) SIDE
O> SYMBOL DESCRIPTICN SIZE  CONNECTION PART MANUFACTURER & NO.
AE-1 Air Eliminator 3" NPT Amtrol, #448
Bv-1,2 Ball Valve 6" 150# Worcester - 51-44-150
s BV-3, 5 Ball Valve 3 150# Worcester - 51-44-150
BV-4, 6, Ball Valve 4 1504 Worcester - 51-44-150
7, 8
BV-1A Ball valve 1" NPT Worcester - 51-44-150
through
L 72A,1B
through
72B
Ch-1 Circulation 3"x4" 125# Peerless - 3AD10, 3500 rpm,
Pump Curve No. 311045, 8-3/8"
L Impeller, 1090 1b, 250 ft of
Head at 530 gpm
cT-1, 2 Cooling 4" 150# Baltimore Aircoil,
Tower #VXI 70-2, 10,180# ea.
® ET-1 Expansion 3" 150# Ace Buehler, X 36-5
Tank 325 gal, 36" dia. x 82"
Long, Unlined,
FS-1A Flow Switch 1" NPT Peeco, Type NT, Flow Set
through at 4 gpm
® 36A,18B
through
368
GV-1 Globe Valve 2" 150# Crane, #143
® GV-2 Globe Valve 4 150# Crane, #143
HX-1 Heat Exchanger 4" 150# Tranter, #UX-216-HP-160,
304SS Plates, NBR Gaskets,
2591 1b
® LS~1 Level Switch 4" 1504 Omnitrol, #616-FS-WR,
Stainless Steel Float
MV-1 Motorized 4 150# Worcester - 51-44-150
Valve with 3075X Actuator
®
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TABLE II-5. DIXON PLANT P+ID SPECIFICATIONS (Concluded)

GLYCOL (FIELD) SIDE

SYMBOL DESCRIPTION SIZE  CONNECTION PART MANUFACTURER & NO.

My-2 Motorized 6" 150# Worcester - 51-44-150
Valve with 3075X Actuator

PRV-1 Pressure 2" NPT Dresser Industries,
Relief Valve Consolidated #1488,

Press. Set at b5 psig

PRV-1A Pressure /2" NPT Dresser Industries,

through Relief Valve Consolidated #1488,

36A,1B Press. Set at 100 psig

through

36B

ST-1, 2 Strainer 4" 150# Armstrong, #B81FL-4-150

TSIA Temperature 172" NPT Transamerica Delaval,

through Switch Barksdale ML1H-H352-W,

36A,1B Temperature Set at

through 225°F

36B, TS-2

TS-1 Temperature /2" NPT Transamerica Delaval,
Switch Barksdale ML1H-H352-W,

Temp. Set at 210°F

VB-1 Vacuum 3/4" NPT Gast, #AA308, set
Breaker Press. 2 psid

V-~1A THRU Venturi 1" NPT Gerand, #VS-1"-406

36A, 1B THRU
368
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® (1) E-Systems collector
(2) Row to row spacing - two apertures
- (3) Total arrays - 720
(4) Arrays per delta-T loop - 10

¢ (5) Total flow rate collector side - 360 gpm (0.023 m3/sec)
(6) Maximum collector side operational temperature - 2100F (98.9°C)
(7) Load side flow rate - 200 gpm (0.0126 m3/sec) average
(8) Load side required temperature - 1400F (600C)
& (9) Load side makeup temperature - 650F (18.39C)
(10) Thermal storage:

(a) Required - 11.6 M/hr
(b) Criteria - size the volume and flow rate into the flow
Y through storage tank such that at the end of the best
solar insolaticn day the storage tank will be filled and
effectively have 11.6 MW/hr of energy. The sizing must
consider the normal simuitaneous operational draw down
® from the tank and the storage tank maximum temperature
design constraint.
2. Field Layout
The solar collector field layout shown in drawing M-1 was
& chasen to reduce the length of the manifold and to conform to a typical
plat of land. The field is divided into two subfields, each being fed
from a manifold in the center of each field. This allowed the field to
be somewhat square and to have reascnable manifold sizes (3-in or 7.62 cm
® diameter). I[deally the plant and the equipment skid will be positioned
to the north of the field to prevent shading of the collectors.
3. Manifold
The manifold supply and return lines are stacked vertically, as
Y opposed to side-by-side, to reduce the required land area and facilitate
connections from both sides to the collectors. Each collector is con-
nected to the manifold with a U-bend in the pipe run. This U-bend serves
two purposes: 1) provides a "thermal trap" that prevents hot fluid in
" the manifold from thermal syphoning to the colder fluid in the collectors
when not in operation, and 2) provides a flexibility to compensate for
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the axial thermal expansion of the manifold. The design flow rate
through each manifold of each subfield is 180 gpm (0.0114 m3/sec), anc
the diameter of 3 in (7.62 cm) for the pipes was sized using the criteria
and technigue in volume III, chapter IV. The main feeder Tline which
supplies both subfields was sized to be 4 in (10.16 cm) in diameter for
the total flow rate of 360 gpm (0.023 m3/sec).  This gives a flow
velocity of 9 ft/sec (2.74 m/sec). Within the "rule of thumb" economic
velocity range of 3 to 10 ft/sec (0.91 ta 3.05 m/sec) for sizing steel
pipe.
4. Thermal Loop (Delta-T Loop)
There are obvious advantages to having 1long delta-T 1loops,

(e.g., less manifold piping, less control and maintenance hardware).
However, these must be traded off against disadvantages (e.g., pressure
drop through a delta-T loop). The design must also consider the current,
voltage, and wire sizes for the PV cells which are discussed in the
previous section.

SOLCEL runs indicate that the optimum total flow rate is
360 gpm (0.023 m3/sec) in the collector loop. A data point obtained from
E-Systems for 1500F (65.60C) 30-percent ethylyne glycol at 5.85 gpm
(3.7 x 10_4 mg/sec) through nine arrays resulted in a pressure drop of
50.3 psid (0.35 MPa). If the pressure drop through the collectors is
assumed to follow the relation:

1.8 0.2 0.8
M p L

4.7 x lO4 D4'8

psid =

Then L/Dq‘8 can be found such that:

psid = 8.58 x 1073 gt-8 u0'2 00.8 N,

Pa = 2.35 Gl'8 u0'2 90'8 NC (SI units)
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flow rate, gpm (m3/sec)

fluid viscosity, Cp (Pa)

fluid density, 1b/ft3 (kg/m3)
= number of collector arrays per row

= ko) - [irp ) .e
1]

This equation can be used for an initial determination of the pressure
drop through a delta-T loop. Since the collectors are rated for 0.69 MPa
(100 psig), the delta P through the collectors must not exceed this
pressure. However, the P+ID shows that the heat exchanger (HX-1) and the
cooling towers (CT-1, 2) are both downstream of the collectors and
upstream of the circulation pump (CP-1). Therefore, the delta P through
the HX-1 and CT-1, 2 must be considered when determining the maximum
delta P through the collectors. Typical values are 25 psid (0.17 MPa)
and 15 psid (0.1 MPa), respectively. If the suction to CP-1 s
considered 0 psig (0 Pa), then the collector outlet would have to be
40 psig (0.276 MPa} to account for the delta P through HX-1 and CT-1 and
2. Since the maximum collector inlet pressure is 100 psig (0.79 MPa)
(collector maximum rating) then the maximum delta P across the collectors
would be 60 psid {(0.41 MPa). These criteria restrict the number of
arrays per delta-T loop to be less than 11 (see figure 1I-8).
5. Expansion Tank (ET-1)
The collector loop requires an expansion tank to accomodate the

volumetric thermal expansion of the ethelyne glycol when it is heated to
operation temperature (2000F or 93.3°C) otherwise the system would build
up high pressure causing leaks, failures, and possibly injuries. In
order to size the ET-1, a rough idea of the volume of the system is
required. Consider the sketch in figure II-9 and table II-6.
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Figure II-8. Pressure Drop Across One Delta-T Loop with a Total
Flow Rate of 360 gpm
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Figure I1-9. Piping Schematic

TABLE TI-6. FLUID VOLUME INVENTORY

PIPE ft/RUN DIAM-in gal/ft
Collectors 73 3/4 .023
End Loop Connectors 20 3/4 .023
Manifold 700+125 3 0.384
Collector/Skid 100 4 0.661
Skid+HX 100 4 0.661
Skid/Ct-1, 2 50 4 0.661
TOTAL

BDWVI/A-82-455-TH-r 1

# OF RUNS gals

720
70
4

2
1
2

1206
32
1267
132
66
66

2769

As shown in figure 11-10 for a 40-percent ethylene glycol solution, the

volumetric thermal expansion is:

68°F 1.051

o
L - = 1.051
212°F

Prp

1]

1.00
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Then:

2769 gal(1.051) = 2910
2769 3
141 gal (0.53 m7)

Then the system will increase in volume by 141 gallons (0.53 m3) when it
is operating, The ET-1 will be sized such that when the system is cold,
it will be one-fourth full, and when it is hot, the ET-1 will be three-
fourths full. Therefore, ET-1 should be approximately 282 gallons
(1.07 m3). The next larger incremental size for a prefabricated tank is
a 325-gallon (1.23 m3) Ace Buehler Model No. X36-5 which is 36 in
(0.91 m) in diameter and 82 in (2.08 m} Tlong. The tank will not be
pressurized by an external source (e.g., a nitrogen cylinder). However,
it must stand the increase in pressure that it will undergo when it is
valved shut to the atmosphere and the pressure increases due to the
thermal volumetric expansion. This can be calculated using:

with the resulting pressures shown in table [I-7,

TABLE II-7. EXPANSION TANK PRESSURES

SYSTEM CONDITION v T p P
gal OR psia psig

Cold 244 528 14.7 0

Hot 103 577 38 23.4

This pressure of 23.4 psig (0.26 MPa) in the ET-1 may prove to be exces-
sive since the allowable delta P across the collectors of 60 psid
(0.41 MPa) must be reduced by this amount vresulting in 36.6 psid
(0.25 MPa) allowable across the collectors. To remedy this, a pressure

[1-47



THE BDM CORPGRATION

relief valve can be placed on ET-1 and set for 5 psig (0.136 MPa). This
will make the allowable delta P equal to 55 psid (0.38 MPa). A vacuum
breaker with a set point of 2 psig (0.115 MPa) will be reguired to
prevent the ET-1 from having a vacuum when the system cools down and thus
possibly crushing the tank. The tank should be elevated above the pump
as high as is practical in order to reduce cavitation at the pump and to
allow feeding through the pump during the system filling procedure.
6. Cooling Tower (CT-1, 2)
After having a general idea of the configuration of the system,

SOLCEL runs were made and the maximum heat rate from the collectors was
refined to be 14.2 MBtu/hr (4.16 MW)}. If the system is to be operated on
weekends when there is no thermal load from the plant but the generation
of electricity for sell-back is desirable, then the cocoling towers
(CT-1, 2) must be sized to reject 14.2 MBtu/hr (4.16 MW) while main-
taining the collectors below the safe maximum temperature of 210CF
(98.80C). The delta-T across the cooling tower is the range and is found

by:
-9 . 14.2 MBtu/hr e ]
o hC 360 gpm 500 E/hr 0.85 Btu ~ 25 ¢ (31.7°C)
P gpm KF

Then, 210 - 93 = 1179F (98.9 - 57.7 = 47.20C) is the maximum collector
inlet temp (see figure II-11). This is also the maximum temperature of
the fluid and air in the expansion tank.

Q
COLLECTORs,tf////

(A IWAWAW) —_——— 210°F
360 gpm R 9/
Z} v T

117°F
A 439°F o
WB
117°F |CT 210°F 78°F

Q BDM/A-82-458-TR-R1

Figure II-11. Cooling Tower Conditions and and Temperature Diagram
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® The approach is defined as the leaving fluid temperature minus
the design wet bulb temperature, 117 - 78 = 399F (47.2 - 25.5 = 21.70C),.
The choice of a CT is to use an industrial fluid cooler in which the
fluid that is to be cooled (ethylene glycel) is passed through a tube
Y bank over which water and air are circulated to reject the heat. The air
is forced across the coil with a fan and the water is circulated with a
pump, allowing a small amount to evaporate in the heat rejection process.
Because of the nature of this type of CT, the maximum inlet temperature
[ ] for the ethylene glycol should not exceed 180°F (82.20C), otherwise flash
evaporation will take place in the recirculated ccoling water and the
heat transfer coefficient will be reduced due to the formation of scale
on the cutside of the coil. A method of reducing the temperature of the
e ethylene glycol entering the (T to 1800F (82.29C) and at the same time
allowing the collector outlet tc obtain the maximum temperature of 21Q00F
(98.99C) s to increase the flow rate through the CT as shown in
figure I11-12.

@
COLLEC\T_P@,O
360 gpm N\ NS
117°F
® £ — 360 gpm
Fiiy 210 F
1200 B q7
aQ 180°F
5 . R ¢63°F
@ \ 2 .
/NODEA T| MTF f
A
cT 4 {32 i oT
. O¢ wB
P—m, 78°F
17°F o
® . A 117°F
M2
" BDM/A-82-458-TR-R1
o Figure II-12. Cooling Tower Conditions and Temperature Diagram

with Flow Bypass
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To find m,, an energy balance is performed at node A:

29
ﬁl(lLT) + 360(210) = m2(180)
Also:
m. = m, - 360
Then:

530 gpm (0.033 m3/sec)

=
1l

170 gpm (0.011 m3/sec)

=0
il

With the following information, the manufacturer of CT units can choose
the size and model required to reject the 14.2 MBtu/hr (4.16 MW).

(1) Range = 630F (350C)

(2) Approach = 399F (21.6°C)

(3) Design wet bulb temperature = 780F (25.60C)

(4) Design flow rate = 530 gpm (0.033 m3/sec)

(5) HTIF = ethylene glycal
In this case, two Baltimore Air Coil industrial fluid coolers (see
figure II-13) model #VXI 70-2 are used in series to meet the cooling
lcad.

7. Heat Exchanger (HX-1)

The HX s required to separate the potable water on the load

side from the ncn-potable ethylene glycol on the collector side. Code
requires that a double wall HX be used, however, a plate and frame HX
serves the same purpose (see figure 1I-14). [f a leak in the gaskets
should occur, with a plate HX, neither fluid would mix with each other
but would drain to the environment. This prevents cross-contamination of
the fluids. Plate HX also have a more effective method of heat transfer
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® Figure II-14. Plate and Frame Heat Exchangers
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due to the high turbulence allowing approach temperatures to be less than
50F (2.80C). The HX 1is sized to transfer the peak heat rate
(14.2 MBtu/hr or 4.16 MW) from the collectors to the locad while main-
taining the collector outlet temperature at the maximum of 2109F (98.90C)

(see figure II-15). The flow rate intc storage was varied and the appro-
priate HX area was chosen as follows:

. “max _ 14.2 MBtu/hr - o o
AT hax e 200 aom 500 #/hr 1.0 Btu 142°F (78.9°C)
P 9P g pm F°F
- = = 0 o
TOL . TIL + ATmax 65 + 142 2070F (97.29C)
A = UATQ47 - grAT _ 14.2 MBtu/hr _ 1033 £t2 (96 mz)
LMTD U max min 800 Btu 52-3 op
. AT ax hr°Fft2 1n%g
min
TFO = 2100F
} Amin=3
TOL = 207°F
117°F
A max
[IF] 520F

65°F

BDM/A-82-458-TR-R1

Figure II-15. Inlet and Outlet Temperature for HX-1
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For different flow rates to storage, results are shown with vendor's
prices in table I[I-8.

TABLE II-8. HEAT EXCHANGER
SIZING AND COSTING

m TOL-MAX HX Area HX Cost
gpm OF Fr2 $
200 207 1033 13,800
205 204 811
215 197 632 9,000
225 191 544
250 179 435 7,100

These data will be used in figure I[-17 to minimize the combined cost of
the storage tank and the heat exchanger,
8. Storage Tank (ST-1)
SOLCEL runs indicate that a thermal storage tank that provides
41.0 MBtu (12 MW hr) of storage is optimum. To size the tank, the flow
rate into the tank and resulting tank size 1is considered using the

average heat rate for the best solar day as follows:

Qavg = 11.1 MBtu/hr

For the load:

_ ‘avg _ 11.1 MBtu/hr - o o
8T vg ~ Py 700 gpm 200 b/hr 170 Btu 111%F (61.7°C)
gpm $°F
= = = 0 0
TOLavg TIL + ATavg 65 + 111 1769F (80°C)

If the storage flow rate is 200 gpm (0.013 m3/sec), then the average
storage temperature would be 1760F (80°C) at 200 gpm (0.013 m3/sec), then
the storage water would be mixed with 65°F (18.30C) makeup water when the
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storage is discharged to result in 1400F (60°C) water as indicated

figure II-16.

513 = 200 gopm
176°F

STORAGE
TANK
176°F

Tﬂ vqg

176°F

MAKEUP
WATER

65°F

m1

\J

Figure II-16.

Energy balance at node

A:

ma

ml(65) + m2(175) = 200(140)

Mass balance:

Then:

(200 - hz)ss + ﬁ2(176) = 200(140)

mz = 135 gpm (0.0085 m3/sec)

@i, = 65 gpm (0.0041 m>/sec)
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The volume of the tank is as follows:

1.0 MBt
v = “EQK¥ - i : gtu . = 44,3004g9al
P~p 8.34 27 1.0 3op (176 — 65)°F (168 m”)

Time to fill:

T = v - 44,300 gal - 11.4 hr

f, — (200 — 135)gpm 60 %%E

1 =L . 44,300 g;%n = 5.5 hr
mz 135 gpm GOE?_

Note: Time to fill and empty will be the same for any storage fill rate
and the appropriate volume to store the 41.0 MBtu (12 MW hr). Other
values are shown in table II-9.

TABLE II-9. STORAGE TANK PARAMETERS
FOR VARIOUS INLET FLOW RATES

m TOL-AVG VOLUME ST COST
gpm OF gal $
200 176 44,200 15,340
210 171 46,400 16,100
225 164 49,700 17,250
250 155 55,000 19,100

The values in table II-9 were plotted in figure I1-17 along
with the values in table II-8. The total cost of the ST and HX shows a
minimum around 215 gpm (0.014 m3/sec) with a HX area of 640 ft?
(59.5 m2),
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BDM/A-B2-458-TR-R1

Figure II-17. Cost Trade-Off for Heat Exchanger and Storage Tank
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ST volume of 47,500 gallons (180 m3), and an average ST temperature of
1700F (76.79C). The heat exchanger would contain 161 plates, Tranter
type UX-216. The pass arrangement must be determined by the
manufacturer.

The storage costs in table II-9 are based on using an above
grade, earth birmed, iined tank shown in drawing M-7. These costs are
based on the following cost quotes and quantities:

Burke Rubber Hypalon - 36 mil industrial grade $3136
3136 ft2 @ $1/ft’

Burke Rubber 1iner type 3300 - 20 mi] $6484
6484 ft° @ $1/Ft°

Foam glass insulation - 1.5" thick $4863
6484 ftZ @ $0.5/Ft%-in

Site work $2000

$16,483

The areas are for 47,500-gallon (180 m3) excavation giving a cost of
$0.347/gallon ($91.68/m’).

This storage cost compares to $0.789/gallon ($208.45/m3) for
cone roof storage tanks as reported in Richardson Engineering Services
estimating standards. In the article "Current Costs of Process Equip-
ment" (Chemical Engineering, April 5, 1982), the cost of 30,000-gdailon
(114 m3) 304 stainless steel tanks is given as $25,000, or $0.833/gallon
($220/m3). These tank costs do not include foundations or insulation.
Therefore, the use of a lined earthen storage container appears econom-
ical compared to steel tanks.

The heat exchanger costs in table [I-B are based on guotes from
Tranter. These quotes correlate well with heat exchanger area to give
the relation:

-0.358

CHX = 692.071 AHX
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where CHX is the cost OZ the plate heat exchanger in $/m2 and AHX is the
heat exchanger area in m-.
The design of the ST is shown in drawing M-7 and is an above
grade, earth bermed, lined tank. The wetted liner that makes up the
*  bottom and top of the tank is made by Burke Rubber Co. and is type
3300 - a 20 mi1 (0.508 mm) blown extrusion. The top wetted liner sand-
wiches 18 in by 24 in by 1.5 in (0.46 x 0.61 x 0.04 m) blocks of foam-
glass insulation with an outside covering of Burke/Hypalon Industrial
Grade - 36 mil, 3 ply 6 x 6 - 1000 denier 1liner (see table II-10) to
which each block is fastened. The Hypalon has good weathering character-
istics and high strength, but cannot be allowed to contact the potable
water. The cover floats on the water and therefore rises and falls with
the volume in the ST. The cover is sealed to the bottom liner and pipe
penetrations are kept to a minimum in order to make the tank as air tight
and waterproof as possible. Foam glass is used as an insulator between
the earth and the bottom liner because its high compressive strength can
withstand the pressure (0.43 psi/ft or 9725 Pa/m) resulting from the
depth of water in the tank. A concrete splash pad at the outlet of the
supply Tline protects the liner. The discharge and drain is located in a
concrete sump at the lowest point in the storage tank.
9.  Supply Pump (SP-1)
The SP is used to pressurize the hot water (1709F or 76.70C
avg) coming from the storage tank where it is then mixed with pressurized

cold water (650F or 18.39C avg) from the well pump and tempered to
the required 1409F (60°C)} at 200 gpm (0.013 m3/sec) for the load. A
pressure regulating valve (PRG-2) on the cold water line 1is set to
maintain the mixed fluid pressure at the required 100 psi (0.69 MPa).
The discharge flow rate from the ST varies depending on the temperature
of the water. The smallest flow rate occurs when the ST temperature is
the highest. This case can be determined by using the maximum heat rate
and is shown in figure II-18 as being 1979F (91.70C) at 215 gpm
(0.014 m3/sec) into the ST.
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®
TABLE II-10. PHYSICAL PROPERTIES OF 36 MIL REINFORCED HYPALON
i MINIMUM
SPECIFICA- TYPICAL
PROPERTY TEST METHOD TION* AVG. VALUES
@
Thickness
1. Total, overall (mils) ASTM D751 33 36 nominal
2, Min. over Cptical Method i1 pass
scrim (mits)
@ Tensile Properties ASTM D751
(each direction) Grab Method
1. Breaking Strength
(pounds)
Fabric 120 180
Membrane Rupture 110 170
® 2. Elongation at Break
Fabric 15% 25%
Membrane Rupture 80% 190%
Tear Propagation ASTM D751, 25 65
(pounds) Tongue Tear
(8" x 8" sample)
Hydrostatic Resistance ASTM D751, 160 220
® {psi) Method A ~
Procedure 1
Puncture Resistance FTMS 1018 -— 155
(pounds) Method 2031
Bonded Seam Strength ASTM D751, 96 170
{pounds) Modif ied
® (12 in./min.)
P1y Adhesion ASTM D413 10 {or pass
(Tbs./in. width) Machine Method film
Type A tearing
(12 in./min.) bond)
QOzone Resistance ) ASTM D1149, No cracks pass
® 1/8" bent loop, at 7x
100 pphm, magnifica-
10409F, 7 day tion
Low Temperature ASTM D2136, pass pass at
{refer to para. 1/8" mandrel, -450F
following) 4 hrs, @ -409F
* *Minimum specification limits are currently proposed industry standards
for this type of flexible membrane product. Burke Quality Contrel
monitoring limits for this specification are based on a minimum 97.7%
. one-sided confidence level,
These specification tables represent currenﬁ opinion of the data points to
characterize the membrane product as produced and are not necessarily
o appropriate for product performance or installation or engineering design
criteria 'per se'. (For example, the low temperature resistance numbers

represent gualities for a few minutes at a given temperature and must not
be interpreted or extrapolated intc instailation temperature quailities or
comparisons.)
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STORAGE £y 65°F <T< 197°F
TANK NSl T = 170%F
2avg
m
‘; TCV-1, A P . =15 psid
D
NODE A BN Tser= 190°F
q) \\\\\\~§7 \
T=650F Bl B |
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P . =100 psi 74
set
/
L
DESIGN T=1400F
LOAD P = 100 psi
CONDITIONS ' = 200 gom

BDM/A-82-458-TR-R1

Figure [I-18. Tempering & Pressure Drop Schematic

This minimum flow rate can be determined by using figure I11-18
as follows:

For node A:

200(140) = ml(197) + {200 - ml)ss

ml = 114 gpm (0.007 m3/sec)

The maximum flow rate would be 200 gpm (0.013 m3/sec) and would
occur when the temperature in the ST s less than or eqgual to 1400F

(600C). The average flow rate would occur when the temperature in the ST
is the average temperature of 170C0F (76.70C):

200(140) = ml(170) + (200 - ml)65

hy = 146 gpm (0.009 m3/sec)
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In order to size SP-1, the maximum flow rate and the corresponding heat
must be known. The maximum flow rate has been determined to be 200 gpm
(0.013 m3/sec). The pressure at node A is maintained at 100 psi
(0.69 Pa) by PRG-2. Working back toward SP-1, the pressure drop in the
10 ft (3.05 m) of 3-in (7.62 cm) pipe at 200 gpm {0.013 m3/sec) is:

8 ft hd
100 eq ft

10 £t = 0.8 ft hd (0.24 m hd)

Also TCV-1 requires a minimum pressure drop of 15 psid (0.l MPa) to
operate properly and this must be included in the total head. On the
suction side of SP-1, there is about 50 ft (15.2 m) of 3-in (7.62 cm)
pipe that results in:

8 ft hd
100 eq ft

50 ft = 4.0 ft hd (1.2 m hd)

The maximum head required for SP-1 would occur when the ST is almost
empty and therefore would not provide any positive head for the pump
suction., A summary is provided in table II-11. The design conditions
for SP-1 are then 270 ft (82.3 m) of head at 200 gpm (0.013 m3/sec).

TABLE II-11. MAXIMUM HEAD REQUIREMENT FOR SP-1

PRESSURE HEAD
LOCATION psi ft
Load Requirement at Node A 100.0 231.0
Discharge - 10 ft - 3" 0.3 0.8
TCV-1 15.0 34.7
Suction - 50 ft - 3" 1.7 4.0
ST - Tank Level 0 0
Total 117.0 270.0

Since SP-1 will be pumping relatively high temperature water
from & vented tank, the net positive suction head available (NPSHA) must
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be determined and compared with the NPSH required (NPSHR) by the pump.
If the NPSHA is 1less the the NPSHR, then cavitation will occur in the
pump and may stop flow and/cr damage the pump. NPSHA is determined as

follows:
Pl - Pv
NPSHA = D + S - hf
where:
p] = pressure on surface of liquid in suction vessel = 14.7 psia
(0.1 MPa)
Py = vapor pressure at liguid temperature of 1970F (91.70C) maximum
= 10.9 psia (0.075 MPa)
o =% = L b o - 60.2 B2 at 1970F (964 kg/m at 91.70C)
V. 0.016624 ft ft

S = vertical elevation distance from pump centerline to surface of
suction vessel = 0 ft
heg = friction loss in suction piping:

The head loss for a flow of 200 gpm (0.013 m3/sec) in a 3-in
(9.62 cm), 50-foot {15.2 m) long pipe is given by:

B ft

head = IEB—EE—?E 50 ft = 4 ft hd (1.22 m hd)

Then:

14.7 ~ 10.9 lbf/in® 144 inZ

+ 0 fFt - 4 ft = 5 ft
60.2 lom/£t>  £t2 | (1.52 m)

NPSHA =
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® A NPSHA of only 5 ft (1.52 m) is very low and would require a specially
made pump. However, if a "can-type" pump is specified, it is designed to
provide sufficient NPSHA to be greater than the NPSHR for the pump (see
figure II-19). The "S$" dimension is normally greater than § ft (1.52 m)
® and this makes the NPSHA = 5 + 5 = 10 ft (3.05 m).

STORAGE
MOTOR TANK
® - ST-1
Jj[}:? 7 77 7 7 77 7 7T 77 T T ITANI 77777 777
S

IMPELLERS

PUMP SUCTION LEVEL
BEDM/A-82-458-TR-R1

Figure [I-19. Suction Level for a "Can-Type" Pump

L 4 Can-type pumps have a vertical drive shaft with a motor on top that
drives several impellers (stages). Considering the pump curve shown in
figure I1I-20, at 200 gpm (0.013m3/sec), 11 stages are required with
impeller number 2 to provide the 270 ft (82.3 m) of head for the load.

@ The maximum NPSHR is 8 ft (2.4 m) which is less than the NPSHA of 10 ft
(3.05 m)}. The maximum horsepower required is:

1.7 _bhp _ 11 stages = 18.7, use 25 hp (18.7 kW) motor

stage
@
Note that the maximum and minimum fTow rates were chosen to fall on
cpposite sides of the best efficiency point (BEP) with the average flow
rate as close to the BEP as possible.
@
»
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Figure II-20. Pump Curve for S$P-1

10. Circulation Pump (CP-1)
In order to size the circulation pump, the total system head
must be determined. A simplified flow resistance network is shown in

figure [I-21. The following analysis is based on that presented in
volume II, chapter IV-H.
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Figure 1I-21. Flow Resistance Network for the Dixon Plant

The resistance of the collector field is a combination of the
P resistance of the collectors plus the resistance of the supply and return
manifolds from the mechanical skid to the field. This resistance is
found by referring to figure II-22 where points "a" and "f" are at the
mechanical skid.

® The pressure drop from point "a" to "b" is given by:

1.8 0.2 0.8
(Gf) u ) Lab

AP = (for quantities in
° ab 4.7 x 104 pi-8 English units)

And the resistance is:
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where:
D =4 1in (10.16 cm)
Lap = 100" + Leq (30.5 m + Leq)
N = 36 flow loops

The equivalent length of a "T" at point "b" is 21 ft (6.4 m) of 4-in
(10.16 cm) pipe so that Lzy = 121 ft (36.9 m).

The pressure drop from "b" to "c" is:

(Eg)l's 0.2 0.8,
AP _ 2 bc

bc 4.7 x 10% pt8

D =3 in (7.62 cm)
Lhe = 150" + Leq (45.7 m + Leq)

and Leq, the equivalent length of a 900 bend, is 8 ft (2.4 m) of 3-in
(7.62 cm) pipe so that Lpc = 158 ft (48.2 m). The resistance is:

The pressure drop from "c" to "d" is:

) 1.8
AP g = Rey (Gf)

2
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where Rgy is the collector field resistance obtained using the procedure
in volume [I, chapter IV-H. The total series resistance from "b" to "e"
ise

cd * Rde - 2Rbc +Rcd

since Rge = Rpc. The pressure drop from "b" to "e" equals the pressure
drop from b' to e' and an equivalent paralled resistance can be found:

APbe = APb'C' = APp

1.8 _ 1.8 _ 1.8
Rbe(Gf/z) = Rb'e'csf/z) = Rp(Gf)
_ 1.8
N

The total field pressure drop is:

AR g = AP, + AP+ AP . = 2 AP, 4 A

Since:

AP Ap

ab af

1.8
B 1.8 _ 1.8 1 1.8
APaf = Rf (Gf) = 2 Rab(Gf) + Rbe(z) (Gf)
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So that:
1 1.8
Rp = 2 Ry + Rpg 5)
Where:
.. 121402 ,0-8
ab 4 g & 10% (4)4-8
0.2 0.8
R o421 (aseyutp o
be 4.8 fl

4.7 x lO4 (3)

Tranter Corporation has made & number of calculations for sizing a
plate heat exchanger under various conditions. Assuming the pressure
drop through the heat exchanger can be expressed by:

Gg 1.8
N u0.2 O0.8 L N

Ap, = % B
hx 4.7 x 109 p*-8

an equivalent L/D4-8 can be calculated for the data shown in figure
11-23. Thus, the pressure drop is expressed as:

G 1.8
AP, = 9.47 x 10‘3(§£) w2 %%
hx : c P
whare:
Ne = number of flow channels (43 in figure II-23)
Np = number of passes (2 in figure [I-23)
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Similarly, an expression for the pressure drop through the
cooling tower may be obtained by solving for an equivalent L/D#-8 when
the pressure drop under given flow and temperature conditions is known.
Thus, at 1500F (65.60C) at a flow rate of 530 gpm (0.033m3/sec) the
pressure drop through both cooling towers is 12.6 psi (0.087 MPa)
(obtained from Baltimore Aircoil Bulletin 5405/1-0). The general expres-
sion is then:

6 1.8 0.2 0.8

APCt = 5.64 x 10 G u o

The distance from the mechanical skid to the cooling tower is
50 ft (15.2 m), so that the pressure drop in the piping from the skid to
towers is:

1.8 0.2 0.8
ap L G0 wUtT ptT(100 ft)

PL (4.7 x 10%) (6)%8

The pressure drop from the edge of the mechanical skid at the
return from the cooling towers to the expansion tank inlet is due to 4 ft
(1.22 m) of 6-in (15.24 cm) pipe, one 900 bend with an equivalent length
of 16 ft (4.9 m), and one air expander with an eguivalent Tlength of
105 ft (32 m). Thus, the pressure drop is:

1.8 0.2 0.8
ap o G wP® p75(125)

PZ 4.7 x 10% (6)%-8

The pressure drop from the expansion tank outlet to the pump
inlet is due to one "T" with an equivalent length of 10 ft (3.05 m), 2 ft
(0.61 m) of 6-in (15.24 cm) pipe, one 900 elbow with an equivalent length
of 18 ft (5.5 m), and a 6-in (15.24 cm)} strainer with Leq =71 ft
(21.6 m). Thus:
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gle® 0.2 0.8 4,
AP, = 2 7.8
4.7 x 10% (6)%"

The pressure drop from the pump outlet to the mechanical skid
exit to the field is due to two 900 elbows with Legq = 16 ft (4.9 m) each,
23 ft (7 m) of 6-in (15.24 cm) pipe, a reduction from 6 in {15.24 cm) to
4 in (10.16 cm) with L, = 7.5 ft (2.3 m) so that:

ap =8 w0 62.5)

G

1.8 0.2 0.8 (
4.7 x 10% (6)%-8
The pressure drops have heen left in terms of the flow rate,
viscosity, and density so that the system head curve can be plotted at
the average operating temperature of 176CF (80°C), and the start-up
temperature of 65°F (18.39). The gate valve in the parallel leg flowing
170 gpm (0.01 m3/sec) is set so that the pressure drop across Rpp at
170 gpm equals the pressure drop across Rf and Rpx at 360 gpm
(0.023 m3/sec). Thus, for any flow rate through the pump, G, the flow
rate through the collector field and heat exchanger will be (360/530)G.

The total discharge head, or pressure developed at the pump
exit is given by the sum:

hx © APpl * APct * APp2 * Pet

where Poy is the gage pressure in the expansion tank. The suction head
is:

hS =5 pS1g—APS
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So the total system head is:

H = AP + AP . + AP, + AP. + AP , + AP + AP

af hx 1 ct 2
The system head curve is shown in figure [[-24 where a safety factor of
10 percent on the total system head was assumed.

When the field is operating at its average or maximum tempera-
ture and 530 gpm (0.033 m3/sec), the pressure in the expansion tank is 5
psig (0.034 MPa) and the vapor pressure of the ethylene glycol solution
(figure I1-25) is 70 mmHg or 1.35 psia (9300 Pa) at 1179F (47.29C). The
maximum NPSHA is developed under these conditions and is given by:

NPSHA(max) = 5 psig + 14.7 psi - 1.35 psia - APgq

17.5 psia = 40 ft (12.2 m)

1]

where APg = 0.82 psia (5650 Pa).

The minimum NPSHA is developed at start-up when the fluid temperature is
680F (209C), the vapor pressure is 0.29 psia (2000 Pa) and the expansion
tank pressure is -2 psig (13800 Pa). Then:

NPSHA(min) = -2 + 14.7 - 0.29 - APg = 11.5 psia
= 25 ft (7.6 m)

10000p—r .  —

ETHYLENE GLYCOL,
000 percent by weight

“39 a5 8580 00 4D
TEMPERATURE . C BDM/A-82-458-TR-R1

Figure I[[-25. Vapeor Pressure of Ethylene Glycol Water Mixtures
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Under design conditions (and assuming a 10-percent safety
factor in the system head) the pump flow rate must be 530 gpm
(0.033 m3/sec) at 1760F (79.49C) into a system head of 76.2 m (250 ft).
Based on the design of the mechanical skid, a horizontal in-l1ine, or
double-suction pump is required. Using the pump performance curves
provided by Peerless Pump Co. for a double-suction pump at 3550 rpm, a
type 2AD11 pump is indicated in figure I[I-26. However, upon reviewing
the pump curve we found that the system operating point is almost cff the
pump curve. Therefore, we chose the next pump model 3AD10 with the
characteristic curve shown in figure II-27.

A pump with a 7.75-in (19.7 cm) impeller develops 212 ft
(64.6 m) of head at 530 gpm (0.033 m3 sec). Using the affinity law:

H, _(EL)
2 \D
50

2 250 | 172
D, =17.75 313 = 8.4 in (21.3 cm)

|

fa o]

12

Therefore, an 8.375-in (21.27 cm) impeller must be purchased for this
pump. The brake horsepower is about 40 hp (29.8 kW) at an efficiency of
80 percent. The required NPSH is 20 ft (6.1 m), well below the NPSHA.
The pump curve has been superimposed on the system head curves of figure
[1-24. Thus, at start- up, when the fluid is at 680F (20°9C), the flow
will be 470 gpm (0.03 m°/sec) into a system head of 260 ft (79.3 m). At
this flow rate, AP; = 0.88 psia (6070 Pa) and the minimum NPSHA is 25 ft
(7.6 m), well above the 20 ft (6.1 m) NPSHR.

A 60-cycle, 60-hp (44.8 kW) motor with a service factor of 1.15
is chosen to drive the pump. At 3600 rpm, this requires a 326TS NEMA
frame making the entire pump assembly, shown schematically in
figure [1-28, about 55 in lang.
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3500 RPM

800

BDM/A-82-458-TR-R1

Figure 1I-26. Combined Pump Performance Curves for a Singie-Stage
Horizontal Split Case Double-Suction Pump (Peerless
Type AD Pump)
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BDM/A-82-458-TR-R1

Figure 11-28. Horizontal Split Case, Single-Stage, Double-Suction Pump
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D.  INSTALLATION PROCEDURES

Quring the course of the PV-T system design, certain procedures and
programs have been identified which are considered to be important in the
installation and final start-up of the system, but which are not part of
system operation and maintenance once the system is in operation under
plant cognizance. These procedures and programs apply principally to the
tasks performed by the system supplier.

Presented and discussed in the following paragraphs are procedures
applicable to the transportation and delivery of system hardware, onsite
construction and assembly, and system preparation and checkout, It is
assumed that arrangements have been made between the Dixon, California
meat-packing plant management and the system supplier for advance
planning and scheduling of the system hardware delivery and onsite coor-
dination of activities during construction and assembly and system
start-up  and checkout. It is envisioned that Dixon management will
designate a PV-T project engineer to interface directly with the _ystem
supplier's general job superintendent.

1. Transportation and Delivery

a. General
The PV-T system hardware will be transported to the
installation site from four principal points. The solar collector
materials and PV cell subassemblies will be shipped directly from the
E-Systems factory in Dallas, Texas to the Dixon Plant site. The storage
tank and cooling tower assemblies will be shipped from their respective
manufacturers to the site. The remainder of the system hardware, with
minor exceptions will be shipped from the supplier's home base to the
site which is in consonance with the PV-T design concept which emphasizes
the offsite (shop) fabrication, preassembly, and test of system
companents and subassemblies to the greatest extent possible.
b. Packaging and Shipping
(1) Collector Materials
The E-Systems collector materials will be shipped from the

factory in Dallas, Texas to the user site hy commercial trucks.
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(2)

The 720 arrays will be packaged and shipped in racks of three,
each weighing approximately 3000 1bs (1360 kg). The receiver
tubes with PV cells attached will be preassemblied on the
collectors. Most equipment such as the post assemblies and
assembly axle blocks, will be shipped on pallets weighing nc
more than 800 1bs (362 kg). [t is estimated that approxi-
mately 121 truckloads (six arrays per truck) will be reguired
to ship the collector materials.

Skid Subassemblies

A1l final assembly, testing and cleaning will be performed

before the mechanical skid is prepared for shipment. The skid
has been sized and the -equipment arranged to facilitate
handl1ing and road transportation. The shipping weight will be
approximately 5000 1bs (2268 kg) with the expansion tank, heat
exchanger, pump and piping well distributed to facilitate
balance on the 10 ft by 25 ft (3 m by 7.6 m) steel I-beam base.
The steel base incorporates six 1ifting lugs for crane handling
with a spreader bar. Prior to shipment, the flanged ends of
the ethylene glycol (EG) circulation Tloop and the domestic
water (DW) circulation loop piping will be braced to prevent
movement during handling and transportation.

The packaged cooling towers incorporate 1ifting lugs and
will be handied by crane in the same manner as the mechanical
equipment skid.

Storage Tank

Liner panels for the 47,500-gallen (180 m3) storage tank are
factory fabricated into large panels that are accordion-folded
and then rolled up on a core and strapped to a 5 ft x 6 ft
(1.52 m x 1.83 m) wooden pallet. These pallets weigh approxi-
mately 5000 1bs (2268 kg) and are shipped with a corrugated
cover to prevent damage and to protect the folded panels from
sunlight and heat.
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c. Materials Delivery
(1) Collector Materials
The collector materials will be delivered to the Dixon plant at

such time as the required PV-T site preparation is complete
(grading, foundations, service roads and drives, etc.) and the
system supplier 1is mobilized onsite and ready to proceed with
hardware assembly. The array racks, post assemblies and
assembly axle blocks will be unlocaded with requisite 1ifting
equipment and placed so as to minimize handling distances
during installation.
(2) OQOther Materials
The shop fabricated components and subassemblies and other

materials will be delivered at a time roughly coinciding with
compietion of the erection and assembly of the collector
arrays. The skid subassemblies will be unloaded from the
trucks onto the prepared foundation pads and properly
positioned for hockup.

Upon arrival of the storage pond 1liner shipment, care
should be excercised in the unloading to avoid damage to the
panels. The pallets should be inspected for damage. Covered
storage should be provided for the liner panels and they should
not be removed from their protective covers until installed.

2. Onsite Organization and Management

A job superintendent and assistant who are full time employees
of the PV-T supplier and are intimately familiar with the system will be
responsible for overall onsite direction and supervision during instal-
lation and checkout.

It is assumed that the bulk of the labor and skills required
for the system installation can be procured in the general locale of the
Dixon meat plant. Key mechanical and electrical tasks will be accom-
plished by system supplier mechanical and electrical subcontractors.

3. Construction and Assembly

The onsite construction and assembly for the installation of
the PV-T system can be broken down into a number of general tasks. The
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procedures involved in carrying out these tasks are discussed in the
following paragraphs. These procedures assume that the Dixon plant site
has been prepared in accordance with the drawings and specifications.

a. Installation of the Collector Field

The installation of the collector arrays, the storage
tanks, the ethylene glycol/water loop piping and domestic water piping
are major tasks that require lead work by the system supplier.

(1) Collector Array Installation

"Each collector array is composed of four collector modules that
are factory-assembled complete with receiver tubes and PV cells
mounted. Each row in turn consists of five collector arrays
supported on four idler post assemblies and one main drive post
and one intermediate drive post assembly. The initial step in
the assembly of the row is the placement and alignment of the
idler and drive -posts. After the posts have been aligned and
the mounting bolts tightened the post assembly axle blocks are
installed and the collector arrays mounted. The interconnect
horizontal drive shaft is then installed on each post.

The next step is to level all array units by rotating the
upper speed reducer input shaft the install the frame splices.
The end pulley assemblies on each end array unit are now
installed and the vertical drive shafts pinned to the respec-
tive Tower gear box.

After securing the modules on the center array unit to
prevent rotation, align all the modules in the array unit to
the center array unit using the alignment tocol provided. The
collector drive bar splice is now installed between the aligned
array units.

The final step in the assembly of the collector array row
is the installation of the tilt sensor and connection of the
cabling from the sensor to the local box on the main drive and
the interconnection of the DC power cables in series hetween
arrays in the electrical loop.
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® (2) Installation of Array Loop Pipe Sections

After the collector array rows have been assembled, the shop
fabricated 1l-in (2.54 cm) diameter pipe sections with in-line
components are installed to connect 10 arrays in a circulation
L Toop. The loops are center tapped tc the 3-in (7.62 cm) supply
and return manifolds. Installed in each Toop are two end-loop
sections and one each inlet and outlet section at the manifold
end of the Tloop. Shop fabricated supports are installed on
P prepared foundations to support the end loop and inlet and
outlet pipe sections.
b. Installation of EG Circulation Loop Field Pipe Sections

This work consists o the assembly and hookup of the
@ following field piping:
(1) Six-inch (15.24 cm) and 4 in (10.16 cm) diameter pipe from the
mechanical skid to the collector field.
(2) Six-inch (15.34 cm) diameter pipe from the mechanical. skid to
@ the cooling towers.
(3) Four-inch (10.16 cm) diameter pipe from the collector field to
the mechanical skid.
Various sections of the EG field piping are shop fabri-
® cated to facilitate the site work. Shop fabricated pipe supports and
anchors are installed on prepared foundations at points required. The
assembly of this piping requires a combination of welded and bolted
flanged connections., All EG circulation Toop field fabricated piping
L ) will be thoroughly cleaned as work progresses to minimize harmful
contamination of the loop.
C. Installation of OW Circulation Loop Pipe Sections

This work consists of the assembly and hookup of the
@ following piping:
(1) Three-inch (7.62 cm) diameter pipe from the well pump to the
mechanical skid.
(2) Three-inch (7.62 cm) diameter pipe from the mechanical skid to
® the 47,500-gallon (180 m3) storage tank.
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(3) Three-inch (7.62 cm) diameter pipe from the storage tank pump
te the wash pump.
(4) Three-inch (7.62 cm) diameter pipe in the temperature controi
by-pass loop.
Like the EG circulation Jloop, various sections are
prefabricated and the same cleaning and assembly precauticns apply.
d. Installation of the Storage Tank

The 1iner panels for the storage tank are customariiy
accordion-folded and rolled on a core, packaged and identified for proper
placement in the prepared pit. A panel layout drawing indicates panel
positioning as well as unroll-and-unfold directions. Panels will remain
covered and protected from direct sunlight until ready for spreading.
Only panels for 1 day's field seaming will be spread. Spread panels
should be sand bagged until the seaming operation is complete. The peri-
meter of the liner is anchored in an anchor trench on the top of the tank
berm. The tank cover will be installed immediately to protect the liner
from environmental degradation,

e. Installation of Electrical/Control Distribution

This work consists of the installation and hookup of the
underground direct burial cabling, the above ground rigid conduit, trans-
formers, inverters, and switchgear for electrical power supply and array
power takecff. The following field connections are required:

(1) Three-wire DC direct burial cable from each of the 72 subfield
electrical Tloops tc the 18 subfield M&S enclosures. There are
four electrical Toops to each subfield M&S.

(2) Two-wire DC direct burial cable from each of the 18 subfield
M&S enclosures to field A and B M&S enclosures in the
Electrical Control Building (nine subfields to each field M&S).

(3) Busses from M&S A and B to inverter A and B.

(4) Busses from inverter A and B to AC switchgear and transformer.
(5) Installation of AC distribution panels and utility outlets.

(6) Two-wire AC direct burial cable from distribution panel ta

field transformers.
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(7) Two-wire AC direct burial cable from transformers to drive and
intermediate drive posts.

(B) UPS to the hazard panel and the master tracking controlier,

(3) IPS to the AC panelboard.

The electrical/control distribution work will be started
as soon as the collectors, transformers, inverters, electrical control
building and other materials are onsite and installation has proceeded to
a point permitting phased electrical connections.

After electrical/control distribution system has been
installed and the system energized, a.thorough operational test will be
made to ensure the operaticnal integrity and safety of the system.
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CHAPTER III
ALBUQUERQUE, NEW MEXICO PUBLIC SCHOOL

A.  INTRODUCTION

1. Plant Description
The Albuquerque, New Mexico public school consists of derived

characteristics based on "typical" schools and a derived load profile for
space heating and domestic hot water loads. The school is a two-story,
58,000 ftz (17678 m2) building defined as typical in reference I[I[-8 of
volume 1. Other characteristics of the building and the load profiles
are given in volume I.

The flow schematic in figure III-1 shows a boiler to provide
space heat and a separate fossil fueled hot water heater. This allows
hot water to be available during periods of no space heat load without
firing up the large boiler., For the school modeled using SCLCEL the flow
rate through DHW is 35.8 gpm (2.22 kg/sec) and the flow rate through the
space heating system 1is 57.3 gpm (3.51 kg/sec). This provides the
required flow to meet the peak demands. The space heat boiler is main-
tained at 30 psig (2.87 MPa) to provide hot water at a temperature of
about 215 to 230°F (102° to 110°C).  The domestic hot water supply
temperature is 140°F (60°C).

The daytime load varies between DHW only and DHW plus space
heating. Domestic hot water is almost a constant requirement throughout
the day. There is practically no nightime or summer load. The entire
system is closed loop in which water returning from the loads is mixed
with makeup water and reheated. The temperature of the return water
depends on the Tload; if the load is small the temperature of the return
water may be greater than the array outlet temperature. Under these
conditions the PV-T system is bypassed by the thermal loads and provides
only electrical power with cooling performed at the cooling tower.

2. Design Trade-off Studies

Before the design of the Dixon plant was completed, several
trade-off studies were performed for the Albuquerque school to determine
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the feasibility of using thermal storage. Initial studies used 12 LFF
arrays per row and a variable volume thermal storage tank in series with
the 1load (as shown for the Dixon plant in figure II-5}. This storage
configuration never became adequately charged, and the return temperature
from the load was often too high for proper PV-T operation. That is,
during the day the thermal load was so small that the energy delivered
back to the PV-T system was almost as great as the energy available.
Thus, the series storage configuration did not improve the LCCR over that
with no storage.

A constant volume parallel configuration was then analyzed in
which the storage tank was placed in paraliel with the load. In this
configuration, storage could be charged during the day, while the load
was being augmented by PV-T, and discharged at night. However, this also
invaolved performing a trade-off study between storage volume and the flow
rate through the storage tank.

The results of several simulations are shown in figure I[I1-2,
These results indicate that the optimum configuration is to have no
storage. Subsequently we found that a delta-T strength length of less
than 11 arrays per row is necessary to meet the temperature and pressure
limitations of the collector. Based on electric requirements, to be
discussed later, a row length consisting of nine arrays per row is chosen
as the design point., This configuration was analyzed using SOLCEL and
the results are shown in figure III-2. A significant improvement in LCCR
is indicated over the 12 array per row configuration.

3. Generalized Design Concept

The system conceptual design is shown in figure II[-3.
Parasitic electrical power associated with the pumps, cocoling tower, and
PV-T tracking system is added to the existing eiectrical load. The
thermal porticn of the PV-T system is interfaced to the existing plant at
the space heat return line and through a heat exchanger/storage tank in
the domestic hot water system. [f the heat exchanger outlet temperature
(TOL) or array outlet temperature (TIC) is less than the toad return tem-
perature (TIL), then the flow bypasses the PV-T system and goes directly
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to the boiler for the space heat load, or the hot water heater for the
hot water load. Otherwise, the returns from the loads are combined and
pass through the heat exchanger. The flow then splits to go to heat
domestic hot water and to supply the boiler. Since the space heat load
requires temperatures of 215 to 230°F, (102 to 110°C) and since the PV-T
system is Timited to 210°F (98.9°C), the system always acts as a pre-
heater for the boiler. Domestic hot water requires 140°F (GOOC) water so
the system can provide the full load requirement; the fossil fuel water
heater acts as an auxiliary heater during periods of low insolation.

If the array outlet temperature is greater than 210°F (98.9°C)
the flow is routed through the cooling tower to decrease the array inlet
temperature. The flow rate through the array field is constant at 40 gpm
(2.45 kg/sec). The flow through the load side of the heat exchanger
varies depending on the load requirements. There are two flow require-
ments, 35.8 gpm (2.22 kg/sec) for DHW and 57.3 gpm (3.51 kg/sec) for
space heating. The flow through the heat exchanger may be any combina-
tion of these. The DHW flow alone occurs 63.3 percent of the time, and
the combination of DHW plus space heat flow occurs 36.7 percent of the
time. During the summer, hclidays, and weekends the PV-T system produces
electricity for sell-back to the utility and is cooled by flow through
the cooling tower.

The SOLCEL simulations indicate the annual electrical and
thermal energy characteristics of the system as shown in table III-1.
The system electrical efficiency (energy provided to the load, parasitics
and sell-back versus available insolation) is 10 percent. The system
thermal efficiency (energy provided to load versus insolation) is
24 percent.

In the following sections a detailed system design is provided
along with the analyses used to design the system and choose and size
components. Although the sections have been divided into electrical and
mechanical design, several 1iterations were performed to determine the
proper row length based on veoltage and current requirements, temperature
increases, and voltage mismatch losses due to the temperature increase
along a row. These trade-offs should become clear in the following
sections.
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TABLE IIT-1. ALBUQUERQUE SCHOOL ANNUAL
INSOLATION, ELECTRICAL AND
THERMAL ENERGY CHARACTERISTICS

INSOLATION (kW-hrs)

Total Direct Normal Radiation Available

ELECTRICAL CHARACTERISTICS (kW-hrs)

Electrical Load

Total Array OC Electrical Energy
Array AC Electrical Energy to Load
Backup AC Energy to Load
Electrical Parasitic

Sold Back AC Energy

THERMAL CHARACTERISTICS (kW-hrs)

LOAD

Thermal Load

Total Array Thermal Energy
Array Thermal Energy to Storage
Stored Thermal Energy to Load
Backup Thermal Energy

Keat Rejected at Cooling Tower

DISPLACEMENT AND EFFICIENCIES

Percent of Electrical Load Displiaced
Percent of AC Electrical Energy Sold Back
System Conversion Efficiency (DC to AC)
Array Electrical Efficiency

Percent of Thermal Load Displaced

System Thermal Efficiency
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B. ALBUQUERQUE PUBLIC SCHOOL PV-T SYSTEM ELECTRICAL DESIGN

The following sections summarize the PV-T system electrical design.
The text is keyed to electrical drawings E-1 through E-6 contained at
the end of this chapter.

1. Electrical System Overview

The electrical portion of the Albuquerque public school PV-T
system is called the photovoltaic power system (PPS). A block diagram of
- the PPS is shown in drawing E-1. The DC output of the PV system is rated
as 101.1 kW (248.7 Vv and 406.4 A} at 1000 w/m2 with an inlet fiuid
temperature of 25%C.  The expected AC output of the system is 88.9 kW
assumming an overall power processing efficiency of 88 percent. The PPS
operates interactively with the electric utility service to the school,
The output voltage is 277/480 VAC, three phase, four wire. The elements
in the block diagram will be described briefly in this section and
presented in more detail with rationale for component selection in sub-
sequent sections., Critical electrical components are specified oh the
appropriate drawings and summarized in table III-2.

The DC portion of the PPS, called the PV field, consists of
eight rows of PV arrays divided into two subfields. Each subfield
consists of four electrical rows and a subfield maintenance and safety
(M&S) enclosure. Each electrical row contains nine E-Systems linear
Fresnel lens arrays. (The term array is used by E-Systems to describe a
single-frame assembly supporting four linear Fresnel lens collectors.
Therefore, we have also followed this nomenclature and have defined the
totai number of arrays interfacing with an inverter as a field.) Each
subfield M&S enclosure includes an externally mounted safety switch which
provides for interconnection of the four electrical rows, measurement of
electrical row parameters, isolation of the subfields and of the indi-
vidual rows, and protection from Tightning and other transients.

Two sets of DC field cables are routed to the electrical
control building where they are connected through separate safety
switches to the inverter. The 100-kW inverter converts the DC power into
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TABLE III-2. MAJOR PPS ELECTRICAL COMPGNENTS

ITEM NO.  SUBSYSTEM/ITEM DESCRIPTION (MFR.} PART NO. - QTy.
(OR EQUIVALENT)

1.0 Subfield Maintenance and Safety 2
Enclosure/NEMA 3R Enclosure
(48"H x 36"W x 18"D)

1.1 Resistor, 98 k2, 1 W, 1% (DALE) WWA-416 8

1.2 Resistor, 2 k@, 0.1 W, 1% (Dale) EMF-50-10 8

1.3 Resistor, 0.01 2, 50 W, 1% (Dale RH-50 8

1.4 Safety Switch, 2 Pole, (Square D) HU-262 8
600 VDC, 60 A

1.5 Varistor, 420 V (GE) V320-PA-40A 24

1.6 Blocking Diode, 1200 V, 70 A (IR} IRKE 71-12 16

1.7 Busbar, 400 A 4

2.0 Subfield Maintenance Switch (Square D) H-265R 2
Safety Switch, 2 Pole, 600 VDC,
400 A, Fusible, Outdoor

3.0 Subfield Disconnect Safety HU-265 2
Switch 2 Pole, 600 VDC, 400 A

4.0 DC-AC Inverter, 100 W, 480 VAC, (DECC) 1
3 Phase, 4 Wire

5.0 Circuit Breaker, 480 VAC, (Square D) KAE361505 2
3 Phase, 150 A

6.0 Service Transformer, 480/120 V, {Sorgel) 50S3H 1
Single Phase 50 kVA, Outdoor Type

7.0 Interruptible Power Supply/ {Onan) 45.C DYJ-15R 1

Diesel Generator Set, 45 kW with
6-Cylinder, 301 cu in. Engine,
270 A-H, 12 V, Lead Acid
Batteries, 50 gal Fuel Tank
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ITEM NO.

8.0

9.0

TABLE III-2. MAJOR PPS ELECTRICAL COMPONENTS (Concluded)

SUBSYSTEM/ITEM DESCRIPTION (MFR.) PART NO. qQry.
(OR EQUIVALENT)

Uninterruptible Power Supply/ (Gould) 5247A-1 1
Inverter, 3 kVA, 120 VAC,

1 phase 60 Hz with GEL-CELL

Sealed Batteries and Rectifier,

120 VAC to 133 VDC

Master Controller and Hazard Not Defined 1
Station (Includes Micro-
computer and Hazard Relays)
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277/480-VAC, three-phase, four-wire, 60-Hz power. The inverter alsoc con-
tains OC and AC meonitoring and protection switchgear. The AC cutput of
the inverter is routed through the PPS AC circuit breaker to the school
building. '

In the building the PPS power 1is interconnected through a
circuit breaker to the main AL panelboard which supplies the building
loads and also the AC power for the PPS, A meter is provided between the
utility interface switch and the main AC panelboard to measure the total
power required by the schocl building and the PPS. The main AC panel-
board indicated in the drawing is part of the standard building equip-
ment. The public utility enters the school building through two meters,
The meters are connected in opposite directions to measure the flow out
of and into the utility. The utility service is also routed to the main
AC panelboard.

The AC power for the PPS is routed to the AC panelhoard in the
electrical control building. A meter on this line measures the power
required by the PPS. The AC power is stepped down as appropriate for the
various electrical control building and field power requirements.

2. Field Design
a. Determination of PV-T Field Size and Layout
Sizing trade-off analyses performed using the SCLCEL-II
computer code indicated that the lowest 1ife cycle cost for the system

would be obtained using approximately 70 to 80 E-Systems arrays arranged
in eight- to 10-array thermal Tloops with a differential in inlet to
outlet fluid temperature of 42°¢ at 1000 w/mz.

As was done for the 0Qixen PV-T system, the field OC
voltage was matched to the inverter operating voltage window and the full
operating voltage was developed over an electrical string or row which
corresponds with the thermal loop. This results in a nine-array
electrical row. The resultant electrical field Tlayout is shown 1in
drawing £-2 and the rationale for the nine-array rows is presented in the
next paragraph.
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Because the total field size results in a power of
101.1 kW with the fluid temperature differential of 42°C, it was decided
to use a 100-kW finverter from the Delta Electronic Control Corporation
(DECC). The inverter selection rationale and specifications are
presented in subsection 4 of this electrical section. The inverter hes
an input operating voltage range of 200 to 290 V. It is desirahle to
operate the array near the midpcint of this voltage range. Since each of
the E-Systems collectors shown in the array detail in drawing E-2
produces 30,1V and 12.7 A at 25°C  constant fluid temperature,
10 collectors connected in series would exceed the 290 maximum allowable
voltage for the inverter. In addition, since a significant voltage will
be Tost due to cell temperature mismatch because of the fluid temperature
differential of 42°C, eight collectors in series would not produce enough
voltage at high ambient temperatures. Therefore, it was decided to use
the nine-array option with four collectors connected in parallel in each
array as shown in drawing E-2 to produce 270.9 V at 25%C.  These analyses
indicate that the string voltage loss is proportional to temperature and
will be 8.2 percent. The string voltage will be approximately 249 V for
the 42°C fluid temperature differential.

An additional analysis was performed to determine the DC
operating voltage range of the fields under extremes of illumination and
temperature to ensure that it remains within the 200 to 290 V operating
range of the inverter. It was determined from the SOLCEL runs for the
Albuguerque public school PPS that the inlet temperature of the fluid
will fall within the range 20°C to 60°C over the course of the year and
the insolation will not exceed 1000 w/mz. Assuming the Tower limit of
the tracking is 100 W/rn2 and also assuming a temperature differential
from fluid to cell of 14°C at 1000 w/mz, the voltage matrix in
table III-3 was developed. The resuits are shown graphically in
figure II1-4. The voltage curve for each fluid temperature peaks at
about 300 to 400 W/m2 because the higher expected voltage at 1000 W/mZ is
offset by the higher inlet to outlet temperature differential which
causes the voltage mismatch previously discussed.
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TABLE 111-3. DC GPERATING VOLTAGE MATRIX FOR ALBUQUERQUE
PUBLIC SCHOOL PV/T SYSTEM

DC OPERATING INSOLATION (W/m?)

VOLTAGE (V) 100 200 300 350 400 500 700 800 1000
Tr{INLET) DC OPERATING VOLTAGES (V)

(°C/°K)

20/293 262 267 268 268 267 266 262 260 255
25/298 255 260 261 261 261 260 256 254 249
30/303 247 253 254 254 254 253 250 247 242
35/308 240 246 247 248 247 246 243 241 236
40/313 233 239 241 241 241 240 237 235 230
45/318 226 232 234 234 234 233 230 228 224
50/323 219 225 227 227 227 226 224 222 218
55/328 211 218 220 220 220 220 217 215 211

60/333 204 211 213 313 214 213 211 209 205
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Figure III-4. DC Operating Voltage Variation for the Albuquerque
Public School PV-T System
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9 The Tawest voltages are 204 and 205 V at 60°C inlet fluid temperature and
100 and 1000 W/mz, respectively. The highest voltage is 268 V at 20°C
inlet fluid temperaiure and about 300 to 350 N/mz.

b. Determination of Subfield Size

¢ Referring again to drawing E-2, the field is divided into
two subfields with four rows per subfield. This specification resulted
from a desire to locate summing junction boxes close to the rows to
prevent excessive wire runs and to reduce the number of enclosures
L required and, consequently, the cost which would have resulted from using
eight enclosures. Thus, it was decided to 1locate this junction box,
titled M&S enclosure, near the negative termination post of the second
row of each subfield. Thus, four pcsitive and four negative wires are
o interconnected in this enclosure. The subfield could alternately have
been specified as eight rows with the M&S enclosure located at the center
of the fourth or fifth row. This would result in oniy one M&S enclosure
per field instead of two, but would also resuit in Jonger DC cable runs
9 within the field., Thus, the DC cables would have to be sized larcar to
prevent voltage and power Tlosses in the cables and subsequent mismatch of
row voltages.
After interconnections of positive and negative cables
® within each subfield M&S enclosure, one set of DC cables (ocne positive
and one negative) is routed to the electrical control building from each
subfield M&S enclosure. Details of the subfield enclosure are contained
in the following section.
o 3. DC Switchgear and Wiring
There are two subfield MRS enclosures in the field. These

enclosures serve as the focal point for interconnecting and routing of DC
cables from the individual electrical rows to the inverter for transient
e protection of the arrays and BC cables and for maintenance and trouble-
shooting of the arrays. Drawing £-3 contains a schematic diagram of one
subfield M&S enclosure. After the pcsitive and negative cables from a
particular row (or string) are routed into the encliosure, voltage and
L 2 current monitoring resistors are connected between the cables. The 98-kQ
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and 2-kQ resistors form a voltage divider so that the voltage at the test
point will be only 2 percent of the row (string) voltage from qround.
The 0.0l ohm current shunt resistor 15 used to measure the string
current. Next, a 60-A, two-pole switch, defined in the drawing parts
list, is provided to isolate the electrical string for maintenance. This
maintenance switch 1is rated at 600 VDC per contact because the open-
circuit voltage of the string could reach 324 V under worst case condi-
tions. Therefore, a 250-V rated switch could not be used.

Blocking diodes and varistors are incorporated for row (string)
protection. The varistors are provided for 1lightning protection to
prevent high voltage excursions on either side of ground. The breakdown
voltage of the varistors has been sized to exceed the maximum open-
circuit voltage which can be generated by the string so that these
varistors will not shunt current during normal operation. The blocking
diodes prevent reverse power flow into the string in the event of either
Tow-Tevel transients from lightning or power conditioning which do not
exceed the breakdown voltage of the varistors or from shorting failures
within the string itself. The blocking diodes are reguired on both
positive and negative lines because neither 1line 1is grounded. The
blocking dicde breakdown voltage has been sized at 1200 VOC to greatly
exceed the normal varistor voltage of 420 V in the event that the latter
rises significantly due to high-freguency transients. This transient
increase is typically greater than 100 percent. Since the blocking diode
represents @ continuous power loss during normal operation, it has been
rated to handle much more than the normal current of the string to reduce
the forward voltage in operation and as a result the power loss as well.

Beyond the row protection and monitoring circuitry, the plus
and minus conductors are connected with the corresponding conductors from
the other three rows of the subfield. A 400-A, fused, two-pole subfield
maintenance switch is connected to the cutput Tines. It is mounted in
its own enclosure external to the subfield M&S enclosure,

This switch is rated at 600 V per contact for the same reasons
as are the row maintenance switches. The output conductors will consist
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of direct burial cable and will be routed into the ground in conduit and
then routed to the electrical control building 2 ft (0.61 m) underground
without conduit.

Fuses have been included in the subfield maintenance switches.
Fuses are used to prevent exceeding the current capability of the wiring
in the case of shorts to ground. The individual rows, however, are
protected from reverse power flow from other rows by blocking diodes.
The direct burial cable from the subfield M&S enclosure to the electrical
control building, however, reguires protection against excessive current
flow in the case of lightning or other transients.

The two sets of direct burial cables from subfield M&S
enclosures are routed to two field maintenance switches in the electrical
contral building. The two-pole safety switches are rated at 600 VOC,
400 A. The conductors from the two switches are then connected
separately to the inverter input terminals. Each of the cables entering
the control building is protected from lightning surges by a varistor
which is grounded to the switch case. The case is, in turn, grounded to
the counterpoise system outside the building. The DC conductors are not
grounded because the inverter operates with floating inputs. Each
component is rated to exceed the maximum current and voltage which will
be experienced. The maximum open-circuit voltage which will be
experienced is 324 V; the maximum short-circuit current on each main
conductor pair will be 216 A. Normal operating voltage and current will
be 249 V and 203 A, respectively.

4., Inverters
a. Selection Rationale

A PV system inverter converts the array DC power into
utility-compatible 60-Hz AC power and operates the PV power system in
parallel with the public utility. The inverter must incorporate auto-
matic start-up when power is available from the array and automatic shut-
down at night and under fault conditions in the DC or AC lines. For the
Albuquerque public school applicaticon, the inverter power requirements
are dictated by the size of the PV field which has a rated power of
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approximately 101 kW. There are several inverters which can be used in
applications of about 100 kW. Among these are: 1)} the Westinghouse
62.5-kW inverter; 2) the Delta Electronic Control Corporation (DECC)
75-kW inverter upgraded to 100 kWs; and 3) a new line of DECC inverters
which will be available in 4-kW increments up to 68 kW. The power
requirements can be met by using either one DECC 100-kW inverter, two
Westinghouse 62.5-kW inverters, or two DECC 48-kW inverters. For this
application, the first option was chosen for the following reasons
(although the other options could prove equally cost-effective if a
detailed cost/performance analysis was accomplished):

(1) The initial cost of a single unit should be lower than the cost
of two units since some of the internal components need not bhe
duplicated.

(2) DECC has indicated that the 75-kW unit currently available
could be modified to provide up to 150 kW in the same frame
size.

(3) Only one circuit breaker is required on the output as opposed
to three required with two parallel inverters. At the same
time, no additional DC switchgear are required because both
sets of cables can be connected directly to the inverter input.

(4) The DECC units have proven to be very reliable so that very
1ittle down-time due to the inverter is expected. In addition,
the loss in inverter efficiency is very small (1 to 2 percent}
for operating with one-half the PV field if the other half
should be down for maintenance or repairs.

From the opposite viewpoint, the advantages of using two
smaller inverters are:

(1} The PV field layout Tlends itself well to division into two
separate fields.

(2) Using two inverters instead of one provides greater flexibility
and increased reliability in that half the system can still be
generating power when an inverter 1is shut down for maintenance
or repair,
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(3) More inverters are available in the smaller sizes.

(4) The greater initial cost may be offset by increased system
efficiency and less down time.
b. Inverter Specifications

The inverter specifications are summarized in table III-4,
The norma! input voitage operating range of the inverter is 200 to
290 VDC with a maximum allowable voltage of 400 VDC. The rated array
operating voltage with input fluid temperature of 25°C and a fluid
temperature differential from inlet to outlet of 22°C will be 249 vOC.
Under worst case conditions, the array open-circuit voltage should not
exceed 324 VOC. The inverter output is 480-VAC, three-phase, four-wire,
60-Hz AC power. The inverter is rated at 100-kW maximum output power.
However, the inverter will handle more than 10 percent over-power with
the exact shutdown power determined by the actual inmput voltage. The AC
output is automatically synchronized to the utility grid and provides
array peak power tracking within 1 percent over the entire power range
of 10 percent to 100 percent of rated power. The inverter will sturt up
and shut down automatically in the presence or absence of sufficient
solar power. The inverter will automatically disconnect from the utility
grid when the grid exceeds inverter frequency and voltage tolerances.
The inverter will alsc shut down for input over-voltage, inverter over-
temperature, excessive reverse power flow, blown fuses, excessive output
current (both peak and average), excessive rate-of-rise of current and
excessive phase imbalance in the output current. Meters are provided on
the control panel to display irput and output operating parameters.

5. AC Power Distribution System

An AC ane-line diagram fo~ the Albuguerque public school PV-T
system is shown in drawing E-4. The output of the inverter will provide
the same type of power as the utility service, 480-VAC, three-phase,
four-wire power, The inverter will display output voltage, current,
power and VARs. A separate kW/hr meter will be insta}?ed, as indicated,
in the AC switchgear in the control room to measure the cumulative energy
of the PPS.

ITI-19



THE BDM CORPORATION

TABLE I1I-4. [INVERTER SPECIFICATIONS

INPUT SPECIFICATICN
Maximum Voltage 400 vDC
Normal Operating Range, Loaded 200-290 VvVDC

OUTPUT
Voltage 480 VAC 3 phase
Power (Max.) 100 kW
kvar Automatically

Minimized
(p.f. > .99)

EFFICIENCY
No Toad losses (tare) 2.1-2.7 kW
Efficiency at 50 kW 92%
Efficiency at 100 kW 93%

Output Current Distortion, Full Load 3 % THD

Frequency Synchronization Range 60+2 Hz

PHYSICAL CONFIGURATION

Dimensions 26"H x 84"W x 36"D
ENVIRONMENTAL
Temperature -10°C to 45°C
Humidity 0-95%
QUTPUTS TO DATA ACQUISITION SYSTEM Standard Level Analog

and Digital Signals
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® The AC output of the inverter is interconnected through a 150-A
utility service rated, 480-VAC circuit breaker in the PPS AC switchgear
enc]osﬂre. The circuit breaker is provided for safety, Fault isolation,
and disconnection for maintenance, The AC output of the PPS is also pro-

L tected by a standard AC lightning surge arrestor.

At the plant utility service entrance, the utility 1line
contains two kWHr meters back-to-back to measure the power flow to and
from the utility. Since standard utility meters cannot run backwards,

L two meters are necessary to determine the utility sell-back discount.

Inside the plant, both AC sources are fed to the main plant AC
circuit breaker panelboard for distribution through transformers as
needed to satisfy all plant power requirements. A 480-VAC output is fed

L back to the PPS electrical control building to satisfy the AC power
requirements of the PPS. The AC input to the electrical control building
is metered to determine the PPS parasitic power requirements. By com-
bining the PPS output with the utility service (add or subtract as

@ appropriate) and subtracting the PPS parasitic power, the power supplied
to the school loads can be determined.

The AC power supplied to operate the PPS is stepped down to
120/220 V through a 50-kVA transformer located near the building and is

L fed to the main AC panelbcard in the electrical control building. This
line is also protected by an AC surge arrestor., The AC panelboard dis-
tributes 120/220-VAC power to the mechanical skid and to the PV-T field
trackers.

® The AC panelboard in the electrical control building also
routes 120 VAC for control buiding electrical service and for the con-
troller and hazard station.

An interruptible power supply (IPS) consisting of a diese]

L generator set provides power for emergency stowing of the arrays in the
event of a utility outage. An uninterruptible power supply (UPS) con-
sisting of a battery bank and an inverter provides a source of constant
power to the master tracking controller to prevent loss of computer

L 2 volatile memory.
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The control and auxiliary power system will be discussed 1in
more detail in the following sections.
6. Control Systems

The control systems design considerations for the Albugquergue
public school PPS are essentially the same as for the Dixon PPS.
However, emergency conditions which require stowing the whole field would
probably be handled differently. Since the APS system contains only
eight array tracking controllers in the field, all the controllers would
be signaled simultaneously to initiate stowing rather than sequencing
them in groups. The number of motors activated simultaneously and,
therefore, the power reguired would still be Tess than in the Dixon
design.

7. Auxiliary Power Systems

The auxiliary power system design for the Albuquerque public
school PPS is almost the same as that for the Dixon PPS. Both an IPS and
UPS are required. The UPS is the same as that used in the Dixon PPS but
the IPS has been down-sized to 45 kW instead of the 100 kW used in the
Dixon PPS because of the lower power reguirements in the public school
system. Unlike the Dixon system in which only the field transformers
were powered by the IPS, the school IPS powers all of the pumps and
electrical equipment as well as the eight tracking motors in the field.
This was done to simplify the control system and AC power distribution
design since the electrical equipment and pumps consume much less power
than in the Dixon system. The auxiliary power systems are defined on the
AC one-line diagram, drawing E£-4, and in the electrical components 1ist,
table I11-2.

8. Electrical Control Building Design

a. Building Construction

The electrical power conditioning and control equipment is
housed in the Electrical Control Building (ECB) shown in drawing E-5.
Since the PV-T system is designed to operate essentially unattended, with
only occassional personnel intervention, the ECB 1is also designed for
routine operation and is not designed for use as a maintenance personnel
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® office. Therefore, the building contains no desk, a minimum of windows
and provides only minimal air conditioning. The ECB 1is Tocated to the
north of the PV-T 7ield near the east border because the DC power collec-
tion is along the east side of the field.

® The main building is 16 ft by 16 ft (4.88 by 4.88 m) with
9-ft (2.74 m) eave height as shown in the elevations on drawing E-5. The
building construction is preformed metal panel, the same as for the Dixon
PV-T system. The smaller building is 10 ft by 12 ft (3 x 3.66 m) with

@ 7-ft (2.1 m) eave height and is used to house the deisel generator,
50-gallon {0.189 m3) fuel tank and engine start batteries. It is of the
same construction as the main building and is similar to the generator
building in the Dixon PV-T system.

@ The main building has double docrs in the center of the
south wall where winter snow will melt more quickly. Each of these metal
doors is 3 ft wide by 7 ft high (0.91 x 2.1 m). The building has two
4 ft high by 3 ft wide (1.22 x 0.91 m) windows. One is located in the

@ south wall to the east of the double doors and affords a view of th> PV-T
field. The other is at the north end of the west wall and affords a view
of the mechanical skid.

The air conditioning for the building is predicated on the

® inverter operating  temperature 1imits of -10%C  to 45°C.  Since
Albuguerque temperatures seldom drop below ~10°C and the inverter will

generate some heat itself, insulating the walls and roof should be suf-

ficient to keep the inside temperature above -10°C so that no additional

L heating will be required. In the summer, however, outside temperatures
could reach 40°C. Since insolation is high in Albuguergue and the
inverter also generates some heat, an evaporative air conditioner is
provided to keep the temperature below 45°C. The cooler would be set to

® turn on when the room temperature reaches 30°%.  The location at the
north end of the east wall will ensure that it is shaded in the afternoon
when the temperatures are highest. A small exhaust fan is also provided
in the south wall at the west end for active ventilation when the room
® temperature is above 10 to 15°C but below 30°C.
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The foundation requirements are much simpler than for the
Dixon PV-T system. No special concrete pads are required for thr
jnverter:; therefore, a concrete building slab suitable for use in commer-
cial electric service rooms is sufficient. Concrete details are includec
in drawing E-5.

The DC and AC cable runs are routed into and out of the
buitding in conduit through the metal walls near the ground. Qutside the
building, the conduit ends 2 ft (0.61 m) below grade for direct burial
cable runs to and from the field and the school.

b. Eguipment Arrangement

Referring to drawing E-5, the DC and AC switchgear, the
inverter, the master controller and the UPS system are all located in the
main building. Only the engine generator, fuel tank and engine start
batteries are Jlocated in the auxiliary building., The DC cables enter
through the west wall at the south end into separate safety switches,
The safety switch enclosures are each 39-3/4 in high by 25-1/4 in wide by
12 in deep (1.0l by 0.64 by 0.30 m) and are mounted along the wall. The
cables from the safety switches are routed north on the ground in conduit
and enter the inverter from the left (or back) side. The inverter is
spaced 36 in (0.91 m) from the wall to permit access behind it. The
inverter is 7 ft wide by 3 ft deep by 76 in high (2.13 by 0.91 m by
1.93 m).

The AC cables are routed in conduit on the ground to the
west wall and then north to-the north wall to the PPS circuit breaker
panel. This panel is 18-3/4 in high by 12-1/4 in wide by 5-3/8 in {0.47
by 0.31 by 0.14 m) deep. The AC cables exit and enter through the north
wall. The AC service transformer for the building is Tocated outside to
the north of the building. The AC service panelboard is located inside
the north wall near the center.

The master tracking controller and hazard enclosure are
housed in a single cabinet approximately 20 in wide by 30 in (0.51 by
0.76 m) deep near the south half of the east wall. The UPS cabinet is
6l in high by 24 in wide by 30 in (0.61 by 0.76 m) deep and Tlocated

ITI-24



THE BDM CORPORATION

north of the tracking controller unit 25 in (0.635 m) from the east wall
to permit access from the rear. The UPS is located along the east
portion of the north wall.
9. Protection and Grounding
The safety and protection design for the Albuquerque public
school PV-T system incorporates the same principles as the Dixon PV-T

system; therefore, the descriptions wiil not be repeated here. The only
differences are in the ground counterpoise system shown in drawing E-6
because of the differences in the field layout and the Tlocation of the
mechanical skid and electrical control building.

In the Jixon PV-T field layout, each row was divided into five
array segments of 106 ft (32.31 m) with spaces between the segments. The
grounding conductors were routed north-south between these segments. In
the Albuguerque public school field Tlayout, however, each row has nine
arrays equally spaced resulting in a row Tlength of 190 ft (57.91 m).
Since it is desirable to limit the ground conductor lengths to less than
120 ft (36.65 m), a ground conductor is routed north-south under the
center array of each row in addition to those at the east and west ends
as shown in drawing E-6. The electrical control building and the
mechanical skid are located along the east border north of the field in
drawing E-6 instead of to the north center as in the Dixon design.
Therefore, the building and skid counterpocise connects to the east side
field conductor instead of the center conductor. Other than this, the
counterpoise and grounding are the same.

C. DETAILED MECHANICAL SYSTEM DESIGN

1. Constraints for Mechanical Design

The PV-T system designed for the Albuquerque, New Mexico school
is shown on the P&ID drawing M-3, and the P&ID specifications are given
in table III-5. The design methodology for the system resulted from
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TABLE III-5. ALBUQUERQUE SCHOOL
P&ID SPECIFICATIONS

WATER (LOAD) SIDE

SYMBOL DESCRIPTION SIZE  CONNECTION MFG. & PART NO.
BV-11 Ball Valve 2" 150# Worcester 51-44-150
Bv-14, 16 Ball Valve 25" 150# Worcester 51-44-150
CK-2, 4, 5, 6 Check Valve 23" 150# Crane 147
CK-3 Check Valve 2" 150# Crane 147
cp-2 Circulation 15x2" 150# Worthington 1% LLR-7,
Pump 6.25" Impeller, 3550 rpm
CP-3 Circulation 15%"x2" 150# Worthington 1% LLR-7,
Pump 6.25" Impeller, 3550 rpm
FRG-1 Flow Regulator 2%" 150# Taylor Tool #TF-C-2
Set at 57.3 gpm
FRG-2 Flow Regulator 2" 150# Taylor Tool #TF-C-2
Set at 35.8 gpm
MV.9, 3 Motorized 2" 150# Worcester 51-44-150 with
Valve 2075X Actuator
MV-5, 6, 7 Motorized 25" 1504 Worcester 51-44-150 with
Valve : 3075X Actuator
PRG-1 Pressure 2%" 150# Jordan 2%" S1iding Gate
Regulator Pressure Regulator, 12-25
psi Set to 15 psi
ST-3 Strainer 25" 1504 Leslie #7201
5T-4 Strainer 2" 150# Leslie #7201
SWS-1 Hot Water 1500 PVI Model G-1500-A-T,
pre-heater/ gal 1500 gal Storage,
storage tank ASME Code Steel

Construction for 160 psi
Warking Pressure, GLASHIELD
Triple Coated Interior
Surfaces, Fiberglass
Insutated
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TABLE III-5. ALBUQUERQUE SCHOOL
P&ID SPECIFICATIONS (Continued)

WATER (LOAD) SIDE

SYMBOL DESCRIPTION SIZE  CONNECTION MFG. & PART NO.
1T-3, 4, 6§ Temperature 3! Threaded Fisher PM 503
Transmitter Temperature Transmitter
Thermacouple Type J
VB-1 Vacuum 3/4" NPT Gast, #AA 308, set press
Breaker at 2 psi
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TABLE ITI-5. ALBUQUERQUE SCHOOL
P&ID SPECIFICATIONS (Continued)

GLYCOL (FIELD) SIDE

SYMBOL DESCRIPTICN SIZE  CONNECTION MFG. & PART NO.
AE-1 Air Eliminator 2%" NPT Amtrol #447
BV-1A Ball Valve 1" 150# Worcester 51-44-150
through H
Bv-3, 5, 7 Ball Valve 3" 150# Worcester 51-44-150
Bv-8, 9, Ball Valve 2" 150# Worcester 51-44-150
10, 4, 6
CP-1 Circulation 1%"x3" 1504 Worthington 1-1/2
Pump LLR-10, 1760 rpm,
9" Impeller
€T-1 Cooling 4" 150# Baltimore Aircoil
Tower VXI18 - 1X
ET-1 Expansion 2" 1504 Ace Buehler X 18-1.5,
Tank 30 gal 18" dia X 30"
Tong, galvanized
1ining
FS-1A Flow switch 1" NPT Peeco, Type NT, Flow
through H Set at 4 gpm
Gv-1 Globe Valve 2" 150# Crane #143
Gv-2 Globe Valve 25" 150# Crane #143
HX-1 Heat 2" 150# Tranter,
Exchanger #UX-216-UP-33,
304SS Plates, NBR
Gasket
Mv-1, 2 Motorized 3" 1504 Worcester 51-44-150
Valves with 3075X Actuator
PRV-1A Pressure L NPT Dresser Industries
through H Relief Consolidated #1488,
Valve Press Set at
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SYMBOL

ST-1

ST-2

TS-2 A
through H

TS-1

V-1A
through H

TABLE ITI-5.

ALBUQUERQUE SCHOOL

P&ID SPECIFICATIONS (Concluded)

GLYCOL (FIELD) SIDE

DESCRIPTION SIZE

CONNECTION MFG. & PART NO.

Strainer 25"
Strainer 2"
Temperature L1

Switch

Temperature L
Switch

Venturi 1"
Pressure Meter

150#

150#

NPT

NPT

Screwed

111-29

Leslie #7201

LesTie #7201
Transamerican Delaval
Barksdale MLIH-H352-W,
Temp Set at 225°F
Transamerican Delaval
Barksdale MLIH-H352-W
Temp Set at 210°F

Gerand, VS-1-406
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several fixed constraints based on the Tload requirements and system
simulations. These include the following:
(1) E-Systems line focus Fresnel collectors
(2) Row to row spacing - two apertures
(3) Total arrays - 72
(4) Arrays per delta - T string - 9
(5) Total flow rate collector side - 40 gpm (2.45 kg/sec or
2.5 x 10_3 m3/sec)
(6) Maximum collector side operational temperature - 210°F
(98.9°C)
(7) Load side flow rate - 56.9 gpm average (3.51 kg/sec or
3.4 x 10'3 m3/sec)
(8) Load side reguired temperature - -215%F (IOZOC) minimum
(9) Load side makeup temperature - varigble
(10) Thermal storage - none
2. Field Layout
The solar collector field Tayout shown 1in drawing M-1 was

chosen to minimize the length of the manifold while remaining within the
pressure and temperature limitations of the collectors. The field is fed
from one end with cold fluid and hot fluid collected at the opposite end.
The mechanical and electrical skid are located at the collection, or hot,
end of the field. This minimizes the length of the hot return line and
decreases the amount of heat loss from the manifold. Since the manifold
piping is above ground, ramps over the piping will be required to allow
easy access to the collectors for maintenance and cleaning. Ideally, the
plant and equipment skids will be positioned to the north of the field to
prevent shading of the collectors.
3. Manifold

The manifold supply and return lines are insulated and above
ground supported by pipe guides Tlocated every 13 ft (3.96 m). Rigid
calcium silicate insulation is used at each support to prevent heat loss
through the support, and fiberglass insulation on the remainder of the
manifold. Each collector is connected to the manifold with a U-bend in
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the pipe run. This U-bend serves two purposes: 1) provides a "thermal
trap" that prevents hot fluid in the manifold from thermal syphening to
the colder fluid in the collectors when not in operation, and 2) provides
flexibility to compensate for axial thermal expansion of the manifold.

The design flow rate is 5 gom (3.2 x 1077 m3/sec) through each
delta-T string and 40 gpm (2.45 kg/sec or 2.5 x 103 m3/sec) through the
manifold. The pressure drop across each row is given by the empirical
relation for E-Systems collectors (eguation III-1) with all terms in
English units. For relations with terms in SI units, see volume III.

AP = B.58 x 10-3 Gl.8 u0.2 p0.8 Nc (Eq.

I11-1)

Where:
AP = pressure drop, psi
flow rate, gpm
fluid viscosity, Cp
- fluid density, 1b/ft>
= number of collectors per row

Z T T o
]
1]

For 40-percent ethylene glycol/water and an average array temperature of
182°F (90°C) (an annual average determined in the SCOLCEL simulations),
the viscosity is 0.7 Cp (7 x 10'4 Pa-s) and the density is 63.15 1b/ft3
(1012 kg/m3). For nine collectors/row the pressure drop is 36 psi
(0.25mPa).

In an edge feed system the manifold length 1is given by
equation T11-2:

(row spacing) (# of rows -1) *2 (Eq. 1I1-2)
(20 ft) (8-1) (2) = 280 ft (85.4 m)

~— _—
3 3
n

The allowable average pressure drop per foot of manifold pipe is deter-
mined from equation IV-80, volume II, to be 0.032 psi/ft (724 Pa/m).
Referring to figure IV-33 of volume II shows that the manifold piping
should be 1-1/2 in (3.81 cm) in diameter for the entire field. To
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maintain a normal design pressure drop of 1 to 5 ft (0.3 to 1.52 m) of
head per 100 ft (30.48 m) of pipe, the feeder Tine to the field should be
2 in (5.08 cm) in diameter for the constant flow rate of 40 gpm
(2.5 x 10’3 m3/sec). This assumes carbon steel pipe is used throughout.
4, Thermal String (Delta-T String)
There are obvious advantages to having Tong delta-T strings

{i.e., less manifold piping, less control and maintenance hardware, Jess
drive pylons, etc.). However, these must be traded-off against disadvan-
tages such as excess pressyre drop and temperature rise across the rows.
The design must also consider the current, voltage and voltage mismatch,
and wire sizes for the PV portion of the system. These factors have been
discussed in the previous section. Based on these trade-offs a row
length of nine arrays/row and a flow rate of 5 gpm (3.2 x 107 m3/sec)
per row were chosen.
5. Expansion Tank (ET-1)
The collector loop requires an expansion tank to accommodate

the volumetric thermal expansion of the ethylene glycol/water mixture
when it 1is heated to a maximum operating temperature of 210°F (98.90C).
Otherwise, the system would build up a high pressure causing leaks,
failures, and possibly injuries. In order to size the expansion tank
(ET-1), a rough idea of the volume of the system is required. Consider
the sketch in figure I[II-5 and table III-6.

160 ft 11" dia

i t

e /

200 ft

\

50'- 21" dia

MECHANICAL
SKID || cooine
100 ft - 2"dia TOWER

_ ) -82-458-TR-R1
Figure TII-5. Piping Schematic BOM/A
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TABLE III-6. FLUID VOLUME INVENTORY

PIPE ft/RUN DIAM qal/ft # OF RUNS gqals
Collectors 73 3/4 0.023 72 121
Manifold 160 1-1/2 0.106 2 34
Collector/Skid 220 2 0.174 1 70
Skid 100 2-1/2 0.249 1 25
Skid/CT 50 2-1/2 0.249 2 25

For a 40-percent ethylene glycol/water solution, the volumetric
thermal expansion is:

- o
=68 F . 2-B3L - 1,051
T = 212°F *
Then:
(275 gal) (1.051) = 289
-275

14 gallons (0.053 m3)

Then the system will increase in volume by 14 gallons
(0.053 m3) when it is operating between 68°F (20°C) and 212°F (101°C).
The ET-1 will be sized such that when the system is cold it will one-
fourth full, and three-fourths full when the system is hot. Thus, the
tank size should be 28 gallons (0.106 m3). An Ace-Buehler tank
model X-18-15 is chosen. This tank is 18 in (0.46 m) in diameter, 30 in
(0.76 m) long with a 30-gallon (0.113 m3) capacity. The inside surface
should be galivanized. A pressure relief valve, set for 5§ psid
(34.5 kPa), should be used to prevent excess pressure buildup in the
tank, and a vacuum breaker set to 2 psid (13.8 kPa) to prevent tank
collapse during system cooldown. The tank should be elevated above the
pump as high as is practical to reduce the possibility of cavitation at
the pump and to allow feeding through the pump during system filling
procedures,
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6. Cooling Tower

After having a basic idea of the system configuration, SOLCEL
runs were made and the maximum heat rate from the collector is 1.2 x
1068tu/hr (351.6 kW) assuming the system is to be run even if the thermal
side is shut down (i.e., for maintenance or during the summer), then the
cooling tower must be sized to reject 1.2 x 106 Btu/hr (351.6 kW) to
maintain the collector output below 210°F (98.9°C). The AT across the
cooling tower is:

AT = —Q . 1.2 x 10% Btus/hr

4 C T~ (4.8 Btu/sec’F) (3600 sec/hr) 63.4°F (38.6°C)
a

P

Then the maximum collector inlet temperature is:

Ta i = 210 - 69.4 = 140.6°F = 140°F (60°C)

’

The approach temperature, defined as the leaving fluid temperature minus
the design wet bulb temperature (66°F or 18.9°C) typical for Albugquerque,
New Mexico), is:

T = 140 - 66 = 74°F (41.1°C)
app
In order to maintain the inlet to the CT at 180°F (89.5°C) or
less when the collector reaches 210°F (98.8°C), the flow rate through the
CT must be increased as shown in figure III-6,
To find ﬁz, an energy and mass balance is performed at node A,
assuming constant specific heat throughout the system.

ml {140°F) + (40) (210) = ﬁz (180)

m., + 40 = rﬁ2

E.
1l

30 gpm (1.89 x 1072 m3/sec)

3

70 gpm (4.42 x 10 m3/sec)

e
N
Il
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140°F
4 -
0 gbm PV/T ARRAY >—
40 gpm
210%F
< Y
14':.1?05: 1§OOF "
2 th ODE A
<+ ot —e—
14p°F
my
P

BOM/A-82-458-TR-R1

Figure III-6. Cooling Tower Conditions

Then the following parameters apply:
(1) Range = 180-140 = 40°F (22°C)
(2) Approach = 74%F (22.4°C)
(3) Design wet bulb = 66°F (18.9°C)
(4) Design flow rate = 70 gpm (4.42 x 1073 m3/5ec)
(5) HTF = 40 percent ethylene glycol/water

The BAC # VXI 18-1X is recommended by the manufacturer. The
pressure drop is 0.4 psi (2760 Pa) at 80 gpm (5.05 x 10_3 m3/sec), the
operating weight is 280C ibs (1270 kg), the spray pump flow rate is
75 gpm (4.7 x 1073 m%/sec) with a 1/2 hp (373 W) motor, and the fan
delivers 10,500 CFM (5 m>/sec) with a 5 hp (3.73 kW) motor.

7. Heat Exchanger (HX-1)

The HX 1is required to separate the potable water on the lcad
side from the non-potable ethylene glycol on the collector side. Code
requires that a doubie wall HX be used. However, a plate and frame HX
serves the same purpose (see figure II-14), If a leak in the gaskets
should occur, with a plate HX, neither fluid would mix with each other
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but would drain toc the environment. This prevents cross-contamination of
the fluids. Plate HX also has a more effective method of heat transfer
due to the high turbulence allowing approach temperatures to be less than
59F (2.80C). The HX is sized to transfer the maximum energy passible
from the collectors to the load while maintaining the collector outlet
temperature at the maximum of 210°F (98.9°C).

The peak useful heat output of the array is 437.1 w/m2 at an
insolation level of 1024 W/m2. This converts to 1.2 X 106 Btu/hr
(351.6 kW).

The array side flow rate is 40 gpm (2.5 x 10
capacity rate is %9 = (ﬁcp)a = 4.8 Btu/sec Of (9.1 kW/OC) for an average
temperature of 182°F (900C).

The load side flow rate varies depending on the load. The lgad

3 m3/sec), and the

consists of domestic hot water only (63.3 percent of the time) with a
flow rate of 35.8 gpm (2.26 x 10_3 m3/sec), and a combined DHW and space
heat (36.7 percent of the time) with a flow rate of 93.1 gpm
(5.87 x 10'3 m3/sec). The annual average load return temperature for the
DHW only load is 157°F (67°C) and is 1719F (77.99C) when both DHW and
space heat loads are functioning. Thus, the annual average flow rate is
56.9 gpm (3.6 x 10"3 m3/sec) and the average load return temperature is
162.1°F (73°C). The load side average capacity rate is 7.722 Btu/sec O
(14.7 kW/°0).

The heat exchanger is sized to transfer the maximum amount of
energy from the array side under average flow conditions on the load side
in order to minimize operation of the cooling tower. Using the condi-
tions shown in figure III-?, the heat exchanger effectiveness is:

"o Ty " Tho)  210-164

Wain (Tn i =~ To, i)  210-162

E = = 0.9583

The outlet temperature on the load side is found from:

W 7.722 (TC o ~ 162)

?

1
T .) 4.8 (210 - 162)
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so that TC o = 191°F (90.5°C). The average heat transferred to the load
is:

7.95 x 10°Btu/hr (233 k¥

th = Wa(Th . - T

,i h,o) = (4.8)(3000)(210-164)

The number of transfer units is:

4.8
i l—(0.9583)(7‘722)

.8 1n 59583 = 6.00

Assuming an overall heat transfer coefficient of 800 Btu/hr ftZOF

(4542W/m20C), the area is:

_ (Wmin)NTU

n = 130 £ft2(12.1 m?)

_ (4.8)(3600)(6.00)
800

Using Tranters model UX-216 plate which is 4 ftz (0.37 mz), the total

number of plates is 33 plates with 16 parallel flow channels in a single
pass configuration,

Ty, = 210°F Teo= 191F
—> >
—d 4
Th,o = 1649F Tc,i = 182°F
r;\a =40 gom m L= 56.9 gpm
W, = 4.8 Btu/sec °F W =7.722 Btu/sec °F

BDM/A-82-458-TR-R1

Figure III-7. Heat Exchanger Design Conditions
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8. load Side Pump Sizing

The basic flow system on the 1load side is shown in
figure III-8. A distance of 100 ft (3.05 m) is assumed between the
mechanical skid and existing boiler and DHW system. The pressure
regulator 1is sized to deliver the indicated flow rate at 15 psig
(0.21 MPa) with an initial pressure of about 30 psig (0.31 MPa) produced
by the existing pump. The manufacturer (Taylor Tool Co.) recommends a
conservative pressure drop across the flow control valves of 100 psi
(0.69 MPa) regardless of flow rate. Both pumps operate into node A
producing the same pressure head at that point. Pump CP-3 pumps
into the boiler held at 30 psig (0.31 MPa) and must develop 30 psig
(0.31 MPa) head at point D after the friction losses between D and the
pump outlet. Pump CP-2 must also develop 30 psig (0.31 MPa) of head at
point C plus friction losses; however, it recovers this static head at
the pump inlet.

B
-

oy
B w D BOILER
| c 30 psi

o
§T-3 _\
1.l FROM
FRG-2 cv -1 DHW

214"
ST-4 . \

15 psi FROM SPACE

FRG-3 cv
PRG-S HEAT LOAD

cP-3
—————————
57.3 gom

BDM/A-82-458-TR-R1

Figure III-8. Flow System for Pump Sizing and Head Loss Calculation
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The dynamic pressure drop through the piping and components
depends on fluid viscosity and density.

Since the average fluid outlet

temperature is 202°F (94.2°C), then for a heat exchanger effectiveness of
0.9583:

. - 0.9583 - WL(TC,O - Tc,i) } 7.722 (Tc,o - 162)
wmin(Th,i - Tc,i) 4.8 (202-162)
— o o
Tc,o (avg) = 186°F (85.6°C)

- o a
'I‘avg = 174°F (78.9°C)

Thus, at an average temperature of 174%F (78.9°C):

n

viscosity
density = p
a = 144/p

U= 0.372 Cp (3.27 x 1077 Pa-s)

- 60.7 1b/ft3 (972 kg/md)
2.37

The pressure drop through the heat exchanger in psi is given by:

AP =

-3 1.8 0.2 0.8
hx 9.47 x 10 (G/NC) U

N
P P

For a 130 ft2 (12.1 m2) heat exchanger with 33 plates and 16 flow
channels having one pass each, and two 90° elbows, the pressure drop is:

Ap =

1.47 x 1073 1.8
hx

(G)

The flow from node B to the boiler varies from 35.8 gpm
(2.3 x 1073 m3/sec) to 91.3 gpm (5.8 x 1073 m3/sec).

For a 2-1/2-in
(6.35 cm) pipe 100 ft (30.48 m) long the pressure drop is:

1.8 0.2 0.8
AP = G .
1

o
B-C 4.7 x 10* (D)

g - 6.08 x 1074 gt-8
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Thus, the pressure drop from node A to the boiler (line 1) is:

AP, = 2.08 x 1073 gl-8

The pressure drop through the 2-in (5.08 cm) Tine containing
CP-2 (line 2) from point C to point A, and the drop in the 2-1/2-in
(6.35 cm) line from the outlet of the PRG to node A, is due to the compo-
nents in table III-7.

TABLE III-7. MINOR HEAD LOSS COMPONENTS AND
EQUIVALENT LENGTHS

LINE #2 (2" DIA) LINE #3 (2 1/2" DIA)

Pump inlet/outlet: 1 ft Pump inlet/outlet: 1 ft
Strainer: 28 ft Strainer: 35.3 ft
Check valve: 22.5 ft Check valve: 28 ft
90° bend: 5 ft 90° bend: 6 ft
Side outlet T: 11 ft Side outlet T: 13 ft

Hot water heat exchanger: 12 psi
The pressure drops in the pump lines are obtained from the relation:

cl-8 0.2 0.8 L
AP = H P
(4.7 x 10%) (D)

€q
4.8

Thus:

1.33 x 1073 ¢. 18 4+ 100

AP, 1

1l

4.77 x 1072 6. 18 4+ 100

AP3 7
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In the following sections the system pressure drop is calculated for each
combination of pump operation.
a. Pump CP-2
The flow through CP-2 s 35.8 gpm (2.3 x 1073 m/sec) so
the pressure losses are:

3 (35.8)1'8

AP, = 2.08 x 10 = 1.3
AP, = 1.33 x 1073 (35.8)1°8 4 100 = 100.8
AP goap = 102.1 psi = 242 £t (73.8 m)

b. Pump CP-3
The flow through CP-3 is 57.3 gpm so the pressure losses
are:

3

AP 2.08 x 1073 (57.3)%8 - 3

1

[

4

AP 4.77 x 1074 (57.31)18 1 g5 - 85.7

3

APTOTAL = 88.7 psi + 30 = 2B1 ft (85.7 m)

c. Pumps CP-2 and CP-3
The combined flow of these pumps is 93.1 gpm
(5.9 x 10'3 m3/sec). The pressure drops in lines 2 and 3 must be equal
and are controlled by the flow control valves. The drop in line 3 s
85.7 psi (0.59 MPa) so the pressure losses are:

3

AP y (93.1)18 - 7.3

1 {(2.08 x 10

AP AP, = B5.7

2 3

APTOT = 93 psi + 30 = 291 ft (88.7 m)
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These pressure drops for various pump combinations are
symmarized 1in table III-8. The pressure drops are alsc plotted in

figure III-9. along with the characteristic pump curves for the pumps
selected for this application.

TABLE III-8. PUMP FLOW AND HEAD REQUIREMENTS

PUMP FLOW (gpm) DEVELOPED HEAD (ft)  POINT IN FIGURE III-9
Cp-2 35.8 242 A
CP-3 57.3 281 B

CP-2 + CP-3 93.1 291 C

9. (irculation Pump (CP-1)

In order to size the circulation pump for the PV-T field, the
total system head must be determined. A simplified flow resistance
network is shown in figure III-10. The resistance of the collector field
ijs a comhination of the resistance of the collectors plus the resistance
of the supply and return manifolds from the mechanical skid to the field.
This resistance is found by referring to figure III-11 where points "a"
and "d" are at the mechanicatl skid.

The pressure drop from point "a" to "b" is given in psi by:

.8 L] -
(Gf)l uO 2 p0 8 L

ab 4 5 ¢ 10% p%-8

AD (Eq. 1I1-3)

And the resistance is:

APab

R, = ————
1.8
(Gg)

ab

Where:

1]

2 in (5.08 cm)
L, = 220 ft + Le

1

ah (67.1m+ La

q q)
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DEVELOPED HEAD (feet)

330 =

320 -

310

300 -

280 -

210+

260 -

250 —

240 —

230

220—

210—

BOTH PUMPS
WORTHINGTON 1% LLR-7,
6.25" IMPELLER’ 3650 rpm

2 PUMPS IN
PARALLEL

SINGLE

" PUMP

FLOW RATE {gpm) BDM/A-82-458-TR-K 1

Figure III-9. Pump Characteristics and System Operational Heads
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Figure III-11. Collector Field Layout for Flow Resistance Calculations
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The equivalent Jlength of two 90° bends is 10 ft (3.06 m) of 2-in
(5.08 cm) pipe so that Lab = 230 ft (70.1 m). The pressure drop from ¢
to d is given by equation III-3 where L =1L_, = 20 ft (6.1 m). The
pressure drop from b to ¢ is given by:

_ 1.8
AP, . = Ry (Gg)

bc

where R_ is the field resistance obtained using the procedure in

.I:
volume II, chapter IV-H. The total series resistance from a toc d is
then:
Raa = Ragp + Re * Ry
_ 1.8 _ 1.8
APad = Rad (Gf) = Rf (Gf) + APab + Apcd

The pressure drop through the heat exchanger can be obtained
using manufacturer's data and developing an empirical relation as shown
in equation [II-4 for a Tranter plate heat exchanger using UX-216 type

plates.
_ -3 1.8 0.2 0.8 (Eq. 111-4)
APhx = 5.47 x 10 (Gf/Nc) 0 0 Np
Where:
Ne = number of flow channels (16)
Np = number of passes (1)

Similarly, an expression for the cooling tower pressure drop
may be developed. For the specified cooling tower the pressure drop is
0.4 psi (2760 Pa) at the design flow rate of 70 gpm (4.42 x 10—3 m3/sec).
This gives a pressure drop relation:

AP, =7 x 10°° G
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The distance from the mechanical skid to the cooling tower is
50 ft (15.2 m), so that the pressure drop in the piping from the skid to
cooler is:

1.8 0.2 0.8
AD _G u p (100 ft)

PL (4.7 x 10%) (2.5)%-8

The pressure drop from the edge of the mechanical skid at the
return from the cooling towers to the expansion tank inlet is due to 8 ft
(2.43 m) of 2.5-in (6.35 cm) pipe, one "T" with an equivalent length of
13 ft (3.96 m), and one air expander with an equivalent length of 85 ft
(25.89 m). Thus, the pressure drop is:

Gl.8 u0.2 p0.8 (106)

4.8

AP . =
P2 (4.7 x 10%) (2.3)

The pressure drop from the expansion tank outlet to the pump
inlet is due to 10 ft (3.05 m) of 2.5-in (6.35 cm) pipe, two 90° bends
with an equivalent length of 12 ft (3.60 m), and a 2.5-in (6.35 cm)
strainer with an equivalient length of 35 ft (10.67 m). Thus:

1.8 0.2 0.8
Ap = & 1 e (57)

S (4.7 x 10%) (2.5)4-8

The pressure drop from the pump outlet to the mechanical skid
exit to the field is due to three 90° elbows with Leg = 18 ft (5.49 m) of
2.5-in (6.35 cm) pipe, a "T" with Leq = 6 ft (1.83 m), and a reduction
from 2.5 in (6.35 cm) to 2 in (5.08 cm) with Leq = 1 ft (0.305 m) so
that:

1.8 0.2 0.8

Ap. = G B p (51)

0 (4.7 x 10%) (2.5)4-8

111-46



THE BDM CORPORATION

The pressure drops have been left in terms of the flow rate,
viscosity and density so that the system head curve can be plotted at the
average operating temperature of 182°F (83.3°C), and the start-up
temperature of 68°F (ZOOC). The gate valve in the parallel ieg flowing
30 gpm (1.9 x 10'3 m3/sec) is set so that the pressure drop across RBP at
30 gpm (1.9 x 10'3 m3/sec) equals the pressure drop across Rf and RHX at
40 gpm (2.5 x 1073 m3/sec). Thus, for any flow rate through the pump, G,
the flow rate through the collector field and heat exchanger will be
(40/70) G.

The total discharge head, or pressure developed at the pump
exit is given by the sum:

hd = APO+ APad + APhx+ APpl + APCt + Asz + APET

where APET is the gage pressure in the expansion tank (5 psig or
0.136 MPa maximum). The suction head is:

hs = 5 psiqg - APS

So the total system head is:

H = APO + APad + APhx + APpl + APCt + APP2 + APS

The system head curve is shown in figure [II-12 where a safety factor of
10 percent was applied to the total system head.

When the field is operating at its maximum temperature, the
pressure in the expansion tank is a maximum of 5 psig (0.136 MPa) and the
vapor pressure of the ethylene glycol solution at 140°F (60°C) is about
10C mmHg (13.3 kPa) or 1.93 psia. The maximum NPSHA is developed under
these conditions and is given by:

NPSHA (max)

S psig + 14.7 psia - 1.93 psia - APS

1l

16.9 psia = 37.9 ft (11.6 m)
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Where:

APS 0.89 psi (6136 Pa).
The minimum NPSHA is developed at start-up when the fluid tem-
perature is 68°F (ZOOC), the vapor pressure is 0.29 psia (2000 Pa) and

the expansion tank pressure is -2 psig (0.088 MPa). Then:

NPSHA (min) -2 + 14.7 - 0.29 - APS

26.3 ft (8 m)

11.4 psia

Where:

APS 1.02 psi (7032 Pa)

Under the design conditions {and assuming a 10-percent safety
factor in the system head) the pump flow rate must be 70 gpm (4.4 x
10'3 m3/sec) (at an average temperature of 182°F (90°C) into a system
head of 140 ft (42.68 m).
horizontal in-line, or double- suction pump is required.

Based on the design of the mechanical skid, a
Using the pump
performance curves provided by Worthington Pump Co. for a horizontal
split case pump at 1760 rpm, a type 1 1/2 LLR-10 was chosen with. charac-

teristic curves shown in figure II1I-13.
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Characteristic Pump Head Curves for Worthington
Model 1-1/2 LLR-10 1760 rpm, Pump

Figure III-13.
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A pump with a 9.25-in (23.29 cm) impeller develops 155 ft
(46.79 m) of head at 70 gpm (4.4 x 1075 m°/sec). Using the affinity law:

_ 2

D, = [(9.25)2 (i—gﬂ)]lfz = 8.80 in (22.4 cm)

(3]

Thus, a 9-in (22.86 cm)impeller will be adequate for this pump. The
brake horsepower is about 7 hp (5.2 kW) at an efficency of 44 percent.
The required NPSH is 3 ft (0.915 m), well below the NPSHA. The pump
curve has been superimposed on the system head curve of figure IV-12. At
start-up, when the fluid is 68°F (20°C), the flow will be about 64 gpm
(4 x 10'3 m3/sec) into a system head of 155 ft (47.3 m).

D.  INSTALLATION PROCEDURES

During the course of the PV-T system design certain procedures and
programs have been identified which are considered to be very important
in the installation and final start-up of the system, but which are not
part of system operation and maintenance once the system is in operation
under plant cognizance. These procedures and programs apply principally
to the tasks performed by the system supplier.

Presented and discussed in the following paragraphs are procedures
applicable to the transportation and delivery of system hardware, onsite
construction and assembly, and system preparation and checkout. It s
assumed that arrangements have been made between the Albuquergue, New
Mexico school management and the system supplier for advance planning and
scheduling of the system hardware delivery and onsite ccordination of
activities during construction and assembly and system start-up and
checkout. It is envisioned that the school management will designate a
PV-T project engineer to interface directly with the system supplier's
general job superintendent.
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1. Transportation and Delivery

a. General
The PVY-T system hardware will be transported to the

installation site from three principal points. The solar collection
materials and PV cell subassemblies will be shipped directly from the
E-Systems factory in Dallas, Texas to the school site. The cooling tower
assembly will be shipped from the respective manufacturer to the site.
The remainder of the system hardware, with minor exceptions, will be
shipped from the supplier's home base to the site which is in consonance
with the PV-T design concept which emphasizes the offsite (shop) fabrica-
tion, preassembly, and test of system components and subassemblies to the
greatest extent possible.

b. Packaging and Shipping

(1} Collector Materials
The E-Systems collector materials will be shipped from the

factory in Dallas, Texas to the user site by commercial trucks.
The 72 arrays will be packaged and shipped in racks of three,
each weighing approximately 3000 pounds (1360 kg). The
receiver tubes with PV cells attached will be preassembled in
the collectors. Most equipment such as the post assemblies and
assembly axle blocks, will be shipped on pallets, weighing no
more than 800 pounds (362 kg). It is estimated that approxi-
mately 12 truckloads (six arrays per truck) will be required to
ship the collector materials.
(2) Skid Subassemhlies
A1l final assembly, testing and cleaning will be performed

before the mechanical skid is prepared for shipment. The skid
has been sized and the equipment arranged to facilitate
handling and road transportation. The shipping weight will be
approximately 5000 pounds (2268 kg) with the expansion tank,
heat exchanger, pump and piping well distributed to facilitate
balance on the 11 ft by 25 ft (3.35 by 7.62 m) steel I[-beam
base. The steel base incorporates six 1ifting lugs for crane
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(1)

(2)

2.

hand1ing with a spreader bar. Prior to shipment, the flanged
ends of the ethylene glycol (EG) circulation loop and the
domestic water (DW) Toop piping will be braced to prevent move-
ment during handling and transportation.

The packaged cooliing towers incorporate 1ifting lugs and
will be handled by crane in the same manner as the mechanical
equipment skid.

c. Materials Delivery

Collector Materials

The collector materials will be delivered to the school at such
time as the required' PV-T site preparation 1is complete
(grading, foundations, service roads and drives, etc.) and the
system supplier is mobilized onsite and ready to proceed with
hardware assembly. The array racks, post assemblies and
assembly axle blocks will be unloaded with requisite lifting
equipment and rlaced so as to minimize handling distances
during installation.

Other Materials

The shop fabricated components and subassemblies and other
materials will be delivered at a time roughly coinciding with
completion of tha erection and assembly of the collector
arrays. The skid subassemblies will be unloaded from the
trucks onto the prepared fcundaticn pads and properly posi-
tioned for hookup.

Onsite Organization and Management

A job superintendent and assistant who are full-time employees

of the PV-T supplier and are ultimately fam’liar with the system will be

responsiblie for overall onsite direction and supervision during installa-

tion and checkout.

It is assumed that the bulk of the labor and skills required

for the system installation can be procured in the general locale of the

school.

Key mechanical and eiectrical tasks will be accomplished by

system supplier mechanical and electrical subcontractors.
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3. Construction and Assembly

The onsite construction and assembly for the installation of
the PV-T system can be broken down intoc a number of general tasks. The
procedures involved 1in carrying out these tasks are discussed in the
following paragraphs. These procedures assume that the school site has
been prepared in accordance with the drawings and specifications.

a. Instailation of the Collector Field

The installation of the collector arrays, the ethylene
glycol/water loop piping and domestic water piping are major tasks that
require lead work by the system supplier.

(1) Collector Array Installaticon

Each collector array is composed of four collector modules that
are factory-assemhled complete with receiver tubes and PV cells
mounted. Each row in turn consists of nine collector arrays
supported on seven idler post assemblies, one main drive post,
and two intermediate drive post assemblies. The initial step
in the assembly of the row is the placement and alignment of
the idler and drive posts. After the posts have been aligned
and the mounting bolts tightened the post assembly axle blocks
are installed and the collector arrays mounted. The inter-
connect horizontal drive shaft is then installed on each post.

The next step is to Tlevel all array units by rotating the
upper speed reducer input shaft and install the frame spiices.
The end pulley assemblies on each end array unit are now
installed and the vertical drive shafts pirned to the
respective lower gear box.

After securing the modules on the center array unit to
prevent rotation, align all the modules in the array unit to
the center array unit using the alignment tool provided. The
collector drive bar splice is now installed between the aligned
array units.

The final step in the assembly of the collector array row
is the 1installation of the tilt sensor and connection of the
cabling from the sensor to the local box on the main drive and
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the interconnection of the DC power cables in series between
arrays in the electrical row.
(2) Installation of Array Loop Pipe Sections

After the collector array rows have been assembled, the shop
fabricated 1-in (2.54 cm) diameter pipe sections with in-line
components are installed to connect nine arrays in a delta-T
string. The strings are supplied return coolant from the
1-1/2-in (3.8 cm) supply and hot fluid is collected in the
1-1/2-in (3.8 cm) return manifoid. Installed in each string
are an inlet and outlet sacticen at the manifold ends of the
string. Shop fabricated supports are installed on prepared
foundations to support the manifolds.

b. Installation of EG Circulation Loop Field Pipe Sections

This work consists of the assembly and hookup of the
following field piping:
(1) Two-inch (5.08 cm) diameter pipe from the mechanical skid to
the callector field.
(2) Two-and-one-haif-inch  (6.35 cm) diameter pipe from the
mechanical skid to the cooling towers.
(3) Two-inch (5.08 cm) diameter pipe from the collector field to
the mechanical skid.

Various sections of the EG field piping are shop fabricated to
facilitate the site work. Shop fabricated pipe supports and anchors are
installed on prepared foundations at points required. The assembly of
this piping requires a combination of welded and bolted filanged connec-
tions. A1l EG circulation 1loop field fabricated piping will be
thoroughly cleaned as work progresses to minimizes harmful contamination
of the field loop.

C. Installation of DW Circulation Loop Pipe Sections

This work consists of the assembly and hookup of the
following piping:
(1) Two-inch (5.08 cm) diameter pipe from the feed water pump to
the mechanical skid.
(2) Two-and-one-half-inch (6.35 cm) diameter pipe in the tempera-
ture control bypass loop.
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Like the EG circulation Jloop various sections are
prefabricated and the same cleaning and assembly precautions apply.
d. Installation of Electrical/Contrel Distributicn
This work consists of the installatiaon and hookup of the

underground direct burial cabling, the above ground rigid conduit, trans-
formers, inverters, and switchgear for electrical power supply and array
power takeoff. The following field connections are required:

(1) Two-wire DC direct burial cable from each of the eight elec-
trical rows to the two subfield M&S enclosures. There are five
electrical loops to each subfield M&S.

(2) Two-wire DC direct burial cable from each of the two subfield
M&S enclosures to the two safety switches in the electrical
control building.

(3) Busses from safety switches to the inverter.

(4) Busses from inverter to AC switchgear and transformer.

(5) Installation of AC distribution panels and utility outlets.

(6) Two-wire AC direct burial cable from distribution panel to
drive and intermediate drive posts.

(7) UPS to the hazard panel and master tracking controller.

(8) 1IPS to the AC panel board.

The electrical/control distribution work will be started
as soon as the collectors, transformers, inverters, electrical control
building and other materials are onsite and installation has proceeded to
a point permitting phased electrical connections.

After electrical/control distribution system has been
installed and the system energized, a thorough operational test will be
made to ensure the operational integrity and safety of the system.
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THE BDM CORPORATION

CHAPTER IV
FRESNO, CALIFORNIA HOSPITAL

A.  INTRODUCTION

1. Plant Description

The Fresna, California hospital consists of derived character-
istics based on "typical" hospitals and a derived load profile for space
heating and domestic hot water loads. The hospital is a four-story,
128,000-Ft2 (39014 m?) building defined as "typical" in reference III-8
of volume I. Other characteristics of the building and the load profiles
are given in volume I.

The flow schematic in figure IV-1 shows a singie large boiler
used to provide space heat, domestic hot water, and a small amount of
additional hot water or flashed steam for kitchen use or sterilization.
In this instance the boiler operates continuously to provide a smail DHW
load during the summer when space heat is turned off. For the hospital
modeled using SOLCEL the flow rate through DHW is 5.7 gpm
(3.6 x 10-4m3/sec or 0.35 kg/sec) and the flow rate through the space
heating system is 46.7 gom (2.9 x 10-3 m3/sec or 2.86 kg/sec). The
fossil boiler (or auxiliary heater) is maintained at 30 psig (0.31 MPa)
to produce hot water at a temperature of about 102 to 110°C (215 to
2300F.)

The usual daytime load consists of only DHW. The space heating
Toad occurs only at night and occasionally in very late afternoon. The
hospital HVAC system is a closed-loop system in which the water returning
from the space heat and DHW loads is mixed with makeup water in the con-
densate tank and returned to the boiler., This may be compared to the
Dixon plant which is an open-loop system where the hot water is discarded
after use.

2. Design Trade-0ff Studies

dased on the analysis performed for the Dixon meat-packing
plant, the row length and flow rate per row were specified as nine arrays

V-1
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THE BDM CORPORATION

per row and 5 gpm (3.2 x 10'4 m3/sec), respectively. As indicated in the
Dixon plant discussion, longer row lengths required lower flow rates to
meet the pressure limitations of the PV-T system. However, Tlower flow
rates and longer row lengths would cause excessive receiver temperatures
and voltage mismatch losses. Since the Tlongest row possible would
minimize the cost of drive pylons and associated tracking systems, nine
arrays per row was selected as near optimum, as well as providing the
required voltage and power. ’

Commercial systems, including the hospital's, are closed-loop
systems. Initial studies with a variable volume thermal storage tank in
series with the load (as shown for the Dixon plant in figure II-5) indi-
cated that storage never became adequately charged, and the return tem-
perature from the load was often too high for proper PV-T operaticn.
That is, during the day the space heat icad was so small that the energy
delivered back to the PV-T system was almost as great as the energy
available. Thus, the series storage configuration did not improve the
LCCR over that with no storage.

A constant volume parallel configuration was then amalyzed in
which the storage tank was placed in parallel with the Tload. In thig
configuration, storage could be charged during the day, while the load
was being augmented by PV-T, and discharged at night. However, this
involved performing a trade-off Study between storage volume and the flow
rate through the storage tank.

The results of several simulations are shown in figures IV-2
through IV-4. These results indicate an optimum field size of 10 rows,
with nine LFF arrays per row, and a storage volume of 68 m3. The optimum
flow rate through storage is 3.3 m3/sec or 3.2 kg/sec, which is the sum
of the DHW and space heat flow rates of 5.7 gpm (0.35 kg/sec) and
46.7 gpm (2.87 kg/sec) respectively. For these studies the storage tank
was assumed fully mixed and the temperature was monitored. If the outlet
temperature of the -heat exchanger on the load side was less than the
temperature of storage, the flow into storage was turned off and only the
load flow was passed through the heat exchanger. This seldom occurred;

IV-3



(530 9961) ., I1es0dOid $IU} JO ebed
OI3LL BY3 tio UG|ID1IISRI FU3 O J0elans
$| RIRD jRS0dOId JO BINSOIS|P A0 W5,

b-Al

LCCR

1.000

0.990 —

0.980 —

0.970 —

NUMBER OF ROWS

0.960 —

4 6 8 10 12 14
| i | | | ] | | } | I | | a
NO STORAGE
ms = 1.6 ka/s
Ny
STORAGE VOLUME 34 m3
ms = 3.2 ka/s
BDM/A-82-458-TR-R}
Figure Iv-2. Array Size Versus LCCR for Various Flow Rates through
Storage (ms) and a Storage Volume of 34 m® {Row Length
is 9 LFF Arrays/Row)
@ ® [ J ® @

NOILYHOdHOO Wa9g 3H1L



G-AI

LCCR

® ¢
NUMBER OF ROWS
0 5 a 6 8 10 12 14 16
1000 - | i | | | 1 ] ] | | | | ] ] |
0.990 - ms = 1.6 kg/s
NO STORAGE
STORAGE VOLUME 68 m*
0.980 —
ms = 4.82 kg/s
0.970 —
ms = 3.2 kg/s

0 BDM/A-82-458-TR-R1

0.960 —

Figure IV-3.

Array Sizg Versus LCCR for Various Flow Rates through
Storage (fis) and & Storage Volume of 68 m3 (Row Length
is 9 LFF Arrays/Row)

NOILYHOdH0OI Wd8g 3HL



9=-Al

LCCR

NUMBER OF ROWS

0 2 3 6 9 12 15
000 L | L1 L1 1 ! | | I I |
NO STORAGE
0.990 —
ms = 3.2 kg/s
STORAGE VOLUME 101 mS \
0.980 —
0.970 — ms = 4.8 kg/s
BDM/A-82-458-TR-R 1
0.960 —
Figure IV-4. Array Sizg Versus LCCR for Various Flow Rates through
Storage (Ms) and a Storage Volume of 101 m3 (Row Length
is 9 LFF Arrays/Row)
L ® o @ o ® L @

NOILVHOdHOO INag IHL



THE BDM CORPORATION

the most common operating condition was for storage to be charged and DHW
to be supplied during the day so that the typical flow through the locad
side of the heat exchanger was 58.1 gpm (3.7 x 10“3 m3/sec or
3.57 kg/sec). At night, the storage tank was discharged into the DHW and
space heating load which was significant on winter nights (see volume I,
figures III-4 and III-5).

The cost of storage was calculated using the same relation used
for the Dixon plant.

3. Generalized Design Concept

The system conceptual design is shown in figure IV-5, Para-

sitic electrical power associated with the pumps, cooling tower, and PV-T
tracking system is added to the existing electrical load. The thermal
portion of the PV-T system is interfaced to the existing plant at the
condensate tank. If the heat exchanger outlet temperature (TOL) is less
than the condensate return, the flow bypasses the PV-T system and goes
directly to the beciler. Otherwise, the flow from the boiler fesdwater
pump is augmented by the augmentation pumps and combined with the flow
from storage to pass through the heat exchanger. The flow then splits to
charge storage and to supply the boiler. Since the thermal load requires
temperatures of 215 to 230CF (102 to 1109C), and since the PV-T system is
Timited to 2100F (98.99C), the system always acts as a preheater far the
boiler. At night the storage circulation pump is turned off and storage
is discharged to the boiler.

[f the array outlet temperature is greater than 210°F (98.90()
the flow is routed through the cooling tower to decrease the array inlet
temperature. The flow rate through the array field is constant at 50 gpm
(3.3 kg/sec or 3.2 x 10_3 m3/sec). The flow through the locad side of the
heat exchanger varies depending on the load reguirements and whether
storage is charged. There are three flow requirements: 5.7 gpm
(3.6 x 10'4 m3/sec) for DHW, 46.7 gpm (2.9 x 10"3 m3/sec} for space heat,
and 52.4 gpm (3.3 x 10—3 m3/sec) for storage. The flow through the heat
exchanger may be any combination of these three but is usually 58.1 gpm

(3.7 x 10'3 m3/sec), a combination of COHW and storage requirements.
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The SOLCEL simulations indicate the annual electrical and ther-
mal energy characteristics of the system as shown in table IV-1. The
system electrical efficiency (energy provided to the load, parasitics,
and sell-back versus available insolation) is 10 percent. The system
thermal efficiency (energy provided to the load versus insolation) is
22 percent.

In the following sections a detailed system design is provided
along with the analyses used to design the system and choose and size
components. Although the sections have been divided into electrical and
mechanical design, several iterations were performed to determine the
proper row length based on voltage and current requirements, temperature
increases, and voltage mismatch Tlosses due to the temperature increase
along a row. These trade-offs should become clear in the following sec-

tions.

B. FRESNO HOSPITAL PV-T SYSTEM ELECTRICAL DESIGN

The following sections summarize the PV-T system electrical design.
The text is keyed to the electrical drawings E-1 through E-6 which are
contained at the end of this chapter. Since the Fresno hospital PV-T
system is very similar to the Albuquerque public school PV-T system, the
design will not be described in detail here; rather, only electrical
system overview and the differences from the‘Albuquerque public school's
system will be presented.
1. Electrical System QOverview
The electrical portion of the Fresno hospital PV-T system is
called the photovoltaic power system (PPS). A block diagram of the PPS
is shown 1in drawing E-1. The DC output of the PV system is rated as
126.3 kW (248.7 V and 508 A) at 1000 w/m2 with an inlet fluid temperature
of 250C and a temperature rise from inlet to outlet of 420C. The
expected AC output of the system is 111.2 kW assuming an overall power

processing efficiency of 88 percent. The PPS operates interactively with
the electric utility service to the hospital. The output voltage is

Iv-9
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TABLE IV-1. FRESNO, HOSPITAL ANNUAL
INSOLATICN, ELECTRICAL AND
THERMAL ENERGY CHARACTERISTICS

INSOLATION (kW-hrs)

Total Direct Normal Radiation Available

ELECTRICAL CHARACTERISTICS (kW-hrs)

Electrical Load

Total Array DC Electrical Energy
Array AC Electrical Energy to Load
Backup AC Energy to Load
Electrical Parasitic

Sold Back AC Energy

THERMAL CHARACTERISTICS (kW-hrs)

Load

Thermal Load

Total Array Thermal Energy

Array Thermal Energy Directly to Load
Array Thermal Energy to Storage
Stored Thermal Energy to Load

Backup Thermal Energy

Heat Rejected at Cooling Tower

Displacement and Efficiencies

Percent of Electrical Load Displaced

Percent of AC Electrical Energy Sold Back
System Conversion Efficiency (DC to AC)

Array Electrical Efficiency
Percent of Thermal Load Displaced
System Thermal Efficiency

Iv-10

G = = NN

O = W W e - N

13

0.

90
10
24
22

.38

.76
.64
.21
.54
.68
.38

.15
.22
.81
.43
.42
.62
.94

2

XX X X X X X x o ox X X X X

Ik Ak 3& R B8R R

106

106
105
10
106
104
102



THE BDM CORPORATION

227/480-VAC, three-phase, four-wire. The elements in the block diagram
will be described briefly.

More detailed discussions of ccmponents which differ from the
Albuguergque public school system will be presented in subsequent sec-
tions. Critical electrical compcnents are specified on the appropriate
drawings and summarized in table I[V-2.

The DC portion of the PPS, called the PV field, consists of 10
rows of PV arrays divided into two subfields. Each subfield consists of
five electrical rows and a subfield maintenance and safety (M&S) enclos-
ure. Each electrical row contains nine E-Systems linear Fresnel lens
arrays. (The term array is used by E-Systems to describe a singie
Fresnel assembly supporting four linear fFresnel Tens collectors. There-
fore, we have also followed this nomenclature and have defined the total
number of arrays interfacing with an inverter as a field.)}) Each subfield
M&S enclosure includes an externally mountecd safety switch which provides
for interconnection of the five electrical rows, measurement of electri-
cal row parameters, isolation of the subfields and of the individual rows
and protection from 1ightning and other transients.

Two sets of DC field cables are routed to the electrical con-
trol building where they are connected through separate safety switches
to the inverter. The 125-kW inverter converts the DC power into
277/480-VAC, three-phase, four-wire, 60-Hz power. The inverter also con-
tains DC and AC monitoring and protection switchgear. The AC output of
the inverter is routed through the PPS AC circuit breaker to the hospital
building. In the building, the PPS power 1is interconnected through a
circuit breaker to the main AC panelboard which supplies the building
loads and also the AC power for the PPS. A meter is provided between the
utility interface switch and the main AC paneliboard to measure the total
power required by the hospital building and the PPS. The main AC panel-
board indicated in the drawing is part of the standard building equip-
ment. The public utility enters the hospital building through two
meters. The meters are connected in opposite directions to measure the
flow out of and into the utility. The utility service is also routed to
the main AC panelboard.

Iv-11
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TABLE IV-2. MAJOR PPS ELECTRICAL COMPONENTS

ITEM NO. SUBSYSTEM/ITEM DESCRIPTION {MFR.) PART NO. QrY.
1.0 Subfield Maintenance and Safety Enclosure 2
NEMA 3R Enclosure (48"H x 36"W x 18"D)
1.1 Resistor, 98 k@, 1 W, 1% {Dale) WWA-41B 10
1.2 Resistor, 2 k@, 0.1 W, 1% -(Dale) EMF-50-10 10
1.3 Resistor, 0.01 @, 50 W, 1% 7 CD&%é) RH-50 10
1.4 Safety Switch, 2 Pole, 600 VDC, 60 A (Square D) HU-262 10
1.5 Varistor, 420 V (GE) V320-3A-40A 30
1.6 Blocking Diode, 1200 V, 70 A (IR) IRKE71-12 30
1.7 Busbar, 400 4
2.0 Subfield Maintenance Switch/Safety Switch, 2 Pole, (Sguare D) H-265R 2
600 vDC, 400 A Fusible QOutdoor
3.0 Subfield Disconnect Safety Switch 2 Pole, 600 VDC, HU-265 2
400 A
4.0 DC-AC Inverter, 125 W, 480 VAC, 3 Phase, 4 Wire (DECC) 1
5.0 Circuit Breaker, 480 VAC, 3 Phase, 175 A (Square D) KAE 36175S 2
6.0 Service Transformer, 480/120 V, Single Phase, 50 kVA (SORGEL) 5053H 1
Outdoor Type
® ® '3 ° ®
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TABLE IV-2. MAJOR PPS ELECTRICAL COMPONENTS (Concluded)

ITEM NO. SUBSYSTEM/ITEM DESCRIPTION (MFR.) PART NO. QTy.
7.0 Interruptible Power Supply/Device Generator Set, (ONAN) 45.0 DYJ-15R 1
45 W with 6-Cylinder 301 cu. in. Engine, 270 A-N,
12 V Lead Acid Batteries, 50 Fuel Tank
8.0 Uninterruptible Power Supply/Inverter, 3 kVA, 120 VAC, (Gould) 5247A-1 1
1 Phase Sortie with GEL-CELL Sealed Batteries and
Rectifier, 120 VAC to 133 VDC
9.0 Master Controller and Hazard Station (Includes Not Defined 1

Microcomputer and Hazard Relays)

NOILVHOd4HOO WA4 3HL
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The AC power for the PPS is routed to the AC panelboard in the
electrical control building. A meter on this Tine measures the power
required by the PPS. The AC power is stepped down as appropriate for the
various electrical control building and field power requirements.

2. Field Design
a. Determinaticon of PV-T Field Size and Layout
Sizing trade-off analyses performed using the SOLCEL-II
computer code indicated that the lowest life-cycle cost for the system

would be obtained using approximately 80 to 100 E-Systems arrays arranged
in eight- to 10-array thermal loops with a differential in inlet to out-
let fluid temperature of 420C at 1000 W/m’.

Using the same rationale that was used for the public
schoal design, the electrical string (row) length was set at nine arrays
which will develop 249-V nominal DC voltage. Ten rows are connected in
parallel as shown in drawing E-2 resulting in a total of 90 arrays in the
field. A 125-kW inverter from DECC will easily handle the 126.3-kiW field
DC power and will have the same operating voltage window (200 to 290 V)
as the 100-kW inverter in the Albuquergue public school design.

Since the Fresno climate 1is more temperate than that of
Albuquergue, with higher winter temperatures, the voltage variations pre-
viously shown in table III[-2 and figure [II-4 should easily encompass the
Fresno conditions. The high temperature/low voltage results should be
the same while the Tow temperature/high voitage results would not be as
extreme for Fresno.

b. Determination of Subfield Size

The rationale for the subfield size for the Fresno
hospital system is the same as that for the public school system,
resulting in two electrical subfields. In the Fresno hospital system,
however, each subfield consists of five rows instead of four rows since
there are 10 rows altogether in the field.

3. DC Switchgear and Wiring

The Fresno hospital DC switchgear and wiring are very similar
to that for the Albuquerque school system with the exception that the

IvV-14
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subfield M&S enclosures shown in drawing E-3 accommodate five electrical
rows or strings instead of four. Thus, there are five row protection and
monitoring circuits and the paralleling busbar will have six terminals
instead of five.

1. Inverter

The same rationale for inverter seltection used for the

Albuguerque school design can be applied to the Fresno hospital design.
The Fresno hospital does reguire a higher power inverter, 125 kW instead
of 100 kW. However, the same basic inverter cabiret can handle from 75
to 150 kW, as noted in the Albuquergue public school inverter section.
Therefore, the 125-kW unit can be supplied with the same cabinet and the
same specifications as the 100-kW unit described in the school inverter
section.

5. AC Power Distributicn System

An AC one-line diagram for the Fresno hospital PV-T system is
shown in drawing E-4. The design is essentially the same as that for the
Albuguerque public school PV-T system with the following exceptions:

(1) The inverter is a 125-kW unit instead of a 100-kW unit.

(2) The AC circuit breaker is rated for 175 A instead of 150 A.
A11 other components and design features dare the same as for the school
system.

6. Control Systems

The control systems design considerations for the Fresno
hospital PV-T system are the same as those for the Albuguerque public
school system. The two extra trackers in the Fresno hospital system can
easily be handled within the framework of the conceptual design.

7. Auxiliary Power Systems

The auxiliary power systems for the Fresno hospital PV-T system
consist of the same interruptible and uninterruptible power supply (IPS
and UPS) units used in the schocl design. The 25-percent higher emer-
gency stowing power required is only part of the IPS load and can easily
be supplied by the 45-kW IPS. The power requirements for the UPS are the
same as in the Aibuquerque public school system. The auxiliary power
systems are shown on the AC ane-line diagram, drawing E-4,

IV-15



THE BDM CORPORATION

8. Electrical Control Building Design
The electrical control building (ECB} for the Fresno hospital

is shown in drawing E-5. The ECB design rationale, the structure, foun-
dation, and eguipment arrangement are all the same as for the
Albuguerque pubiic school system. The only difference is that the air-
conditioning for the ECB consists of simply a lowered wall fan instead of
the evaporative cooler used in the school ECB. Because of the Tlower
altitude and 1lower direct normal inscolation in Fresno compared with
Albuquerque, it was felt that active cooling was not required for this
system. In addition, the evaporative cooler would not be as effective in
Fresno because of the higher humidity. [t should be noted also that the
McClellan AFB 40-kW FPUP system constructed by BOM near Sacramento,
California also uses an exhaust fan in lieu of active cooling. Since
this is a tlarger system, however, this issue should be revisited if the
system is chosen for construction.

9. Protection and Grounding

The safety and protection design for the Fresno hospital system
is the same as that for the Albuquerque public school system's. The only
difference is in the ground counterpoise system diagrammed 1in
drawing E-6. Because the Fresno hospital system has two more rows of
arrays, the counterpoise contains an extra section at the south end of
the field to encompass these two extra rows. All other details are the
same as for the school system.

C. DETAILED MECHANICAL SYSTEM DESIGN

1. Constraints for Mechanical Design

The PV-T system designed for the Fresno, California hospital is
shown on P&ID drawing M-3, and the P&ID specifications are given in
table IV-3. The design methodology for the system resulted from several
fixed constraints based on the load requirements and system simulations.
These include the follaowing:

(1) E-Systems line focus Fresnel callectors
(2) Row to row spacing--2 apertures
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TABLE IV-3. FRESNO HOSPITAL
P+ID SPECIFICATIONS

WATER (LOAD) SIDE

SYMBOL DESCRIPTION SIZE CONNECTION MFG. & PART NO.
Bv-11,12 Ball Valve 1" 150# Worcester 51-44-150
BV 18, 17, 19 Ball Valve 2" 150# Worcester 51-44-150
CK-2, 8, 10 Check Valve 1" 150# Crane #4033
CK-3, 4, b, Check Valve 2" 1504 Crane #147
7, 9
cp-2 Circutation 3/4" x 3/4" 1254 Gould Model 3333
Pump Series CB Booster
Pump Model CB5-18,
3500 rpm
CcP-3 Circulation 3% x 1%"  150# Worthington 1-1/2
Pump LLR-10 Two Stage,

Single Suction,
Horizontal Split Case,
8" Impeller, 3550 rpm

cp-4 Circulation 3" x 1%" 1504 Worthington 1-1/2
Pump LLR-10 Two Stage,
Single Suction,
Horizontal Split Case,
8-1/4" Impeller

355C rpm
FRG-1, 3 Flow 2" 1504 Taylor Tool #TF-C-2
4, 5, Regulator #1 Set at 52.4 gpm,

#30 46.7 gpm, #4 @
52.4 gpm, #5 @ 46.7

FRG-2, 6 Flow 1" 150# Taylor Tool #TF-(-2
Regulator Set at 5.7 gpm
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TABLE IV-3. FRESNO HOSPITAL
P+ID SPECIFICATIONS (Continued)

WATER (LOAD) SIDE

SYMBOL DESCRIPTION SIZE CONECTION MFG. + PART NO.
My-3, 4, 5, Motorized 2" 150# Worcester 51-44-150
6, 12, 14 Valve with 2075X Activator
Mv-8, 11, 13, Motorized 1" 150# Worcester 51-44-150
7, 15 Valve with 1075X Actuator
PRV-2 Pressure 2" NPT Dresser Industries,
Relief Valve Consolidated #1488,
Press Set at 15 psig
ST-3 Strainer 1 1504# Leslie #7201
ST-4, 5 Strainer 2" 150# Leslie #7201
TST-1 Thermal 6000 gal Ace Buehler Model
Storage MCSD9614-G
(3 each)
T7-3, 5, Temperature 1/2" Threaded Fisher PM 503 Temperature
Transmitter Transmitter, Thermocouple
Type J
TT-4 Temperature 1 172" Flanged Fisher PM 503 Temperature
Transmitter Transmitter with thermo-
couple Type J on 4 ft Probe.
VB-1, 2 Vacuum 3/4" NPT Gast, #AA308, Set Press at
Breaker 2 psid
PRG-1, 2 Pressure 1" 150# Jordan 1-1/4" Mark 67
Regulator Sliding Gate Pressure
Regulator 12-25 psig
set to 15 psig
PRG-3 Pressure 2" 150# Jordan 2" Mark 67 Sliding
Regulator Gate Pressure Regulator

Iv-18
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TABLE IV-3.

FRESNO HOSPITAL
P+ID SPECIFICATIONS (Continued)

GLYCOL (FIELD) SIDE

SYMBOL DESCRIPTION SIZE

AE-1 Air 2-1/2"

BV-1A Bali valve 1"

through

15, 2A

through 25

BV-3, 5, 7 Ball Valve Z2-1/2"

Bv-8, 9, 10, Ball Valve 2"

4, 6

CP-1 Circulation 1-1/2" x
Pump

CT-1 Cooling 4"
Tower

E7-1 Expansion 2"
Tank

GV-1 Globe Valve 2"

GV-2 Globe Valve 2-172"

HX-1 Heat 2"
Exchanger

My-1, 2 Motorized 2-172"
Valve

PRV-1A thru Pressure 172"

J Retlief Valve

PRV-3 Pressure 2"

Relief Valve

CONNECTION MFG. & PART NO.

NPT AMTROL #447

150# Worcester 51-44-150

150# Worcester 51-44-150

150# Worcester 51-44-150

2" 1504 Worthington 1-1/2 LLR-7

3530 rpm, 5.5" Impeller,
200 1b

150# Baltimore Aircoil
VXI18-1X

1504 Ace Buehler X18-2,
35 gal, 18" dia x 36"
Long, Galvanized Lining

150# Crane #143

150# Crane #143

150# Tranter, #UX-216-UP-45,
304SS Plates, NBR Gaskets

150# Worcester 51-44-150 with
3075X Actuator

NPT Dresser Industries,
Consolidated #1488, Press
Set at 100 psig

NPT Dresser Industries,
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TABLE IV-3. FRESNO HOSPITAL
P+I0 SPECIFICATIONS (Concluded)

GLYCOL (FIELD) SIDE

SYMBOL DESCRIPTION SIZE CONNECTION MFG. + PART NO.
ST-1 Strainer 2-1/72" 150# Leslie #7201
ST-2 Strainer 2" 150# Leslie #7201
TS-1A Temperature 172" NPT Transamerica Delaval
Thru J Switch Barksdale MLIH-H352-W,
Temperature set at 225.F
TS-1 Temperature i/2* NPT Transamerica Delaval
Switch Barksdale ML1H-H352-W,
Temperature Set at
210°F
18-2 Temperature 172" NPT Transamerica Delaval
Switch Barksdale ML1H-H352-W
Temperature Set at
225°F
V-1A Venturi i Threaded Gerand, VS-1-406
through J Flow Meter
FS-1A Flow Switch 1" NPT Peeco, Type NT,
through J Flow Set at 4 gpm
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(3) Total arrays--90
(4) Arrays per delta-T string--9
(5) Total flow rate collector side--50 gpm (33 kg/sec or
3.2 x x1073 m3/sec)
(6) Maximum collector side operational temperature--2100F (98.99C)
(7) Load side flow rate--58.1 gpm (3.57 kg/sec or
3.7 x 10"3 m3/sec) average
(8) Load side required temperature--2159F (1020C) minimum
(9) Load side makeup temperature--variable
(10) Thermal storage:
(a) Size--68 m3
(b) Flow rate--52.4 gpm (3.3 x 10°
2. Field Layout
The solar collector field Tlayout shown 1in drawing M-1 was

3 m3/sec)

chosen to minimize the length of the manifold while remaining within the
pressure and temperature limitations of the collectors. The field is fed
from one end with cold fluid and hot fluid collected at the opposite end.
The mechanical and electrical skid are located at the collection, or hot,
end of the field. This minimizes the length of the hot return line and
decreases the amount of heat loss from the manifocld. Since the manifold
piping is above ground, ramps over the piping will be required to allow
easy access to the cotlectors for maintenance and cleaning. Ideally, the
plant and equipment skids will be positioned to the north of the field to
prevent shading of the collectors.
3. Manifold

The manifold supply and return Tines are insulated and above
ground supported by pipe guides located every 13 ft (3.96 m). Rigid
calcium silicate insulation is used at each support to prevent heat loss
through the support, and fiberglass insulation on the remainder of the
manifold. Each collector is connected to the manifold with a U-bend in
the pipe run. This U-bend serves two purposes: 1) provides a "thermal
trap" that prevents hot fluid in the manifold from thermal syphoning to
the colder fluid in the collectors when not in operation, and 2) provides
flexibility to compensate for axial thermal expansion of the manifold.
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The design flow rate is 5 gpm (3.16 x 1074 m3/sec) through each
delta-T string and 50 gpm (3.3 kg/sec or 3.2 x 10_4 m3/sec) through the
manifold. The pressure drop across each row is given by the empirical
relation for E-Systems collectors (equation IV-1).

1. .2 0,
3 8 uO o 8

AP = 8.58 x 10 ° G (Eq. Iv-1)

N
c

Where:
AP = pressure drop, psi
G = flow rate, gpm
u = fluid viscosity, Cp
o = fluid density, 1b/ft3
NC = number of collectors per row

For 40-percent ethylene glycol/water and an average array temperature of
1839F (90.59C) (an annual average determined in the SOLCEL simulations),
the viscosity is 0.7 Cp (7 x 10_3 Pa-s)} and the density is 63.15 1b/ft3
(1012 kg/m3). For nine collectors per row the pressure drop is 36 psi
(0.25 MPa).

For an edge feed system the manifold Tlength 1is given by
equation [V-2.

(row spacing) (# from -1} (2) (Eq. IV-2)
(20 ft) (10-1) (2) = 360 ft (109.8 m)

=
2 =3
noon

The allowable average pressure drop per foot of manifold pipe fis
determined from equation IV-80, volume II, to be 0.025 psi/ft (565 Pa/m).
Referring to figure IV-33 of volume II shows that the manifold piping
should be 1-1/2 in (3.81 cm) in diameter for the entire field. To
maintain a normal design pressure drop of 1 to 5 ft (.3048 to 1.52 m) of
head per 100 ft (30.48 m) of pipe, the feeder line to the field should be
2 in (5.08 cm) 1in diameter for the constant flow rate of 50 gpm
(3.2 x 10'3 m3/sec). This assumes carbon steel pipe is used throughout.
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® 4, Thermal String {Delta-T String) _
There are obvious advantages to having long delta-T strings,

(i.e., less manifold piping, Tess control and maintenance hardware, less

drive pylons, etc.). However, these must be traded-off against disad-

¢ vantages such as excess pressure drop and temperature rise across the

rows. The design must also consider the current, voltage and voltage

mismatch, and wire sizes for the PV portion of the system. These factors

have been discussed in the design of the Dixon plant and in the previous

@ chapter. Based on these trade-offs a row length of nine arrays/row and a
flow rate of 5 gpm (3.2 x 10'4 m3/sec) per row were chosen,

5. Expansion Tank (ET-1)
The collector loop reguires an expansion tank to accommodate

L the volumetric thermal expansion of the ethylene glycol/water mixture
when it is heated to a maximum operating temperature of 2100F (98.9°C).
Otherwise, the system would build up high pressure causing leaks,
failures, and possibly injuries. In order to size the expansiaon tank
@ (ET-1), a rough idea of the volume of the system is reguired. Consider
the sketch in figure IV-6 and table IV-4.
For a 40-percent ethylene glycol/water solution, the volumetric
thermal expansion is:

@
= o}
Pp = O8%F _1.051 _, oo,
PT = 2120F 1.000 -
* Then:
{281 gal) (1.051) = 295
-281 3
e 14 gallons (0.053m™)
Then the system will increase in volume by 14 gallons (0.053 m3) when it
is operating between 689F (200C) and 212%F (1009C). The ET-1 will be
o sized such that when the system is cold it will be one-fourth full, and
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E‘ 200 ;{
200 ft 11" dia
v 50° - 21" dia
e 4
MECHANICAL
100 t - 2"dia TOWER
BDM/A-82-458-TR-R1
Figure IV-6. Piping Schematic
TABLE IV-4. FLUID VOLUME INVENTORY
PIPE ft/RUN DIAM gal/ft # OF RUNS qals
Collectors 73 3/4 0.023 90 151
Manifaold 200 1-1/2 0.106 2 42
Collector/Skid 220 2 0.174 1 38
Skid 100 2-1/2 0.249 1 25
Skid/CT 50 2-1/2 0.249 2 25

281 gal (1.06 m°)
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three-fourths full when the system is hot. Thus, the tank size should be
28 gallons (0.106 m3). An Ace-Buehler tank mcdel X-18-15 is chosen.
This tank is 18 in {45.7 cm) in diameter, 30 in (76.20 cm) long with a
30-gallon (0.114 m3) capacity. The inside surface should be galvanized.
A pressure relief valve, set for 5 psid (0.14 MPa), should be used to
prevent excess pressure buiidup in the tank, and a vacuum breaker set to
2 psid (13.8 KPa) to prevent tank collapse during system cooldown. The
tank should be elevated above the pump as high as is practical to reduce
the possibility of cavitation at the pump and to allow feeding through
the pump during system filling procedures.
6. Cooling Tower

After having a basic idea of the system configuration, SOLCEL
runs were made and the maximum heat rate from the collectors was found
to be 1.8 x 106 Btu/hr (527.4 kW). Assuming the system is to be run even
if the thermal side is shut down (i.e., for maintenance), then the
cooting tower must be sized to reject 1.8 x 10° Btu/hr (527.4 kW) to
maintain the collector output below 2100F (98.99C). The delta-T across
the cooling tower is:

6
ar = 2 - e = 82.90F (46.19C)
. u
me 6.03 SecOF (3600 sec/hr)

Then the maximum collector inlet temperature is:

To i = 210 - B3 = 1279F (52.89C)

v 1
The approach is defined 3s the leaving fluid temperature minus

the design wet bulb temperature (710F (229C) typical for Fresno,
California).

T = 127 - 71 = 56°F (31.1°C
app ( )
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In order to maintain the inlet to the CT at 180°F (829C) or less when the
collector reaches 210°F (98.99C), the flow rate through the CT must be
increased as shown in figure IV-7. The 1809F (820C) 1limitation was
described in the Dixon plant design section.

50 gpm
127°F
*~—» PV/TARRAY »
50 gpm
- 210°F
127°F 180°F
ﬁz ﬁz NODE A
. - CT | > ——
127°F

'BDM/A-827458—TR-R1
Figure IV-7. Cooling Tower Conditions

To find mz, an energy and mass balance is performed at node A.

zﬁl(127) + (50)(210) = ﬁ12(180)
m, + 50 = fh

h, = 78.3 gpm (4.9 x 1073 mi/sec)

e

L= 28.3 gpm (1.8 x 1073 m3/sec)

Then, the following parameters apply:
(1) Range = 180 - 127 = 530F (29.40°C)
(2) Approach = 569F (31.19C)
(3) Design wet bulb = 719F (22°C)

IV-26



THE BDM CORPORATION

3 m3/sec)

(4) Design flow rate = 78.3 gpm (4.9 x 10~
(5) HTF = 40-percent ethylene glycol/water
Using the BAC catalogue, the performance factor is between 7 and 7.5 so
that a VXMI 18-3 industrial cooler is chosen with a multistage axial fan
and Tlow horsepower option. The pressure drop 1in this unit is

(0.6)(1.052) = 0.63 psi (4344 Pa). It's characteristics are:

Fan motor power = 5 hp (3.73 kW) at 11,600 CFM (5.5 m3/sec)
Pump motor power = 1/2 hp (0.373 kW) at 75 gpm (4.7 x 10'3 m3/sec)
Operating weight = 3830 1bs (1737 kg)

7. Heat Exchanger (HX-1)
The HX is required to separate the potable water on the load

side from the nonpotable ethylene glycol on the collector side. Code
requires that a double wall HX be used. However, a plate and frame HX
serves the same purpose (see figure II-14). If a leak in the gaskets
should occur, with a plate HX, neither fluid would mix with each other
but would drain to the envircnment. This prevents cross-contamination of
the fluids. A plate HX also has a more effective method of heat transfer
due to the high turbulence allowing approach temperatures to be less than
50F (2.89C). The HX is sized to transfer the maximum energy possible
from the collectors to the load while maintaining the collector outlet
temperature at the maximum of 210CF (98.9°C).

The peak useful heat output of the array is 523 N/m2 at an
insolation 1level of 980 N/mz. This converts to a peak heat rate of
1.8 x 106 Btu/hr (527.4 kW). The array side flow rate 1is 50 gpm
(3.2 m3/sec), and the capacity rate fis wa = (rﬁCp)a = 6.03 Btu/sec ©f
(11.5 kW/OC) at an average array temperature of (183°F) 90.50C .

The 1Toad side flow rate varies depending on the load and
whether or not storage is full, The minimum flow rate occurs when
storage is full and the space heating load is zerg; for this case the
only load is OHW and the flow rate is 3.6 x 10'4 m3/sec. When there is
space heating and storage is charging, then the maximum flow rate fis
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104.6 gom (6.6 x 1075 m°
common situation is DHW load and storage being charged with a constant
flow rate of 52.3 gpm (3.3 x 10“3 m3/sec) for a total flow rate through
the HX of 58 gpm (3.66 x 10—3 m3/sec). This gives an average load side
capacity rate of 7.85 Btu/sec OF (14.9 kW/OC).

The maximum Joad side temperature to the heat exchanger is
2020F (94.29C), the minimum Toad side temperature is 1100F (440°C), and
the yearly average is 1780F (80.10C). This inlet flow to the heat

exchange on the load side (TC 1.) consists of the return from the load and

/sec). Both these cases are unusual, The most

the flow through storage. Therefore, the temperature depends on the Toad
return temperature and storage temperature.

At these flow rates, and assuming an average inlet temperature
to the heat exchanger of 1789F (80.19C), it is impossible to transfer 1.8
X 106 Btu/hr (527.4 kW) from the collector side of the HX to the lcad
side. Therefore, the heat exchanger is sized to transfer the maximum
amount of energy from the array side under average flow conditions an the
load side in order to minimize operations of the cooling tower, Using

the conditions shown in figure IV-8, the heat exchanger effectiveness is:

.- a "n,i = Th,o! 210 - 180 _ 0.9375
Wmin (Th,i - Tc,i) 21¢ - 178
To,i = 210%F ——ou i Tco= 201°F
Th o = 180°F - - T.; = 178°
M, = 50 gpm m_ = 57 gpm
Btu Btu
Wa = 6.03 se¢ of Wl_ = 7.85 sec of

BDM/A-82-458-TR-R1

Figure IV-8. Heat Exchanger Design Conditians
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W (T - T_ .) 7.85 (T_ _ - 178)
0.9375 = _H—Er2 = €20

£ = —
Wmin (Th,i - Tc,i) 6.06 (210 178)

O

I

= Q 0
T, o = 2010F (93.99¢)

And the average heat transferred to the load is:

Q,, = W, (T, s - Ty o) = (6.03) (3600) (210 - 180) = 6.51 x 10° Btu/hr
(190.7 kW)
The number of transfer units is:
(6.06)
_ 1 1 - (0.9375) \7.85 -
NTU = T g.o6 " 1 - 0.9375 6.47
7.85

Assuming an overall heat transfer coefficient of 800 Btu/hr ft2°F
(4542 W/m °C), the area is:

W Btu sec
a - {min) NTU _ (6.03 sec OF.) (3600 hr ) (6.47) _ ;. 5.2
- 2 - 5 =
(800 Btu/hr ft“OF) (164 m2)

Cost of the heat exchanger is about $4000.
Using Tranters model UX-216 plate which is 4 ft2 (1.22 m?), the total
rumbers of plates is 45 with 22 parallel flow channels in a single pass
configuration,
8. Thermal Storage
The thermal storage tank is a 18,000 gallon (68 m3) tank as
determined from the SOLCEL simulations. An inground storage system as

used in the Dixon design would require a pit 33 ft (10.06 m) on a side
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and 5.5 ft (1.68 m) deep (the recommended slop to the sides is 2.5 to 1).
For a hospital application the Tand area used for the solar system should
be minimized; therefore, a metal water storage tank system was designed.

This system, shown in figure IV-9, consists of three
6,000-gallon (22.7 m3) steel tanks. Three tanks were chosen because:
1) a 6,000 gallon (22.7 m3) tank is a standard size and three can be
purchased 1less expensively than a specially fabricated 18,000-gallon
(68 m3) tank, and 2) multiple tanks improve stratification of the thermal
storage Tiquid. The tanks are unpressurized steel tanks with
glass-coated interiors to prevent corrosion.

The inlet openings to the tanks are in a horizontal plane
allowing the fluid to enter the tank without mixing with fluid above or
below the inlet. The inlets have been sized to reduce the velocity of
the fluid entering the tank to about 2 ft/sec (0.6l m/sec), and the
piping has been designed to allow maximum use of the storage volume.
Provisions have been made for drainage and for manholes to allow for
inspection and maintenance of the interior coating. Vacuum breakers have
been provided to prevent tanks from imploding under possible negative
pressures, and pressure relief valves are vented to a drain.

The three tanks are located in an insulated enclosure 25 ft x
23 ft x 18 ft (7.62 x 7.0l x 5.49 m) as shown in figure IV-9, The
storage tanks are Ace Buehler model number MCSD9614-G.
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18 =~

6000 gal. VERTICAL STORAGE PLUG ALL UNUSED TANK
TANK, APPROX. 8" DIA. x 16" HIGH CONNECTIONS (TYPICAL
TYPICALOF 3

EX. HWR
/— 26’ / e EX.HWS
. o
L __3"sTs
:o_!.-‘ﬂ.- L AR I AR

RO 2" PRV SET @15
psi & 210 F, PIPE

FROM PV/T SYSTEM

{CHARGE)

A% DISCHARGE TO
% VACUUM FLOOR DRAIN
782 BREAKER
q a1 3
e 37 TANK
COOLER INTER- HOTTER
TANK CONNECTION TANK L
PIPING 3¢
‘ PIPING
3” INSULATED f
/ ENCLOSURE rr
/ 2" MIN. CLEAR
/ ALL SIZES M\E:ZD TO LOAD (DISCHARGE)
4 . TO PV/T SYSTEM
(CHARGE)
- [ 4 C.W.|——— FROM LOAD
- E ﬁ -J»-* (DISCHARGE]

UNION

e A MRS AR U T INKT T i E. % 2 2R Tl L LI AP 4 DA (TYP-)

4" CLEAR MIN.

\_ EXTEND CONCHETE SLAB 1" L 24" PIPE LEGS. CONNECT
BEYOND ENCLOSURE, TO PIPE FLANGE & ANCHOR
TYPICAL ALL SIDES. TO CONCRETE SLAB (TYPICAL)
3" FIBERGLASS INSULATION BOARD 2" PIPE RUN ALONG CONCRETE PAD, EXTEND
LAY ON TOP OF CONCRETE PAD OUT THROUGH BACK SIDE OF
AND FILL ALL VOIDS ENCLOSURE & INSTALL 2 HED {TYPICAL OF 3}
2 CONCRETE SLAB BDM/A-82458-TR-R1

Figure IV-9. Storage Tank Configuration for Fresno, California Hospital
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9. Load Side Pump Sizing

The basic flow system on the load side for daytime operation is
shown in figure IV-10.

! 100 ¢ l c D
' - -2 ! BOILER
8 2 [30psi
FRG-1 L
PRG- Fros .
STORAGE|
Aryx 2 o, STom 0 psig
- sT-3
> 15 psi
i PRG-2
FRGI 3 oz 1 G-
ﬁd D T4 100
A 15 psi
3 . PRG3
FRG-3 P CP-2 - 46.7gpm 2
sT5
1
~N < —
P4 52.4pgm 2
— BDM/A-82-458-TR-R1

Figure IV-10. Flow System for Pump Sizing and Heat Loss Calculations

A distance of 100 ft (30.48 m) is assumed between the
mechanical skid and storage tank, and another 100 ft (30.48 m) between
the storage tank and boiler. Using the manufacturer's recommended con-
servative estimate, a pressure drop of 100 psi (0.69 MPa) is assumed
across the flow regulators regardless of flow. Centrifugal pumps CP-2
and CP-3 operate in parallel between the pressure requlator outlet at
15 psig (0.2 MPa) and the boiler maintained at 30 psig (0.31 MPa). Pump
CP-4 pumps water from and to the storage tank, maintained at atmospheric,
in parallel with CP-2 and CP-3. Pumps CP-2 and CP-3 must overcome the
static pressure differential of 15 psig (0.2 MPa), 200 psi (1.38 MPa)
across the flow regulators and the friction head Toss. Pump CP-4 has
about 15 ft (4.57 m) suction head due to the height of the liquid in the
storage tank.

The dynamic pressure drop through the piping and components
depends on fluid viscosity and density. Since the average fluid
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temperature at the collector outlet is 2039F (94.79C), then for a heat
exchanger effectiveness of 0.9375:

W, (T_ - T_ o) 7.85 (T_ - 178)
e = 0.9375 = A = = 1606 (503 — 178
Wain (Th,i = Te,i) (6:06) ( - )
; 0 - )
T, o (ava) = 196.40F, Trvq 187.20F
(91.3°C) (86.2°C)

Thus, at the average temperature of 187.20F (86.20C):

Viscosity = u = 0.338 Cp (3.38 x 107% pa-s)
Density = p = 60.4 1b/ft> (967.6 kg/m)
y = 144/p = 2.38

The pressure drop in psi through the heat exchangers is given
by:

3 N

AP = 9.47 x 10
p

0.2 0.8
hx o

G/ )8y

For a 176 ft2 (16.4 m2) exchanger there are 45 plates with 22
flow channels with one pass each, and two 90° elbows, the pressure drop

is:

_ -4 l.B
APhx = 8.78 x 10 G

The pressure drop from node B to node C is:

- _3 la8
AP, - = 1.63 x 10°° G

So that the drop from node A te C (line 1, figure IV-11) is:
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AP, = 2.51 x 1073 gl-8

The pressure drop from node C to D is due to 30.48 m (100 ft) of 5.08 cm
(2-in) pipe, two flow through T's, a check valve, and the section
containing the two parallel flow control valves. Since the AP's across
the parallel sections are equal, the total drop from C to D is obtained
as follows:

(1) In the 1l-inch (2.54 cm) leg containing FRG-5, the equivalent
lengths consist of two side outlet T's 11 ft (3.35 m) and
two 900 bends 5 ft (1.52 m) so that:

G5l‘8u0'zpo'8L

AR, = 9 + 100 psi = 7.29 x 10776, "% + 100
(4.7 x 10%) (my*

(2) For the 5.08 cm {2-in) leq containing FRG-6, the equivalent
lengths are two side outlet T's 24 ft (7.32 m) and two 90°
bends 10 ft (3.05 m) so that:

AP, = 5.56 x 10"4G61'8 + 100

(3) For both legs in parallel:
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Under  normal operating conditions GI = 5.7 gpm (3.6 x

10"4 m3/sec) and Gz = 46.7 gpm, (2.9 x 10 m3/sec) so that:
1.8
_ 46.7 . -4 _ -4
Rp 767 + 5.7 5.56 x 10 4.52 x 10
And:
_ -4 1.8 .
APP = 4.52 x 107" (Gg + Gg) + 100 psi
(4) For the remainder of the system between nodes C and the boiler,
the equivaient Tengths are:
(a) Pipe Tength: 100 ft (30.48 m)
(b) Two flow-through T's: 10 ft (3.05 m)
(c) Check valve: 22.5 ft (6.86 m)
So that:
_ -3 1.8
APo_p = 2.17 x 10 “(Gg + Gg)

The pressure drop from C to storage must equal the pressure
drop from C to the boiler. Thus, FRG-1 must adjust itself such that the
pressure drops across each leg are egual.

The pressure drops through the parallel Tines containing the
pumps are determined using equivalent lengths in table IV-5. Since each
pump output must flow through a flow requlator, the zero point begins at
100 psi (0.69 MPa). Lines 2 and 3 have a positive suction head of 15 psi
(0.1 MPa) provided by the existing feedwater pumps through the pressure
regulators, and line 4 has a suction head of 6.3 psi {0.043 MPa) 15 ft
(4.57 m).
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TABLE IV-5. MINOR HEAD LOSS COMPONENTS AND EQUIVALENT

LENGTHS IN PUMP LINES

LINE 2 (1" DIAMETER)

LINE 3 (2" DIAMETER)

LINE 4 (2" DIAMETER)

Pump Inlet/Outlet: 1 ft Pump Inlet/Qutlet: 1 ft Pump Inlet/Outiet: 1 =
Strainer: 11.8 ft Strainer: 28 ft Strainer: 28 ft
Check valve: 11.2 ft Check Valve: 22.5 ft Check Valve: 22.5 f:
90° Bend: 2.5 ft Straight Run T: 4 ft 2 90° Bends: 10 ft
Side Qutlet T: 5.5 ft 100 ft of Pipe: 100 ft
Side Outiet T: 5.5 ft
Thus, the pressure drops between pump inlet and point A are:
AP, = 1.46 x 1072 Ggl‘g + 85 psi
2Py = 9.1 x 107° &, ‘8 4 85 psi
AP, = 2.73 x 1073 6,18 + 93.7 psi
4 4
In the following sections the system pressure drop is
calculated for each combination of pump operation.
a. Pump CP-2

The flow-through CP-2 is 5.7 gpm (3.6 x 107 m3/sec) e
that the pressure drops are:

=
=
|

= (2.51 x 1073)(5.7)18 - 0.058

- 7.29 x 1073(5.7)1-8 4 100 = 100.16
2.17 x 1073(5.7)

1.8 _ 0.05
1.46 x 1072(5.7)18 & 85 = 85.33
Prora, = 186 psi + 30 = 514 ft (156.7 m)

1]

b. Pump CP-3
The flow-through CP-3 is 46.7 gpm (2.9 x 10—3 m3/sec) 50
that the pressure drops are:

AP, = (2.51 x 107)(46.7)-8 = 2.5

AP = (5.56 x 107)(46.7)*-8 + 100 = 100.56
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- 2.17 x 1073(46.7)1-8 - 2.19

AP
¢-0 _4 1.8

2p; = 9.1 x 1074(46.7) 18 + 85 = 85.92

AP oL = 191.2 psi + 30 = 526 Ft (160.4 m)

c. Pump CP-4
The flow-through CP-4 is 52.4 gpm (3.3 x 1073 m3/sec) S0

that the pressure drops are:
APy = (2.51 x 107)(52.4)!8 = 3.12
AP - (5.47 x 1073(52.4)1*8 + 100 = 106.8
C-STOR ’ {o2
ap, = 2.73 x 1073(52.4)1+8 + 93.7 = 97.1
APTOTAL = 207 psi + 30 = 564 psi (172 m)

= 3.
1.8

d. Pumps CP-2 and CP-3
The combined flow of these pumps is 52.4 gpm
m3/sec). The pressure drop in lines 2 and 3 must be equal

(3.3 x 1073

and is controlled by the flow control valves. The pressure drop in
1ine 2 is 85.33 psi (0.59 MPa} and it is assumed that FRG-3 opens up to
give the same pressure drop across line 3. Thus the pressure drops are:

AP, = AP, = 85.33
23 3 1.8
APl = (2.51 x 10 7){62.4) " = 3.12
AP p = (2.17 x 1073 (52.4)1+8 = 2.7
AP, = 4.52 x 107%(52.4)18 + 100 = 100.56
APTOTAL = 191.7 psi + 30 = 528 ft (161 m)
e. Pumps CP-2 and CP-4
The combined flow of these  pumps is 58.1 gpm
(3.7 x 10_3 m3/sec). The pressure at point A must be egual and, assuming

the minimum pressure drop in hoth lines:

AP AP, = 85.33 psi
z 4 -3 1.8
AP, = (2.51 x 1077)(58.1) "% = 3.76
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AP ¢rop = BPe_p + APg = 100.21 (maximum AP assumed)
AProra, = 189.3 psi + 30 = 522 ft (159.1 m)

f.  Pumps CP-2, CP-3, and CP-4
The combined flow of these pumps is 104.8 gpm
(6.6 x 10° /sec}. For each parallel set of 1ines or pumps, the
maximum pressure drop is assumed with the flow regulators developing suf-
ficient head in the other lines to maintain the required flow.

3 m3

il

AP, = AP, = 85.33 psi
2 3 3 1.8
AP, = (2.51 x 107%)(104.8)'+8 = 10.9
8P srop = BPc_p * AP = 106.8
APygra = 203 psi + 30 = 554 Ft (168.9 m)

These pressure drops for various pump combinations are
given in table IV-6. The pressure drops are also plotted in figure IV-11
along with the characteristic pump curves for the pumps selected for the

application.
TABLE IV-6. PUMP FLOW AND HEAD REQUIREMENTS
DEVELOPED POINT IN
PUMP FLOW (gpm) HEAD (ft) FIG. IV-11
CP-2 5.7 514 A
CP-3 46.7 526 B
CP-4 52.4 564 C
CP-2 + CP-3 52.4 528 D
. CP-2 + CP-4 58.1 522 E
CP-2 + CP-3 + CP-4 104.8 554 F

10. Circulation Pump (CP-1)

In order to size the circulation pumps for the PV-T field, the
total system head must be determined. A simplified flow resistance
network is shown in figure IV-12. The resistance of the collector field
is a combination of the resistance of the collectors plus the resistance
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DEVELOPED HEAD (feet}
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650 —

640 —

630 —

620 —
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600 —
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570

560 —
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cpP-4
WORTHINGTON 1% LLR-10
8.25" IMPELLER, 3550 rpom

CP-2 + CP4
/

CcP-3
WORTHINGTON 1% LLR-10
8” IMPELLER, 3550 rpm

CP-2+ CP-3 +CP-4

CP-2
GOULD MODEL 3333

BOOSTER PUMP D
CB5-18, 3500 rpm

500

1 i | 1 ! [ 1 ! | I |
10 20 30 40 50 60 70 8¢ 90 100 110

FLOW RATE (gpm) BDM/A-82-458-TR-R1

Figure IV-11. Pump Characteristics and System Operational Heads
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Figure IV-12. Flow Resistance Network for the Fresno, California Hospital
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Figure IV-13. Collector Field Layout for Flow Resistance Calculations
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of the supply and return manifolds from the mechanical skid to the field.
This resistance is found by referring to figure IV-13 where points "a"

and "d" are at the mechanical skid.
The pressure drop in psi from point "a" to "b" is given by:

g WL (Eq. IV-3)
4.7 x 10% p*-

AP

1
N
[ e}

ab

And the resistance is:

APab (Eg. IV-4)

R, = —22——
1.8
(Gg)

ab

Where:

It

2 in (5.08 cm)
L., =220 ft + Leq (67.1m + Leq)

ab

The equivalent length of two 90° bends is 10 ft (3.05 m) of 2 in
(5.08 cm) pipe so that Lab = 230 ft (70.10 m). The pressure drop from c
to d is given by equation IV-3 where L =1 _, =6.10m (20 ft). The
pressure drop from b to ¢ is given by:

(Eq. IV-5)

_ 1.8
AP = Rg (Gf)

bc

where Rf is the field resistance obtained using the procedure in
volume II, chapter IV-H. The total series resistance from "a" to "d" is
then:

ad - Bap * B t Ry

o
I
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_ 1.8 _ 1.8 (Eq. IV-6)
APad = Rad (Gf) = Rf (Gf) + APab + APCd

The pressure drop through the heat exchanger can be obtained
using manufacturer's data and developing an empirical relation as shown
in equation IV-7 for a Tranter plate heat exchanger using UX-216 type

plates.
_ -3 1.8 0.2 0.8 (Eg. IV-7)
APhx = 9.47 x 10 (Gf/Nc) 1’ p Np
Where:
c = number of flow channels
Np = number of passes

Similarly, an expression for the cooling tower pressure drop
may be developed. For the specified cooling tower the pressure drop is
0.63 psi (4344 Pa) at the design flow rate of 78.3 gpm
(4.9 x 107 m3/sec). This gives a pressure drop relation:

AP_, - 8.8 x 1076 gl+8 0.2 0.8 (Eq. IV-8)

The distance from the mechanical skid to the cooling tower is

50 ft (15.24 m) so that the pressure drop in the piping from the skid to
cooler is:

. - Ggt-8 0.2 ;0.8 100 £ty (Eg. Iv-9)

PL (4.7 x 10%) (2.5)%-8

The pressure drop from the edge of the mechanical skid at the
return from the cooling towers to the expansion tank inlet is due to 8 ft

Iv-42



THE BDM CORPORATION

(2.44 m) of 2.5-in (6.35 cm) pipe, one "T" with an equivalent length of
13 ft (3.96 m), and one air expander with an equivalent length of 85 ft
(25.9 m). Thus, the pressure drop is:

ap oG8 u2-2 0.8 (100 £y (Eq. IV-10)

P2 (4.7 x 10%) (2.5)*%-8

The pressure drop from the expansion tank outlet to the pump
jnlet is due to 10 ft (3.05 m) of 2.5-in (6.35 cm) pipe, two 909 bends
with an equivalent length of 12 ft (3.66 m), and a 2.5-in (6.35 cm)
strainer with an equivalent length of 35 ft (0.67 m). Thus:

- gl-8 0.2 0.8 oo (Eq. TV-11)

S (4.7 x 10%) (2.5)%-8

The pressure drop from the pump outlet to the mechanical skid
exit to the field is due to three 90° elbows with Leq = 18 ft (5.56 m) of
2.5-in (6.35 cm) pipe, a "T" with Leq = 6 ft (1.8 m), and a reducticn
from 2.5 in (6.35 cm) to 2 in (5.08 cm) with Leq =1 ft (0.305 m) so
that:

- gl-8 0.2 0.8 5., (Eq. 1V-12)

°© (4.7 x 10%) (2.5)4-8

The pressure drops have been left in terms of the flow rate,
viscosity and density so that the syétem head curve can be plotted at the
average operating temperature of 1830F (90.5°C), and the start-up
temperature of 680F (20°C). The gate valve in the parallel leg flowing
28.3 gpm (1.8 m3/sec) is set so that the pressure drop across RBp at

28.3 gpm equals the pressure drop across R and

£ RHX at 50 gpm
(3.2 x 1073 m3/sec). Thus, for any flow rate through the pump, G, the
flow rate through the collector field and heat exchanger will be

(50/78.3)G.
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The total discharge head, or pressure developed at the pump
exit is given by the sum:

hd = APO + APad + APhx + APpl + Apct APP2 + APET

(Eg. IV-13)

where APET is the gage pressure in the expansion tank (5 psig maximum
or 0.136 MPa). The suction head is:

= N (Eq. IV-14)
hS = 5 psiqg APS

So the total system head is:

H = APO + Apad + Aphx + Appl + APCt + APp2 + APS

(Eq. IV-15)

The system head curve is shown in figure IV-14 where a safety factor of
10 percent was applied to the total system head.

When the field is operating at its maximum temperature, the
pressure in the expansion tank is a maximum of 5 psig (0.136 MPa) and the
vapor pressure of the ethylene glycol solution at 1279F (520C) is about

90 mmHg or 1.74 psia (0.012 MPa). The maximum NPSHA is developed under
these conditions and is given by:

I

NPSHA (max) 5 psig + 14.7 psia - 1.74 psia - APs

16.8 psia = 36.9 ft (11.25 m)

where APS = 1.13 psi (7790 Pa).
The minimum NPSHA is developed at start-up when the fluid tem-
perature is 689F (200C), the vapor pressure is 0.29 psia (2000 Pa) and
the expansion tank pressure is -2 psig (0.083 MPa). Then:
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NPSHA (min) = -2 + 14.7 - 0.29 - APS = 11 psia = 25.5 ft
(7.8 m)

where APS = 1.35 psi (9308 Pa).

Under the design conditions {and assuming a 10-percent safety
factor in the system head) the pump flow rate must be 78.3 gpm
(4.9 x 10'3 m3/sec) at an average temperature of 183°F (90.50C) into a
system head of 180 ft (54.8 m). Based on the design of the mechanical
skid, a horizontal in-line, or double-suction pump is required. Using
the pump performance curves provided by the Worthington Pump Co. for a
horizontal split case pump at 3530 rpm, a type 1-1/2 LLR-7 was chosen
with characteristic curves shown in figure IV-15,

PSI
S eeer CAPACITY MYHR METERS METERS
@ L £0 3. 40 5¢ : 1%2LLR-7
Dik-in : H .
i - o Iimpeiler A
7.25" of ‘
400~ =T ; <120 | 3530 RPM
SN TN
cbs" | \r\f ‘ o ‘ 100
300 s
515’ ;k \\é§ 1@‘. ey TR0
T %
200525 ! N S — B
N
| & N ! : P,
J i \<§§><< AN % a0
i « e '
ool . N Cr - iz
o ‘ N, Py | :
a0 - ; S ; -
| [ ‘?o/ EL]
20 | " : } N
psr,/i/‘r/ ‘ 14
[ls] - E— T T T *
a i i 1o
o 40 80 120 0 200 CURVE A-19075
CAPACITY US GFM

Figure IV-15. Characteristic Pump Head Curves for
Worthington Model 1-1/2 LLR-7,
3530 rpm Pump

A pump with a 5.75-in (14.6 cm) 1impeller develops 200 ft
(60.96 m) of head at 80 gpm (5.05 x 1073 m3/sec). Using the affinity
law:

_ 2 (Eq. IV-16)
Hl/H2 = (Dl/DZ)
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° D, = [(5.75)2(%8—8)]1/2 = 5.45 in (13.8 cm)
Since impellers can be purchased in 1/8-in (.32 cm) increments, a 5.5-inch
L inch (13.97 cm} impeller should be obtained for this pump. The brake
horsepower is about 6 hp (4.5 kW) at an efficiency of 45 percent. The
required NPSH is 11 ft (3.35 m), well below the NPSHA. The pump curve
has been superimposed on the system head curve of figure IV-14. At
® start-up, when the fluid is 680F (209C), the flow will be about 72 gpm
(4.5 m3/sec) into a system head of 200 ft (60.96 m).

D.  INSTALLATION PROCEDURES

During the course of the PV-T system design certain procedures and
programs have been identified which are considered to be very important
in the installation and final start-up of the system, but which are not

] part of system operation and maintenance once the system is in operation
under plant cognizance. These procedures and programs apply principally
to the tasks performed by the system supplier.

Presented and discussed in the following paragraphs are procedures

@ applicable to the transportation and delivery of system hardware, onsite
construction and assembly, and system preparaticn and checkout. It is
assumed that arrangements have been made between the Fresno, California
hospital management and the system supplier for advance planning and

® scheduling of the system hardware delivery and onsite coordination of
activities during construction and assembly and system start-up and
checkout. It is envisioned that the hospital management will designate a
PV-T project engineer to interface directly with the system supplier's
® general job superintendent.
1. Transportation and Delivery

a. General
The PV-T system hardware will be transported to the
® installation site from four principal points. The solar collector
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materials and PV cell subassemblies will be shipped directly from the
E-Systems factory in Dallas, Texas to the hospital site. The storage
tanks and cooling tower assemblies will be shipped from their respective
manufacturers to the site. The remainder of the system hardware, with
minor exceptions will be shipped from the supplier's home base to the
site which is in consonance with the PV-T design concept which emphasizes
the offsite (shop) fabrication, preassembly, and test of system
components and subassemblies to the greatest extent possibie.
b. Packaging and Shipning

(1) Collector Materials

The E-Systems coliector materials will be shipped from the
factory in Dallas, Texas to the user site by commercial trucks.
The 90 arrays will be packaged and shipped in racks of three,
each weighing approximately 1360 kg (3000 pounds). The
receiver tubes with PV cells attached will be preassembled in
the collectors. Most equipment such as the post assemblies and
assembly axle blocks, will be shipped on pallets weighing no
more than 363 kg (800 pounds). It is estimated that approxi-
mately 15 truckloads (six arrays per truck) will be reguired to
ship the collector materials.
(2) Skid Subassemblies
A1l final assembly, testing and cleaning will be performed

before the mechanical skid is prepared for shipment. The skid
has beeﬁ sized and the -equipment arranged to facilitate
handling and road transportation. The shipping weight will be
approximately 2268 kg (5000 pounds) with the expansion tank,
heat exchanger, pump and piping well distributed to facilitate
balance on the 12 ft by 27 ft (3.66 by 8.23 m) steel I-beam
base. The steel base incorporates six lifting lugs for crane
hand1ing with a spreader bar. Prior to shipment, the flanged
ends of the ethylene glycol (EG) circulation loop and the
domestic water (DW) circulation loop piping will be braced to
prevent movement during handling and transporation.
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(3)

(1)

(2)

2.

The packaged cooling tower incorporates Tifting lugs and will
be handled by crane in the same manner as the mechanical equip-
ment skid.

Storage Tanks

The three 6000-gallon (22.7 m3) storage tanks are factory
fabricated with standard connections and manhotles. The unused
connections must be hlocked off in the field. Upon arrival
each tank should be 1inspected for damage, and the interior

inspected to ensure the glass 1lining is undamaged. The
shipping weight of each tank is about 7400 pounds (3356 kg).
¢. Materials Delivery

Collector Materials
The collector materials will be delivered to the hospital at

such time as the required PV-T site preparation is complete
(grading, foundations, service roads and drives, etc.) and the
system supplier is mobilized onsite and ready to proceed with
hardware assembly. The array racks, post assemblies and
assembly axle blocks will be unloaded with requisite 1ifting
equipment and placed so as to minimize handiing distances
during installation,

Other Materials

The shop fabricated components and subassemblies and other

materials will be delivered at a time roughly coinciding with
completion of the erection and assembly of the collector
arrays. The skid subassemblies will be unloaded from the
trucks onto the prepared foundation pads and properly
positioned for hookup.

Onsite Organization and Management

A job superintendent and assistant who are full time employees

of the PVT supplier and are intimately famiiiar with the system will be

responsible for overall onsite direction and supervision during installa-

tion and checkout.
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It is assumed that the bulk of the labor and skills required
for the system installation can be procured in the general locale of the
hospital. Key mechanical and electrical tasks will be accompiished by
system supplier mechanical and electrical subcontractors.

3. Construction and Assembly

The onsite construction and assembly for the installation of
the PV-T system can be broken down into a number of general tasks. The
procedures involved in carrying out these tasks are discussed in the
following paragraphs. These procedures assume that the hospital site
has been prepared in accordance with the drawings and specifications.

a. Installation of the Collector field

The installation of the collector arrays, the storage
tanks, the ethylene glycol/water loop piping and domestic water piping
are major tasks that require leadwork by the system supplier.

(1) Collector Array Installation

Each collector array is composed of four collector modules that
are factory-assembled complete with receiver tubes and PV cells
mounted. Each row in turn consists of nine collector arrays
supported on seven idler post assemblies, cne main drive post
and two intermediate drive post assemblies. The initial step
in the assembly of the row is the placement and alignment of
the idler and drive posts. After the posts have been aligned
and the mounting bolts tightened the post assembly axle blocks
are installed and the collector arrays mounted. The inter-
connect horizontal drive shaft is then installed on each post.

The next step is to level all array units by rotating the
upper speed reducer input shaft and 1install the frame splices.
The end pully assemblies on each end array unit are now
installed and the vertical drive shafts pinned to the respec-
tive Tower gear box.

After securing the modules on the center array unit to
prevent rotation, align all the modules in the array unit to
the center array unit using the alignment tool provided. The
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L collector drive bar splice is now installed between the aligned
array units.
The final step in the assembly of the coilector array row
is the installation of the tilt sensor and connection of the
4 cabling from the sensor to Tocal box on the main drive and the
interconnection of the DC power cables in series hetween arrays
in the electrical row.
(2) Installation of Array Loop Pipe Sections
® After the collector array rows have been assembled, the shop

fabricated 1-in (2.54 cm) diameter pipe sections with in-line
components are installed to connect nine arrays in a delta-T
string. The strings are supplied return coolant from the
i 1-1/2 in (3.81 cm) supply manifold and hot fluid is collected
in the 1-1/2-in (3.81 cm) return manifold. Installed in each
string are an inlet and outlet section at the manifold end of
the string. Shop fabricated supports are installed on prepared
g foundations to support the manifolds.
b. Installation of EG Circulation Loop Field Pipe Sections
This work consists of the assembly and hockup of the

following field piping:

® (1) Two-inch (5.08 cm) diameter pipe from the mechanical skid to
the collector field.

(2) Two-inch (6.35 cm) diameter pipe from the mechanical skid to
the cooling towers.

g (3) Two-inch (5.08 cm) diameter pipe from the collector field to
the mechanical skid.

Various sections of the EG field piping are shop fabri-

cated to facilitate the site work. Shop fabricated pipe supports and

g anchors are installed on prepared foundations at points required. The
assembly of this piping requires a combination of welded and bolted
flanged connections. A1l EG circulation Jloop field fabricated piping

o will be thoroughly cleaned as work progresses to minimize harmful contam-

ination of the field.
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c. Insta11ation‘of DW Circulation Loop Pipe Sections
This work consists of the assembly and hookup of the
following piping:
(1) One-inch (2.54 cm) and 2-in (5.08 cm) diameter pipe from the
feed water pump to the mechanical skid.
(2) Two-inch (5.08 cm) diameter pipe from the mechanical skid to
the 18,000-gallon (68 m3) storage tank.
(3) Two-inch (5.08 cm) diameter pipe from the storage tank to the
boiler.
(4) Two-inch {5.08 cm) diameter pipe in the temperature control
bypass loop.

As with the EG circulation Tloop various sections are

prefabricated and the same cleaning and assembly precautions apply.
' d. Installation of the Storage Tanks

Proper installation of storage tanks is essential. The
foundations under the tanks must be strong enough to support the weight
of the tank and the water the tank will hold. Water weighs about
8.3 pounds per gallon (994.6 kg/m3), so the water in each 6,000-gallon
(22.7 m3) tank will weigh 49,800 pounds (22600 kg). The concrete slab
should be adegquate to support the tanks. If the foundation is inadequate
to hold the weight, the tanks may settle and cause leaks in the connected
piping.or in the tank itself.

When the tanks have been properiy installed on the
concrete slab and the piping connected, unused ports closed off, and
pressure relief valves and vacuum breakers installed, the enclosure
should be constructed. The enclosure is a pre-fabricated metal shed with
vents near the roof 1ine, and with 3 in (7.62 cm) of fiberglass insula-
tion on the walls, roof, and floor.

e, Installation of Electrical/Control Distribution

This work consists of the installation and hookup of the
underground direct burial cabling, the above ground rigid conduit, trans-
formers, inverters, and switchgear for electrical power supply and array
power takeoff. The following field connections are required:
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* (1) Two-wire DC direct burial cable from each of the 10 electrical
rows to the two subfield maintenance and safety (M&S) enclo-
sures. There are five electrical loops to each subfield M&S
P enclosure.
(2) Two-wire DC direct burial cable from each of the two subfield
M&S enclosures to the two safety switches in the Electrical
Control Building.
® (3) Busses from safety switches to the inverter.
(4) Busses from inverter to AC switchgear and transformer.
(5) Installation of AC distribution panels and utility cutlets.
(6) Two-wire AC direct burial cable from distribution panel to
® drive and intermediate drive posts.
(7) Uninterruptable power supply (UPS) to the hazard panel and
master tracking controller.
(8) Interruptable power supply (IPS) to the AC panelboard.
® The electrical/control distribution work will be started
as soon as the collectors, transformers, inverters, electrical control
building and other materials are onsite and instailation has proceeded to
a point permitting phased electrical connections.
® After electrical/control distribution system has bheen
installed and the system energized, a thorough operational test will be
made to insure the operational integrity and safety of the systenm.
L
®
o .
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THE BDM CORPORATION

CHAPTER V
TRADE-OFF STUDIES

A.  INTRODUCTION

Design trade-offs have been performed for the three detailed designs
discussed in the previous chapters. These trade-off analyses were per-
formed using SOLCEL-III to determine the effect of changing various
parameters on the LCCR. These parameters included the location, load
characteristics, component size, and PV/T performance and cost. The base
case is the design discussed earlier. All trade-off studies involve var-
jations from this base design.

The purpose of these trade-off studies is to provide guidance with
respect to the sensitivity of the design to various parameter changes.
The effect of thermal storage versus no storage was discussed in the
previous chapters. We found that applications with year-round nightime
loads have improved LCCRs (i.e., 1improved economic feasibility) with
storage, such as the meat-packing plant and the hospital. However,
thermal storage 1is not appropriate for those applications with inter-
mittent night loads, such as the Albuquerque school. Trade-off studies
of row length and flow rate have also been performed and were discussed
previously.

These trade-off studies were performed in order to develop the base-
line designs.  Subseguent studies which involve deviations from these
baseline designs are discussed in the following sections.

B. DIXON, CALIFORNIA MEAT-PACKING PLANT

The LCCR versus array size for the base design is shown in
figure V-1. The baseline design parameters are identified in table V-1,
with the economic parameters indicated in tables [II-19 through III-21 of
volume I. Line focus Fresnel collectors are used for all designs and
trade-off studies.

V-1
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THE BDM CORPORATION

TABLE V-1. BASE CASE DESIGN PARAMETERS, FOR THE
DIXON, CALIFORNIA MEAT-PACKING PLANT

Array Size: 720 Arrays (8064 m2)
Arrays Per Row: 10

Array Cost: $275/m2 Installed
Cell Efficiency at NOCT: 18%
Heat Exchanger NTU: 5.6
Storage: 47,500 gal (178.8 m
Sell-Back Ratic: 75%

Thermal Load Profile: Figure II-1

Electric Load Profile: Figure III-17, Volume I
Annual £/Q Ratio: 0.212

%)

Figure V-1 shows the effect of decreasing the size of the heat
exchanger, or decreasing the NTU of the heat exchanger from 5.6 to 2.5.
The effect an the LCCR is negligible and there is no observable effect on
the size of the field. As expected, figure V-2 shows that increasing the
sell-back ratioc improves the economics of the PV/T system, but the size
of the field remains unchanged.

Figure V-3 shows the results of the collector cost study and the
break-even cost of the collectors. For very small field sizes the LCCR
is greater than unity indicating that insufficient energy is displaced to
offset the cost of the system. As the field size increases, more energy
is displaced and the system becomes economical as the LCCR becomes Tless
than 1. As the field size increases further, its costs outweigh the
enerqy which it can displace and the LCCR becomes greater than 1. For
the Dixon plant the break-even cost for an installed array is about
$585/m2 at a field size of about 15 rows (or about 1680 m2).

At this break-even cost, the cell efficiency was increased from 18
to 25 percent with the results shown in figure V-4. This improvement in
efficiency shows only a slight improvement in LCCR with a slight increase
in field size from 15 rows at break-even to about 20 rows.

V-3
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Figure V-4, Cell Efficiency Study at a Collector Cost of
$585/m? for the Dixon Meatpacking Plant

Figure V-5 shows the effect of changing the phase of the Tload pro-
file. In this case the load was shifted from a 6 a.m. start to a noon
start. This decreased the LCCR and the field size to 65 rows. By
shifting the load such that a larger fraction of the energy reguirements
occurred at night, the energy produced bj the additional 7 rows (the
difference between 72 rows of the base case and 65 rows) could not be
used efficiently in order to offset their cost. Since the field is
smaller, more backup energy is required, thereby increasing the LCCR,

The next study was to vary the Tload magnitude. As shown in
figure V-6, the thermal load was maintained constant while the electrical
load was varied from 0.5 to 2 E (where E is the base case electrical
Toad). The size of the field was independent of the electrical load;
however, the LCCR increased as the electrical load increased relative to
the thermal 1load. Increasing both the electrical and thermal 7lcad
increased the LCCR, and significantly increased the optimum field size
from 72 to 125 rows. If the size of thermal storage were increased com-
mensurate with the thermal load, the LCCR should decrease accordingly.
[t should be kept in mind that thermal storage is maintained constant at
the base case size throughout these studies.

The next study involved moving the baseline design from Dixon,
California to two other sites shown in figure V-7. As indicated, the

V-6



THE BDM CORPORATION

®
NUMBER OF ROWS*
) 10 20 30 40 60 80 100 120 140
1.00 {
. »
0.95 =
®
.90 —
@
0.85
o
@]
Q
|
® 6 hr PHASE
SHIFT
0.80 -
®
0.76 -
®
0.70 -
d 2
065  112m%/row BDM/A-82-458 TR-R1
® Figure V-5. Load Phase Shift Study for the Dixon Meatpacking Plant

V-7



g-A

LCCR

1.000

0.95 A

0.90 ~

0.85+

0.80 —

0.756

0.70 -

NUMBER OF ROWS*

8l0 1(1)0 120 1 10 1 ?0

—
o
N
o
S
o
@
+2
—_—

——

2E/2Q

*112 m2/row

BDM/A-82-458-TR-R1

Figure V-6. Study of Ratio of Electrical to Thermal Annual Load Reguirements
for the Dixon Meatpacking Plant

NOILYEOd4H800 NQg 3HL



THE BOM CORPORATION

OMAHA, NB NUMBER OF ROWS

{)
-\
B

10__ 20

1.000

0.95

0.90 —

0.85 —

LCCR

0.80

BASE CASE
DIXON, CA

/

0.75-

0704 112 mZ/row
BDM/A-B2-458-TR-R1

Figure V-7, Site Study for the Dixon Meat-Packing Plant

V-9



THE BDM CORPORATION

site has a very significant effect on the size of the field and the eco-
nomic feasibility of PV/T for the given application.

C. ALBUQUERQUE, NEW MEXICO SCHOOL

The baseline design parameters are identified in table V-2, with the
economic parameters indicated in tables III-19 through [III-21 of
volume I. Line focus Fresnel collectors are used for all designs and
trade-off studies.

TABLE V-2, BASE CASE DESIGN PARAMETERS FOR THE
ALBUQUERQUE, NEW MEXICO SCHOOL

Array Size: 72 Arrays (806.4 m2)

Arrays Per Row: 9

Array Cost: $275/m2

Cell Efficiency at NOCT: 18%

Heat Exchanger NTU: 2.5

Storage: None

Sell-Back Ratio: 75%

Load Profiles: Figures III-8 and III-9, Volume I
Annual E/Q Ratio: 0.459

Figure V-8 shows the effect of changing the size of the heat
exchanger. The initial sizing analysis assumed an NTU of 2.5 which gave
an optimum field size of either eight or nine rows. The design NTU is
5.6 which gives an improved LCCR and increased field size of nine or
10 rows. Since the design was already under way with a field size of
eight rows, the field size was not changed. Although the heat exchanger
size was increased in the final design, the NTU was kept at 2.5 for these
trade-off studies. Increasing the sell-back ratio from 0.75 to 1
decreases the LCCR and indicates an increase in the number of rows from
eight to nine, as shown in figure V-9,



Rl

NUMBER OF ROWS™

o 1 2 a 6 8 10 12 14
1.c00 4+——-+p—rortpb—p———p—rt+——————4
0.990 4

X 09804

Q

-l
0.970
0.960 *100.8 mZ/row

BDM/A-82-458-TR-R1

Figure V-8. Heat Exchanger Sizing Study for the Albuquergue School
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The results of the collector cost study are shown in figure V-10.
The break-even cost is $365/m2 at a field size of four rows (403.2 m2).
Increasing the cell efficiency to 25 percent at a collector cost of
$365/m2 (figure V-11) showed an improved LCCR and an optimum field size
of eight rows, a field increase of a factor of 2 over the break-even
size,

Because the load profile of a commercial building, such as a school,
depends on the environmental conditions at the site, it did not make
sense to move the Albuguerque school profile to other sites; rather,
profiles were developed for other sites, including Boston, Massachusetts.
The results of the analysis for the Boston school are shown in volume I.
Also, since commercial lcad profiles are strictly a function of the
application and site, they could not be arbitrarily shifted in phase as
is possible with industrial loads.

However, the magnitude of the Toad may be increased to simulate a
larger school, or simulating an absorption chiller versus a vapor
compression air conditioning system. The results of these studies are
shown in figure V-12. As with the meat-packing plant, increasing the
electrical load with respect to the thermal load increased the LCCR, and
increasing both the thermal and electrical load increased the LCCR and
increased the optimum field size. Again, it appears that the field size
is influenced mainly by the thermal load.

D.  FRESNO, CALIFORNIA HOSPITAL

The baseline design parameters for the Fresno, California hospital
are identified in table V-3, with the economic parameters indicated in
tables III-19 through III-21 of volume I. Line focus Fresnel collectors
are used for all designs and trade-off studies.

V-13
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TABLE V-3. BASE CASE DESIGN PARAMETERS FOR THE
FRESNO, CALIFORNIA HOSPITAL

Arvay Size: 90 Arrays (1008 m?)

Arrays Per Row: 9

Array Cost: $275/m2

Cell Efficiency at NOCT: 18%

Heat Exchanger NTU: 5.6

Storage: 68 m3

Sell-Back Ratio: 75%

Load Profiles: Figures III-4 and II[-5, Volume I
Annual E/Q Ratio: 0.821

Figure V-13 shows that increasing the heat exchanger size does not
affect the size of the field, and has a small effect on the LCCR. For
this site/application pair, increasing the sell-back ratio from 0.75 to 1
had no effect. The results of the break-even cost study are shown in
figure V-14 with a break-even cost of $385/m?2 at a field size of four
rows (403.2 m2). Increasing the cell efficiency to 25 percent increases
the optimum field size to about nine rows, as shown in figure V-15.

Changing the relative magnitudes of the electrical and thermal loads
from 0.5 to 2 E/Q indicates a small increase in field size from 10 to 12
arrays per row as shown in figure V-16. Like the school, the hospital
load is site dependent. The results of the study of a Seattle,
Washington hospital are presented in volume I.
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Figure V-13. Heat Exchanger Sizing Study for the Fresno Hospital
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THE BDM CORPORATION

CHAPTER VI
CONCLUSIONS

A. DESIGN STUDIES

During the development of the designs for the three site application
pairs, several aspects of designing a PV/T system were identified which
are of importance to design engineers. These observations are summarized
in the following paragraphs.

1. Electrical Design

For series connected strings of PV cells which are also in
series thermally, the power loss is linear with the temperature differ-
ence between the inlet or outlet of the delta-T string. This loss is
approximately 10 percent with & delta-T of 50°C. Therefore, long thermal
strings are not desirable.

Although a power loss occurs with series connected cells when
there is a temperature difference between one end and the other, the
power loss 1is even greater if cells at different temperatures are
connected in parallel. Therefore, paralleling of strings of PV cells
should be done at the Jlowest Tlevel possible; that is, the temperature
differential between paralleled elements should be minimized.

Series strings may be represented by an average temperature to
determine the power output, and series strings with the same average tem-
perature may be connected in parallel with no power T1loss due to
paralleling.

If a thermal length, or delta-T string, encompasses more than
one collector, these collector strings should be connected in series, if
possible.

2., Mechanical Design

In general, thermal storage provides economic benefits by
Towering the LCCR. However, applications which have 1ittle or no thermal
load at night cannot benefit from storage, and the cost of thermal
storage cannot be offset.

VI-1



THE BDM CORPORATION

If the load return temperature 1is a function of the thermal
toad, then thermal storage should be instalied in parallel with the load.
The flow through storage should be equal to the average load flow rate
for minimum LCCR. If the load return temperature is constant and inde-
pendent of the thermal load, then thermal storage should be placed in
series with the locad. In this case, the flow through the lcad side of
the heat exchanger and into storage should be slightly greater than the
average reguired load flow rate so that storage may be filled during the
day.

If space is available, in-ground thermal storage should be
seriously considered. It was shown that an in-ground task using foam-
glass insulators and impermeable liners was significantly less expensive
than a steel tank.

Plate and frame heat exchangers should be used rather than
shell-and-tube exchangers. The cost of plate heat exchangers is insig-
nificant compared to total system cost, they provide excellent heat
transfer with minimum fouling and minimum maintenance cost, and they
allow separation of potable and non-potable streams.

Analyses of the three applications indicate that the flow rate
per collector row should be about 5 gpm (3.2 x 10_4 m3/sec), the row
length should be about 10 LFF arrays per row, and the heat exchanger NTU
should be high - about 5 or 6.

8.  TRADE-OFF-STUDIES

The observation that the array size remains constant for a fixed
thermal load, regardless of the electrical load, indicates that the eco-
nomically optimum field size is driven by the thermal characteristics of
the system; that is, the thermal load, the thermal output of the array,
and the cost of thermal energy, This is further confirmed by an increase
in optimum field size for an increased thermal 1load and a constant
electrical load.
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This result confirms the conclusions of Volume I that a PV-T system
should not be designed around the electrical requirements of the applica-
tion. Increasing the size of the array in order to displace a larger
electrical load will not improve the economics of the system since the
additional cost cannot be recovered unless a larger thermal load is
available to be displaced.

If the electrical lead is increased, the LCCR increases. This is
because more backup electricity is required to meet the electrical lcad
for the same size array. If the field size were increased without
increasing the thermal load, excess thermal energy would be praduced
which would involve a larger cocling tower and higher parasitics.
Another consideration is that, although the value of displaced electrical
energy is about 3.5 times the value of displaced thermal energy (i.e.,
natural gas), the thermal efficiency of LFF collectors is about 3.5 times
the maximum electrical efficiency at NOCT. That is, the thermal effi-
ciency is almost constant at between 50 percent to 52 percent, regardless
of weather conditions, whereas electrical efficiency decreases from a
maximum of 15 to 16 percent to a minimum of 10 to 11 percent as the fluid
temperature increases from 0°c to 100°C. Thus, the array provides
greater economical benefits as a thermal collector than as an electrical
generator.

As the electrical load decreases, more of the electrical load is
displaced for a fixed array size and thermal Tload so that less backup
electrical power 1is required. Therefore, the LCCR decreases with
decreasing electrical locad and any excess electricity can be scld back to
the utility.

The conclusion to be drawn from this analysis is that the major
economic benefits occur from displacing thermal energy with the PV/T
system, It appears that once the major capital cost has been expended
for a system whose size is defined by the thermal load, the additional
cost of the PV portion of the array may be offset by displacing a portion
of the electrical load or selling back electrical power to the utility.
However, whether a PV/T system or a thermal-only system provides the
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largest return on investment, or the lowest LCCR, must be determined on a

case-by-case basis.
In addition to the above observations, the following conclusions may

be drawn from the trade-off study:

(1)

(2)

(3)

The major factors affecting economic feasibility are collector
costs and site characteristics, including insolation and cost
of energy.

Minor factors affecting feasibility and array size include the
phasing of the load with daylight hours, cell efficiency,
sellback ratio, and heat exchanger size. It appears from these
analyses that efforts to decrease module costs, while main-
taining module efficiencies at about 15 percent, will have a
greater payoff than trying to increase efficiencies.

Increasing the sellback ratio had no effect on the LCCR for the
Fresno hospital application because the thermal 1load, and
therefore, the field size, 1is small. Littie or no excess
electrical power is available for sellback -- it is all used by
the load. On the other hand, although the school PV/T system
is also small, it does not have a summer load, so that a
significant amount of electrical power may be sold back
annually.
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