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ABSTRACT 

This report describes the conceptual design of a demonstration project in 
which solar energy is used to detoxify contaminated water. Parabolic trough 
collectors are used to concentrate direct ultraviolet insolation on a glass 
receiver tube containing a fixed catalyst. The study assesses the cost and 
schedule of the demonstration program and includes a plan for obtaining the 
necessary permits. The results of this study should be useful in determining the 
economic potential of future commercial facilities treating groundwater to 
bring it to the standards of drinking water. The site selected for the study is in 
Colorado where on a clear day at noon, the facility treats groundwater at a 
flow rate of 0.0063 m3/sec (100 gpm). A complete design of the facility was 
developed, including the pre- and post-treatment necessary to maintain the 
required water chemistry. 
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Section 1
EXECUTIVE SUMMARY

The Solar Energy Research Institute (SERI) and Sandia National Laboratories have
demonstrated the decomposition of toxic organic compounds in water using sunlight. The
contaminated water is mixed with oxygen or hydrogen peroxide, and then combined with
a powdered titanium dioxide catalyst to form a slurry. Ultraviolet photons at the catalyst
surface create electron-hole pairs. The oxygen or hydrogen peroxide molecules act as
receptors for the holes, allowing water to react with the electrons and form hydroxyl
radicals. The highly reactive radicals react with the toxic organic compounds, producing a
non-toxic mixture of water, carbon dioxide, and dilute hydrochloric acid.

Small scale field tests at SERI and Sandia, using parabolic trough solar collectors, are
examining annual system performance. Experimental and field tests are also underway to
develop a fixed catalyst support that avoids the complexities of slurry preparation and
catalyst retrieval.

Sandia has initiated this study for the conceptual design and permitting plan of a
demonstration solar detoxification project. The objectives of the study are to assess the
following:

. The cost and schedule of a demonstration program for DOE planning purposes

● The economic potential of future commercial facilities treating groundwater to drinking
water standards.

The site selected for the study is the Rocky Flats Plant in Colorado, and parabolic trough
collectors are used to concentrate direct ultraviolet insolation on a glass receiver tube with
a fixed catalyst. On a clear day at noon, the facility treats a groundwater flow rate of
0.0063 m3/sec (100 gpm). A simplified flow diagram is shown in Figure 1-1,

A pretreatment system modifies the groundwater chemistry in three areas to ensure
complete decomposition of the toxic compounds. The first two requirements, as specified
by SERI, include adjustment of the pH to a nominal value of 6 and addition of hydrogen
peroxide (HZOJ and oxygen (Oz). The third requirement is the partial decomposition of
calcium bicarbonate (Ca(HCOJ2) to prevent scale formation on the catalyst and reduce
scavenging of hydroxyl radicals in the receiver.

As defined in the statement of work 5 x 1022ultraviolet photons per second must be
delivered to the outside of the receiver tubes to treat the design flow rate of 0.0063 m3/sec
(100 gpm). This is accomplished with 1,145 m2 (12,320 ftz) of parabolic trough solar
collectors using an aluminum reflector to provide a high reflectivity in the ultraviolet
portion of the spectrum.
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A posttreatment system modifies the treated water chemistry to meet Federal and
Colorado regulatory requirements for drinking water. The modifications include:

● Reduction in the total dissolved solid concentrations to 400 ppm

● Increase in the pH to a nominal value of 6 to 9.

Assuming the facility operates for7 days per week and 52 weeks per year, the annual
volume of water treated by the facility is estimated to be 8,500,000 gallons.

To construct the facility, the following principal permits must be obtained:

● National Pollutant Discharge Elimination System (NPDES) (Federal)

● Resource Conservation and Recovery Act/Land Ban (RCRA) (Colorado)

● Hazardous Waste Transportation, Storage, and Disposal Site and Facility (TSD)
(Colorado)

● Well Drilling and Building Permits (Colorado).

The permit requiring the most effort will likely be the NPDES permit for discharge of
treated water into “a water of the state”. A typical schedule for obtaining the necessary
permits is approximately 9 months.

An economic summary of the facility is presented in Table 1-1. The basis for the
estimates includes:

● Constant year (first quarter 1991) dollar analysis; escalation to future years is excluded

● Installed collector and receiver tube-with-catalyst costs of $215/m2 and $8.15/m ($20/ft2
and $26.70/ft), respectively

. An operator is at the facility each morning to monitor the startup of the mechanical
equipment. Once startup is complete and the facility is operating normally, the
operator leaves and the facility operates for the balance of the day unattended

● Private facility ownership, with a plant life of 20 years. 25 percent of the project is
financed by equity, with a (real) return of 15.0 percent, and 75 percent is financed by
debt, with a (real) interest rate of 4.6 percent. No Federal or state investment tax
credit is assumed to be available.

The levelized cost of treated water is approximately $40 per 1000 gallons. Of this total,
$25 is for capital recovery and $15 is for annual operating expenses. This cost is several
times that from present water treatment facilities using air stripping or ultraviolet lamps,
and is projected to be considerably more expensive than future ultraviolet lamp facilities
that may require new posttreatment systems.
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Table 1-1
SOLAR DETOXIFICATION FACILITY ECONOMIC SUMMARY

INSTALLED COST SUMMARY

Syskm Cost
.——__———__—

$0
$129,000
$124,000
$291,000
$58,000
$263,000
$84,000
$59,000

Project
Contingency

——__——__——_

o%
25%
25%
15%
15%
25%
25%
25%

Total
————-———__—

$0
$161,000
$155,000
$335,000
$67,000
$329,000
$105,OOO
$74,000

0.0
1.0
2.0
3.0
4.0
5.0
6.0
7.0

8.0
9.0

10.0

11.0

LAND
BUILDINGSAND SITE IMPROVEMENTS
PRETREATMENT SYSTEM
COLLECTOR SYSTEM
RECEIVER TUBES AND CATALYST
POSTTREATMENT SYSTEM
AUXILIARYSYSTEMS
CONTROL SYSTEM

TOTAL FIELD COST
CONSTRUCTIONMANAGEMENT (5%)

Subtotal
ENGINEERINGAND PROJECT MANAGEMENT (15%)

————————-——

$1,226,000
$61,000

————————__—
$1,287,000
$193,000

———__———___
$1,480,000
$169,000

————————__—
$1,649,000

Subtotal
OWNER’SENGINEERINGAND PERMITS

12.0 TOTAL FACILITY COST (First Quarter 1991Dollars)

ESCALATIONAND ALLOWANCEFOR FUNDS DURINGCONSTRUCTION

AnnualDistribution of Expenditures
First Second

Year (20%] Year (80%]

$330,000 $1,319,000
$0 $0

$24,000 $0
———--—-——-— ———________

$354,000 $1,319,000

TOTAL FACILITY COST (First Quarter 1991Dollars)
ESCALATION (O%;First Quarter 1991Dollars)
ALLOWANCEFOR FUNDS DURINGCONSTRUCTION
(7,2%Discount Rate; First Quarter 1991Dollars)

12.0 TOTAL FACILITY COST (First Quarter 1991 Dollars)

13.0 ESCALATION (First Quarter 1991 Dollars)

14.0 ALLOWANCE FOR FUNDS DURING CONSTRUCTION (First Quarter 1991 Dollars)

15.0 PREPRODUCTION COSTS (2% Total Facility Cost plus 1 month operating cost)

16.0 SPARE PARTS (0.5 % of Total Facility Cost)

$1,649,000
$0

$24,000
$42,000
$8,000

——_————___—
$1,723,00017.0 TOTAL INSTALLED COST (First Quarter 1991Dollars)
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Table 1-1 (Continued)
SOLAR DETOXIFICATION FACILITY ECONOMIC SUMMARY

AVERAGEANNUALPERFORMANCE

OUTPUT, 1000 Gallons

CAPACITY FACTOR (Note 1)

LEVELIZED 1991CONSTANT YEAR DOLLARTREATED WATER COST

1) ANNUAL CAPITAL EXPENSE

LEVELIZED CAPITAL CARRYING CHARGE

BASED ON PRIVATE OWNERSHIP, 20 YEAR PLANT LIFE, 15 YEAR

DEPRECIATION SCHEDULE, AND O PERCENT INVESTMENT TAX CREDIT

LEVELIZED ANNUALCAPITAL EXPENSE
LEVELIZED CAPITAL CARRYINGCHARGE X TOTAL INSTALLED COST

2) ANNUALOPERATINGEXPENSE

LEVELIZING FACTOR

BASED ON CONSTANT DOLLAR ANALYSIS WITHOUT ESCALATION

LEVELIZED ANNUAL OPERATING EXPENSE

LEVELIZING FACTOR X ANNUAL OPERATING EXPENSE

3) TOTAL ANNUAL EXPENSES

INSTALLED COST CONTRIBUTION

OPERATING COST CONTRIBUTION

TOTAL

4) TREATED WATER UNIT COST, $/1000 Gallons

INSTALLED COST CONTRIBUTION
OPERATINGCOST CONTRIBUTION

TOTAL, $/1000 Gallons

8,500
0.162

0.127

$219,000

1.000

$124,000

$219,000

$124,000
——.———__——

$343,000

$25.80
$14.60

_——_____

$40.40

~
1) 100percent capacity factor= (100gal/min)(60min/hr)(8,760 hrs/yr)
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Much of the treated water cost is due to regulations that require the total dissolved solids
concentration in the discharge water to meet drinking water standards. It can be concluded
that a standalone solar facility to produce drinking quality water will not be economic in
the near future, and this application should not be a near term target for solar
detoxification. To improve the economics of the early solar facilities, sites or applications
should be selected such that the treated water quality requirements can be held to a
minimum. Potential examples include discharge to a publicly owned water treatment work
or connection to an industrial facility that recycles process water. If an application can be
found that does not require a posttreatment system, the cost of treated water can be
decreased by approximately one third.

Other changes which will reduce the cost of treated water include:

● Selection of a collector field that is up to 50 percent larger than that required to meet
the design point flow rate. Although this will increase the capital cost by approximately
15 percent, the capacity factor of the pretreatment and posttreatment equipment will
increase by approximately 35 percent, and the overall facility economics will improve
by approximately 15 percent

● Reinstitution of Federal or state solar investment tax credits, which will decrease the
levelized capital carrying charge

. Research in catalysts which use a larger portion of the ultraviolet spectrum and the
development of low cost collectors. Both activities are underway as part of the DOE
Solar Thermal Industrial Program.
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Section 2
INTRODUCTION AND BACKGROUND

The Solar Energy Research Institute (SERI) and Sandia National Laboratories have
demonstrated the decomposition of toxic organic compounds in water using sunlight. The
contaminated water is mixed with oxygen or hydrogen peroxide, and then combined with
a powdered titanium dioxide catalyst to form a slurry. Ultraviolet photons at the catalyst
surface create electron-hole pairs. The oxygen or hydrogen peroxide molecules act as
receptors for the holes, allowing water to react with the electrons and form hydroxyl
radicals. The highly reactive radicals react with the toxic organic compounds, producing a
non-toxic mixture of water, carbon dioxide, and dilute hydrochloric acid.

2.1 LABORATORY EXPERIMENTS

Laboratory experiments at SERI have examined the decomposition of trichloroethylene
(TCE), trinitrotoluene (TNT), and textile dye (Direct Red No. 79, [C,,H,,N,01,S,]4Na).
Using a xenon lamp with filters to simulate concentrated ultraviolet radiation, and
stoichiometric concentrations of dissolved oxygen, destruction of TCE was demonstrated
from initial concentrations of 60 ppm to less than 50 ppb (Ref. 2-l). Additional results
from the initial experiments, conducted through late 1989, include:

● TCE destruction rates vary with initial concentration; the highest pseudo first order rate
constants were found with the lowest concentrations

● Destruction rates were found to vary linearly with ultraviolet flux

. Catalysts fixed on glass beads were found to be as effective as suspended catalysts.

2.2 FIELD TESTS

A small scale outdoor testing program is in progress at SERI to examine the following:

● Decomposition rates with solar radiation

o Effectiveness of receiver geometries and catalyst supports

● Recovery of catalyst from slurries

● Ultraviolet radiation data bases,

The facility uses a parabolic trough collector to reflect and concentrate sunlight, by a
factor of 5, onto a glass receiver. Results to date with initial TCE concentrations of 30 ppm
show reductions of a factor of 10 within 12 minutes using a batch process and a titanium
dioxide slurry concentration of 0.1 percent.
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An engineering scale test program is in progress at the Sandia National Laboratories Solar
Thermal Test Facility in Albuquerque. The facility is conducting tests using parabolic
trough collectors at a scale comparable to that for commercial systems to support
performance assessments. Items under study include reflective film performance and toxic
destruction rates as functions of titanium dioxide slurry concentration, hydrogen peroxide
concentration, hour of the day, day of the year, and ultraviolet flux at the receiver. Initial
results, through the spring of 1990, show the following (Ref. 2-2):

● Processing rates range from 10,000 gallons/( day-lOOOmz reflector area) in January to
35,000 gallons/( day-lOOOm’ reflector area) in July

● Destruction rates per ultraviolet photon is not linear with increasing flux. For example,
if the flux is doubled, the reaction rate is less than doubled. This is a somewhat
different finding than had been seen in earlier laboratory experiments.

2.3 CURRENT PROJECTS

The Department of Energy (DOE) has initiated a program to design, install, and operate
a solar detoxification facility at Lawrence Livermore National Laboratories in California.
The facility, using parabolic trough collectors, will operate upstream of an existing
ultraviolet-peroxidation facility. Laboratory test of groundwater sample show TCE
concentration reductions from 400 ppb to 10 ppb within 10 minutes using a 0.1 percent by
weight titanium dioxide slurry catalyst.

DOE, through Sandia National Laboratories, has also initiated this study with Bechtel
Corporation for the conceptual design and permitting plan of a demonstration solar
detoxification project. The objectives of the study are to assess the following:

● The cost and schedule of a demonstration program for DOE planning purposes

. The economic potential of future commercial facilities

The site selected for the study is the Rocky Flats Plant in Colorado, and the design
groundwater flow rate is 0.0063 m3/sec (100 gpm). The results of the study are the subject
of this report.

2.4 DEMONSTRATION PROJECT CONCEPTUAL DESIGN AND PERMIT’IING PLAN

The conceptual design and permitting plan is divided into the 4 tasks below.

2.4.1 Task 1- Conce~tu al Desien of Solar Portion of Plant

The solar portion includes the parabolic trough collectors, foundations, drives, control
system, and field piping. Candidate trough vendors were surveyed to determine the
preferred design.
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2.4.2 Task 2- Conce~tu al Desire of Balance of Plant

The balance of plant includes the following systems:

● Pretreatment system, to modify the chemistry of the groundwater to meet the
requirements of the detoxification process

● Posttreatment system, to modify the chemistry of the treated water to meet the
requirements of the Federal and state regulatory agencies

● Auxiliary systems, to treat the waste streams from the pretreatment and posttreatment
systems

. Control system, to select the facility operating mode, align the collectors with the sun,
and adjust the water flow rate in proportion to the ultraviolet flux.

Also included is an estimate of the annual volume of groundwater which is treated by the
facility.

2.4.3 Task 3- Perrnittinp Plan

A summary of the permits and schedule required to license and operate the detoxification
facility is provided. Permit requirements, such as total dissolved solid concentrations in the
discharge water, are incorporated in the posttreatment system design.

2.4.4 Task 4- Installed Cost and C)~eratimz Cost

Estimates are developed for the installed cost and annual operating cost. Combined with
the estimate of the annual treated water volume, the unit cost of treated water, in $/1000
gallons, is provided.

2.4.5 Re~ort Contents

The results of the conceptual design, permitting plan, and economic analysis are presented
in Sections 3, 4, and 5 of this report, respectively. Four appendices contain the following
information: Appendix A, Well Water Constituents and pH Data; Appendix B, Parabolic
Trough Ultraviolet Performance Data; Appendix C, Collector Field Sizing and Design Point
Performance; Appendix D, Hourly and Monthly Estimates of Treated Water Volume; and
Appendix E, Total Field Cost Estimate Details.
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Section 3
CONCEPTUAL DESIGN

Included in this section are descriptions of the facility design basis, water pretreatment
system, collector system, posttreatment system, auxiliary systems, control system, and annual
performance.

3.1 DESIGN BASIS

As discussed in Section 2, the purpose of the study is to assess the potential for
commercial solar detoxification systems. As a result, the design basis was selected to be as
representative as possible of conditions which could be encountered at potential commercial
sites. In collaboration with Sandia and SERI, it was agreed to adopt Hillside 881 at the
Rocky Flats Plant in Colorado as the site for the conceptual design. The design basis for
the solar detoxification facility is described below. Details of the basis, such as groundwater
chemistry, are presented in Appendix A.

It was further agreed that any unusual site characteristics that could significantly increase
the cost estimate or extend the permitting plan schedule would be ignored. For the Rocky
Flats Plant, this meant that the heavy metals and radionuclides found in the groundwater
were assumed not to be present.

A simplified flow schematic, shown in Figure 3-1, illustrates the following systems:

. Pretreatment system to modify the chemistry of the water to conditions suitable for the
catalytic decomposition process

. Collector system to reflect ultraviolet radiation on the catalyst surface

. Posttreatment system to modify the chemistry of the treated water to meet
environmental regulations for discharge

. Auxiliary systems to treat the waste streams from the pretreatment and posttreatment
systems.

The design bases for the pretreatment and posttreatment systems are summarized in Table
3-1. Well water constituents and pH data are presented in Appendix A. Additional
information regarding the entries in the table is as follows:

. Well water temperature is assumed to remain below 21°C (70”F) throughout the year

. The catalyst in the receiver is fixed, and no catalyst slurry preparation or recovery
equipment is required

3-1



Ji
1
-

+

i
n

3.—-u<
c0.-ZCJ

rn
0

0
$

zor
VE

.
....................E

L

>La)>0
-—

,,,

-+
i

u.—+
I,,

Lal
%3

,*“”””””-
““”+”””-””””-””-”--””””””

,
~~

,I,1
:0

1
*3

,,,
.—E.-tn

a)i

TI

:
..

.
.-

a)+
U
)=

K
u

06
:
C
G

X
03=

w
Us

cc=
ou

~
=n

c1r

i
.........

..............

La
)

3-2



Table 3-1
DESIGN BASIS

Temperature, ‘C

Pressure, kpa
(psia)

Water pH

Total Dissolved Solids

Calcium (Ca), ppm

Magnesium (M), ppm

Sodium (Na), ppm

Chloride (Cl), ppm

Sulfate (S0,), ppm

ppm

Bicarbonate (as CaCOJ), ppm

Potassium (K), ppm

Nitrite (_NO,) and
Nitrate (_NO~), ppm

Suspended Solids

Organics

Metals

Iron

Radionuclides, pCi/1

Notes:
1)

2)
3)
4)

5)

Well Water

521

100
(14.7)

7.6

718

109.7

26.1

87.4

128

122

274

2.7

8.29

No Data

Appendix A

Appendix A

0.041
Appendix A

Receiver
~rtlet

521

275-415
(55-75)

6

NSR

NSR (2)

NSR

NSR

NSR

NSR

NSR (3)

NSR

NSR

5 micron
filter

NSR

NSR

NSR (5)

NSR

Receiver
Qlld!21

Calculated

Calculated

NSR (1)

NSR

NSR

NSR

NSR

NSR

NSR

NSR

NSR

NSR

NSR

NSR (4)

NSR

NSR

NSR

Recharge
Water

Specified by
permit

No Data

6-9

400

NSR

NSR

NSR

250

250

NSR

NSR

10

NSR

Appendix A

Ignored

0.3

Ignored

NSR - No Spscific Requirement
Provisions shall be made for scale removal in the receiver.
Bicarbonate concentration reduced by factor of 3 as a consequence of pH adjustment.
Volatile organic compound concentrations are assumed to be reduced in receiver to acceptable discharge levels.
No alternate equipment will be provided for organics decomposition if the receiver malfunctions.
Iron precipitated as a consequence of hydrogen peroxide addition, and removed prior to delivery to solar collectors.
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● To ensure an adequate supply of hydroxyl radicals (OH) at the catalyst surface,
hydrogen peroxide (HZOZ) and oxygen (Oz) are added to the water entering the
receivers. The design flow requirement for hydrogen peroxide is0.64 liters/min(O.17
gal/min)ofa2percent solution. Oxygen isto beadded such that the saturation limit
is reached

● Pretreatment requirements areas follows:

1) pH as close to6 as practical

2) Prevent catalyst scale formation asaresultof anincrease inthe temperature of the
water in the reactor tubes

3) Iron will reconverted toironoxide byreaction with hydrogen peroxide. The oxide,
and any suspended solids greater than 5 microns in size, will be removed by cartridge
filters. A system to flush the receiver should scaling, iron oxide precipitation, or
suspended solid contamination occur will be provided

4) The influence of bicarbonate on the organic decomposition reactions is not fully
understood, and it is not clear how much of the bicarbonate must be removed to
ensure complete decomposition. However, the reduction of the water pH to 6 is
expected to lower the bicarbonate concentration of the original well water from 274
ppm (as CaCO~) to a new value of 90 ppm (as CaCO~)

The decision not to completely remove bicarbonate was based on the treatment
equipment complexities. For example, the bicarbonate concentration can be reduced
to approximately 10 ppm by acid addition to a pH of 4-4.5, followed by caustic
addition to return the pH to 6. However, carbon dioxide, created as a result of acid
addition, must be removed prior to pH adjustment. The carbon dioxide can be
removed in an air stripping column. However, volatile organic compounds will also
be released in the column, and the treatment of the toxic compounds in the column
significantly reduces the need for the solar detoxification equipment

An alternate method for bicarbonate removal involves lime or caustic soda addition
to a pH of 11-12, precipitation of the calcium carbonate, and acid addition to return
the pH to 6. However, some of the non volatile organic compounds will precipitate
with the calcium carbonate, and the treatment system must deal with the
contaminated sludge. In addition, the system will be relatively complex, and its
operating cost will be high due to the numerous consumable reagents (This method
may be applicable for sites in which heavy metals are also present.)

It is anticipated that the solar detoxification concept must be kept as simple and
inexpensive as possible to maximize its commercial potential.
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● Posttreatment requirements are as follows:

1) Only those species or water characteristics that are changed as a result of the
pretreatment or photocatalytic process, and which exceed the limits for water
discharge such as temperature and pH will be considered in the posttreatment system
design. No consideration will be given to the concentrations of species which
originally exceeded requirements for discharge or which would not be typical for
other groundwater supplies. Examples include manganese, mercury, selenium, and
radionuclides. These species are considered to be site specific and will not be
treated for recharge

2) The one exception to this requirement involves total dissolved solid concentrations.
Since many well waters have high dissolved solid concentrations, it may normally be
required to reduce concentration levels to meet the permit requirements. Therefore,
equipment is provided in the posttreatment design to reduce discharge water
concentrations to 400 ppm

Since it is believed that dissolved solids have no detrimental effect on receiver
operation, and since removal of dissolved solids in the pretreatment system can
remove a portion of the toxic organic compounds, dissolved solids are removed in
the posttreatment system.

The design bases for the collector system are as follows:

● Parabolic trough collectors, redirecting sunlight onto a glass receiver tube, are used.
The troughs are aligned on an East-West axis to minimize the seasonal variation in
treated water output

. Organic destruction rates are linearly proportional to the flux at the receiver as
indicated by laboratory tests

● As specified by Sandia, the design point ultraviolet flux delivered to the outside of a
50 mm (2 in.) diameter receiver tube is 5 x 1022photons per second

. The design point is noon on the vernal equinox, with a direct normal insolation of
960 W/mz

● The ultraviolet photon flux, in the 280 to 385 nanometer band with an air mass of 1.5,
is calculated to be 1.82 x 10la ultraviolet photons/( second-Watt direct normal
insolation). The calculation is included in Appendix B

● The design treated water flow rate is 0.0063 m3/sec (100 gpm) with a collector system
inlet pressure not to exceed 520 kpa (75 psia)

● Inlet water temperature to the collector system is not to exceed 21°C (7&’F), except
during brief periods in which the water is recycled from the posttreatment system
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3.2 PRETREATMENT SYSTEM

The pretreatment system receives groundwater from the well pumps and adjusts the water
chemistry to conditions suitable for the detoxification process. Nomenclature for the
process and control flow diagrams is shown in Figure 3-2. The pretreatment system flow
diagram is presented in Figure 3-3 and an equipment list is shown in Table 3-2.

Groundwater enters the facility through two feed strainers to remove large suspended
solids and flows to a raw water storage tank. At this point, the water pH is 7.6 and the
total dissolved solid concentration is 818 ppm. The tank provides a constant supply for the
raw water pump and a storage volume for recycled water from the posttreatment system.
A 1 hour storage volume [23 m3, (6,000 gal)] has been selected based on the following
assumptions:

c The wells can provide a constant flow rate of 0.0063 m3/sec (100 gpm)

● Flow from the wells can be reduced or stopped at any time

● Pressure from the well pumps is sufficient to fill the raw water tank

From the raw water tank, water flows to a raw water pump rated at 0.0063 m3/sec (100
gpm) and 32 m (105 ft) total developed head. The pressure rise is equal to the friction
losses in the pretreatment and collector systems. A recirculation line to the raw water tank
ensures that a constant pressure is maintained in the pretreatment system and that the pump
does not overheat under extended minimum flow conditions.

As noted above, the pH of the inlet water to the receivers should be as close to 6 as
practical. Two methods were evaluated for adjusting the pH from 7.6 to 6.

3.2.1 Acid Addition

The first method simply adds hydrochloric acid to the water. However, the chloride from
the acid will increase the dissolved solid concentration. Similar results are obtained if
alternate acids are used. Since the groundwater dissolved solids concentration already
exceeds the discharge requirement of 400 ppm, a pretreatment system that increases the
concentration of the solids will add to the complexity of the posttreatment system that must
decrease the concentration.

3.2.2 Cation Bed Exchan~e r

The second method uses a cation bed exchanger to remove calcium ions and decompose
bicarbonate into water and carbon dioxide. Following the raw water pump, the flow splits
into two streams. The first stream, which involves approximately 70 percent of the overall
flow, passes through a cation bed exchanger. Here, hydrogen ions from the bed replace the
calcium ions in the bicarbonate as follows:
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NOMENCLATURE

AT - ANALYZER

DPI - DIFFERENTIAL PRESSURE INDICATOR

H - FLOW RATE INDICATOR

LC - LEVEL CONTROL

LSHL - LEVEL SWITCH HIGI-VLOW

ORP - OXIDATION REDUCTION POTENTIAL INDICATOR

PAL - PRESSURE ALARM LOW

PSL - PRESSURE SWITCH LOW

S/C - STROKE CONTROL (LENGTH AND/OR FREQUENCY)

TAH - TEMPERATURE ALARM HIGH

TC - TEMPERATURE CONTROL

TDS - TOTAL DISSOLVED SOLIDS

TI - TEMPERATURE INDICATOR

TOC - TOTAL ORGANIC CARBON

TSH - TEMPERATURE SWITCH HIGH

TSL - TEMPERATURE SWITCH LOW

Uv - ULTRAVIOLET LIGHT

@
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Figure 3-2 Nomenclature for Process and Flow Diagrams
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2[RlH++Ca(HCOJz+ [R]Ca ‘++2HzCOq (1)

where [R] is the resin material. This reduces the pH to 3.5 to 4, causing a shift to the right
in the following equilibrium reaction and the dissociation of bicarbonate into water and
carbon dioxide:

HZCOJ*HZO+COZ (2)

Calculations show that the carbon dioxide remains in solution, and the ion exchange
reduces the dissolved solid concentration to 374 ppm.

The second stream bypasses the exchanger, maintaining a pH of 7.6 and a dissolved solid
concentration of 818 ppm. The streams combine following the cation bed, producing a
stream with the desired pH of 6 and a dissolved solid concentration of 507 ppm. The split
between the two flows is adjusted based on the output of a pH meter.

Since the second method reduces the pH, bicarbonate, and the total dissolved solid
concentrations, it was selected for the conceptual design.

Removal of the calcium ions also has a second benefit. Increasing water temperature in
the solar receivers can thermally decompose calcium bicarbonate into calcium carbonate,
water, and carbon dioxide as follows:

Ca(HCOJz+CaCOg +HZO+COZ (3)

The volubility of calcium carbonate is very low, and the calcium carbonate will precipitate
from the solution. The precipitate, in turn, will deposit on the reactor catalyst and tube
walls, and decrease the decomposition efficiency. However, the removal of the calcium ions
in the cation bed effectively precludes Reaction 3.

The cation bed is sized to operate continuously for 16 hours without re~eneration. The
exchanger vessel is constructed from carbon stee~ with a plastic lining,
(28 ft’) of weakly acidic resin (Room & Haas IRC-84, or similar).

Regeneration occurs every other evening, using a hydrochloric acid

[~Ca’+ +HC1-[RJH+ +CaCl

and-contains 0.79 m’

solution as follows:

(4)

The volume of acid required for regeneration is approximately the same as that required
for simple acid addition to reduce the pH to 6.

The calcium chloride is rinsed from the bed using treated water from the clean water tank
in the posttreatment system. The rinse water with high concentrations of calcium chloride
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is sent to the neutralization tank in the auxiliary system for disposal. The rinse with low
dissolved solid concentrations is sent to the recycle water tank in the posttreatment system
for return through the collector system the following day.

Once a water pH of 6 is obtained, hydrogen peroxide and oxygen are added to provide
a source of hydroxyl radicals in the receivers. The hydrogen peroxide injection rate is
controlled by adjusting the pump stroke on the metering pumps in response to the oxidation
reduction potential analyzer. The oxygen injection rate is adjusted in proportion to the raw
water flow rate.

The dissolved iron ions and ferrous iron immediately react with the hydrogen peroxide to
form a ferric iron oxide precipitate as follows:

2Fe’+ +HzOz+Fe#3q 1+HZO (5)

The precipitate and any
filter. The cartridges are
175 kPa (25 psi).

other fine suspended solids are removed in a 5 micron cartridge
replaced when the differential pressure across the filter exceeds

3.3 COLLECTOR SYSTEM

The collector system redirects direct insolation onto the receiver tubes, supports the
receiver tubes, distributes contaminated water to the collectors, and collects treated water
from the collectors. The system includes the parabolic trough collectors, foundations,
drives, and field piping.

3.3.1 Swey of Ult awr “olet Reflector Materials

Various reflector materials were surveyed, and their performance estimated, to determine
the preferred approach for the conceptual design.

Materials Survey The only metal surface that offers high reflectivity values in the complete
ultraviolet spectrum is aluminum (Ref. 3-l). Reflectivities range from 92.3 percent at 280
nanometers to 92.5 percent at 385 nanometers. In comparison, the comparable values for
silver are 25.2 percent and 92.8 percent, respectively.

A new aluminum surface is fragile and needs protection from weathering and abrasion.
Therefore, coatings such as aluminum oxide (anodized) and acrylic are normally applied.
Two types of aluminum reflectors have been used with parabolic trough collectors. The
first is based on an anodized reflector and the second uses a plastic film with an aluminum
coating. Anodized aluminum sheets were used with poor results in the Coolidge (Ref. 3-2)
and Willard (Ref. 3-3 and 3-4) parabolic trough installations. After one year of service at
Coolidge, the reflectivity of the CoilzakR surface had decreased from 70 percent to 58
percent, and the troughs at Coolidge and Willard were eventually resurfaced with the 3M
plastic film reflector FEK-244. Anodized aluminum sheets currently available, such as
Alanod, are claimed to be a much improved product with a new reflectivity of 88 percent
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and an extremely low degradation rate. Measurements of the reflectivity reported in 1982
indicated that the reduction in the ultraviolet spectrum may be no more than 5 percent
(Ref. 3-5). Unfortunately, current measurements of ultraviolet reflectivity and degradation
rates are not available, and there was judged to be insufficient information to select this
reflector material for the conceptual design.

Several coated plastic film products have been used successfully in parabolic trough
applications. The 3M film ECP-244, used by Solar Kinetics, consists of an aluminum
surface 0.4 mil thick covered by an acrylic surface 3 mil thick. Solar Kinetics can provide
collectors with this film from existing stock. However, ECP-244 is no longer being
produced, and has been replaced by the 3M successor product SA-85. The new film uses
a polyester back surface 2 nil thick, an aluminum surface 0.4 mil thick, and a very thin
acrylic cover 0.1 mil thick. SA-85 is presently used in the Industrial Solar Technology
parabolic troughs at the California Correctional Institution in Tahachapi, California. A
second parabolic trough vendor, Sunsteam, Inc., uses a custom surface equivalent in
construction and performance to SA-85. The back surface is a combination of aluminum
foil 5 mil thick and a polyester sheet 1 mil thick. The reflector is an aluminum surface 0.4
mil thick and the cover is acrylic 0.1 mil thick.

Reflector Pe ormancel-f Ultraviolet reflectivities as a function of wavelength for ECP-244
and SA-85 were obtained from Sandia and 3M, respectively. Combining the reflectivities
with the radiation intensities between 280 and 385 nanometers gives a weighted average
reflectivity of 63 percent for new ECP-244 films and 87 percent for new SA-85 films. The
superior reflectivity of SA-85 is due to the much thinner protective acrylic coating,

Once the films are mounted on a supporting substrate and exposed to the weather, it is
expected that some degradation in reflectivity will occur. For the purposes of the
conceptual design, it was estimated that two percentage points in specular reflectivity are
lost due to bonding of the film to the substrate. This give new bonded film reflectivities
of 61 percent for ECP-244 and 85 percent for SA-85. Further, it was assumed that the
reflectivity of each film at its end of life would be 88 percent of the new bonded value.
Thus, the end of life reflectivity for ECP-244 was 53 percent, and for SA-85, 75 percent.

3.3.2 Survey of Parabolic Tro@ Vendor~

Five parabolic trough vendors were surveyed regarding potential collector designs for the
detoxification facility. Information on performance, capital cost, operating cost, and field
experience was requested. The results of the survey are summarized in Table 3-3. Shown
in the table are the required collector areas to meet the design point ultraviolet flux on the
receiver tubes. The required collector areas have been calculated from the following:

● Design point direct normal insolation of 960 W/m’

● Air mass of 1.09 for a site with a latitude of 4W’(Ref. 3-6)

. Fraction of ultraviolet photons in the total solar spectrum is 3.47 percent , or 33.33
W/m2 (Appendix C).
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Assuming a process requirement of 5 x 1022ultraviolet photons/see, as specified by Sandia,
and an energy level of 1.82 x 1018ultraviolet photons per Watt-second, the required
ultraviolet power level is 27,500 Watts. With an ultraviolet insolation of 33.33 W/mz and
the collector efficiencies noted above, the required collector areas can be determined.
Given the required areas, and the unit costs provided by the vendors, estimates of the
installed collector costs were made and are presented in Table 3-3.

The three most likely suppliers include Solar Kinetics, Industrial Solar Technology, and
Sunsteam. Information from Luz International was not obtained in time to be included in
the analysis, and the BSAR Solar offering, oriented largely to the home market, was judged
to be inappropriate for this application.

The Solar Kinetics trough is 6.1 m (20 ft) long with an aperture width of 2.1 m (7 ft).
With a receiver tube inside diameter of 51 mm (2 in.), the geometric concentration ratio is
42:1. Three design variations were considered, as follows:

1) Standard monocoque design, fabricated from aluminum and using the ECP-244
reflector film currently in stock. The total collector and receiver tube cost is $396,000

2) Standard monocoque design using the SA-85 reflector. The ultraviolet reflectivity of
SA-85 is 1.4 times the reflectivity of the ECP-244. Therefore, the required collector
area is reduced, and the collector and receiver tube cost decreases to $282,000

3) Modified monocoque design using the SA-85 reflector bonded to 20 rnil aluminum
sheets which can be removed and replaced. The total cost is $311,000.

The third option, available at a premium of $27/m2, permits quick and easy replacement
of a reflector that is damaged or undergoes unexpected degradation. Solar Kinetics has
installed more parabolic area than any of the remaining suppliers (except Luz
International).

The Industrial Solar Technology design is very similar to the Solar Kinetics design, with
a length of 6.1 m (20 ft), a width of 2.3 m (7.6 ft), and a concentration ratio of 45:1. It is
the only candidate with the SA-85 reflector film currently operating in the field. The total
collector and receiver tube cost is $296,000.

The Sunsteam collector uses a 2.5 mil thick ethylene-tetrafluoroethylene (Dupont Tefzel’)
cover sheet over the trough aperture to minimize dirt accumulation on the reflector. Using
an index of refraction of 1.358, the reflectivity and absorptivity losses of the cover sheet are
estimated to be 2.3 percent and 9.4 percent, respectively. Assuming that the reflectivity of
the Sunsteam reflector is comparable to that of SA-85, the overall reflectivity of a new,
unbended reflector is estimated to be 77 percent. Adjusting the reflectivity for bonding
losses and degradation gives an end of life value of 68 percent.

The Sunsteam design uses parallel troughs on either side of a common torque tube. Each
trough consists of a 5 mil aluminum membrane attached to parabolic shaped end forms.
The end forms are spring loaded to tension the membrane into a parabolic trough. Each
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trough is considerably smaller than the Solar Kinetics design, with a length of 6.1 m (20 ft),
a width of 1.0 m (3.3 ft), and a concentration ratio of 20:1. The total collector and receiver
tube cost is $358,000, including a one time tooling charge of $35/m2 to incorporate the latest
design modifications. Without the tooling charge, the cost decreases to $320,000.

3.3.3 mabolic Trowzh Selection

As shown in Table 3-3, the standard Solar Kinetics trough with the SA-85 reflector is the
lowest cost option, and therefore was selected for the conceptual design. However, there
is only a 5 percent difference between the Solar Kinetics and Industrial Solar Technology
costs, and both are equally suitable.

Compared to the SunSteam design, the Solar Kinetics trough offers a cost advantage
because its requires a smaller total length of (relatively expensive) receiver tubes. The
shorter length is due to a concentration ratio for the Solar Kinetics design that is
approximately twice as high as that for the Sunsteam concept.

3.3.4 Collector Field Des.@

The required collector area of 1,100 m2 (11,840 ftz) is satisfied with an array of 88 Solar
Kinetics modules, arranged in 11 rows of 8 modules each. A collector system flow diagram
is shown in Figure 3-4, and a plan view of the collector field is shown in Figure 3-5. Details
of the collector field sizing and design point performance are found in Appendix C. With
a row spacing of 9.1 m (30 ft), the field East-West dimension is 56 m (184 ft), the North-
South dimension is 90 m (295 ft), and the required area is 5,040 m2 (1.25 acres). Including
an allowance for the equipment building, perimeter road, laydown area, and fences the
overall site area is 7,200 m2 (1.8 acres).

The supply header from the raw water pump to the collectors is a 15 cm (6 in.) Schedule
80 polyvinyl chloride pipe. The pipe is buried below the frost line at a depth of 0.6 m (2
ft), and is sloped toward the equipment building with a 1 percent grade to ensure venting
during startup and draining during shutdown.

The return header from the collectors to the water to air heat exchanger is also a 15 cm
(6 in.) Schedule 80 polyvinyl chloride pipe. The pipe is elevated above the receiver tubes
on support pedestals, and is sloped toward the equipment building with a 1 percent grade
to ensure adequate venting and draining.

Flexible comections between the headers and receiver tubes are made by reinforced
rubber hoses with an outer stainless steel braided jacket. The connections rise continuously
between the supply header and the receiver tube, and between the receiver tube and the
return header, to ensure that the receiver properly vents and drains.

Included in each connection to the return header are a manual gate valve and a venturi.
During the facility startup and checkout, the flows in the 11 parallel collector rows will be
simultaneously measured with the venturis. The gate valves will be adjusted, as necessary,
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to balance the flow among the rows. The flows can be checked periodically (perhaps
annually) to ensure that the proper distribution is maintained. The design point pressure
drop through the supply header, receiver, gate valve, and return header is 24 kPa (3.5 psi).

The collectors track the sun by means of shadow well sun sensor using three photovoltaic
cells. One cell is at the center of the sensor, and measures the overall light intensity to
ensure that the collectors are pointing toward the sun. The other two sensors are located
on either side of an opaque screen. If the collectors are not aligned with the sun, one cell
will be shaded and the cell currents will differ. The drive motor moves the collectors until
the outputs from both cells are the same.

3.2 POS’1’TIUZATMENTSYSTEM

The posttreatment system receives treated water from the collector system, checks the
water for residual organic compounds, adjusts the water chemistry to conditions suitable for
discharge, and returns partially treated water to the pretreatment system during transient
conditions. A process and control flow diagram is shown in Figure 3-6, and an equipment
list is shown in Table 3-2.

The principal method for water flow rate control is a calculation of the ultraviolet flux
incident on the receiver tubes. This is discussed below in Section 3.6. As an auxiliary
control method, the treated water is monitored for residual organic compounds by a fast
response, flame ionization gas chromatography. If the principal calculation or the
chromatography indicate that decomposition is not complete, the water is directed to the
recycle tank and returned to the pretreatment “system.

Under design conditions, the temperature rise of the water through the collectors is
estimated to be 15°C (27*F), giving an inlet temperature to the posttreatment system of
36°C (97°F). However, if recirculation of partially treated water is required following a
cloud transient, the treated water temperature may exceed 40°C (104”F), which is the
temperature limit for the cation exchanger in the posttreatment system (described below).
To ensure that the temperature of treated water does not exceed the limits of the cation
bed, a forced draft, water to air heat exchanger is provided at the inlet to the posttreatment
system. To ensure adequate heat exchanger performance on hot summer days, a small
quantity of treated water from the discharge tank is sprayed over the tubes.

Cooled treated water is sent to the clean water tank. Following the decomposition
process, the constituents in the water are expected to be carbon dioxide, hydrochloric acid,
and unreacted hydrogen peroxide. However, hydrogen peroxide will damage the granulated
activated carbon filter (described below) and the cation bed in the posttreatment system.
To remove the hydrogen peroxide, ferric chloride is mixed with the clean water, and the
hydrogen peroxide decomposes in a catalytic process into water and oxygen. The efficiency
of the decomposition reaction is monitored by the oxidation-reduction potential analyzer
in the line from the clean water tank.

From the clean water tank, the treated water flows to a clean water pump rated at 0.0063
m3/sec (100 gpm) and 11 m (35 ft) total developed head. The pressure increase is
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necessary to overcome the friction losses in the balance of the posttreatment system. The
entire flow passes through granulated activated carbon filters to remove trace quantities of
organic materials and to ensure that partially treated water does not reach the discharge
pump. Two 50 percent filters, with a combined carbon weight of 59 kg (130 lb), are
provided. The carbon is replaced periodically as it accumulates organic materials.

The entire flow is directed to the posttreatment cation bed exchanger, where residual
calcium bicarbonate is removed to reduce the total dissolved solid concentration to 374
ppm. The reaction chemistry is identical to that shown in Equations 1 and 2. However, the
quantity of calcium ions removed in the posttreatment exchanger is less than that in the
pretreatment exchanger, and the bed can operate continuously for 48 hours before
regeneration is required.

The pH of the water leaving the cation bed is 3.5 to 4, and must be increased to 6 to 7
prior to discharge. The pH could be increased by adding sodium hydroxide; however, the
hydroxide will react with the carbon dioxide from the decomposition process as follows:

NaOH+COz+NaHCOJ (6)

The sodium bicarbonate increases the dissolved solid concentration above the 400 ppm
discharge limit. To avoid this problem, the pH is increased in two steps. In the first step,
the dissolved carbon dioxide concentration is reduced in an air blown degasifier. A
reduction in concentration to 3-5 ppm causes an increase in the pH to nearly 6. In the
second step, a small quantity of sodium hydroxide is added, bringing the pH to the required
6 to 7. The flow of sodium hydroxide is adjusted based on the reading of a pH analyzer
in the discharge line. Since the quantity of sodium hydroxide is small, the total dissolved
solid concentration increases only 16 ppm to a final value of 390 ppm.

Treated water flow from the degasifier passes through a surge tank and on to the
discharge pump. The discharge pump is rated at 0.0063 m3/sec (100 gpm), with a total
developed head oi 7 m (25 ft) to overcome the friction losses in the discharge piping.

3.5 AUXILIARY SYSTEMS

The auxiliary systems receive backwash and rinse water from the cation exchange beds,
adjust the water chemistry to conditions suitable for disposal, and return filtered water to
the posttreatment system. A process and control flow diagram is shown in Figure 3-7, and
an equipment list is shown in Table 3-2.

During the regeneration process, the beds are backwashes with clean water to remove any
small quantities of fractured resin material. This water is directed to a decant tank, where
the resin is allowed to settle. Approximately once a month, the decanted water is returned
to the recycle tank and the sludge is sent to a filter press. Filtered water from the press is
returned to the recycle tank, and the partially dehydrated sludge, which is non hazardous,
is sent off site to waste.
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After the cation bed exchangers are regenerated with hydrogen ions, the beds are rinsed
to remove calcium chloride salts. Early in the rinse process, the water is highly acidic and
has a high dissolved solid concentration. This water is directed to the neutralization tank.
When the tank is full after several days, the sodium hydroxide metering pumps are started
and inject sodium hydroxide into the tank until a pH of 6 to 7 is reached. The neutralized
water, high in total dissolved solids, is sent to waste.

Also included in the auxiliary systems is an air compressor system providing compressed
air for the control valve actuators, decant slurry pump, and maintenance tools. The system
includes a reciprocating compressor, rated at 7 liters/see (15 scfm) and 860 kPa (110 psig),
with a 2 kW (3 hp) motor, aftercooler, receiver, and dryer.

3.6 CONTROL SYSTEM

The control system performs the following functions:

. Establishes the facility operating modes to maximize the annual volume of treated
water

. Switches between operating modes, either automatically or in response to operator
commands

● Alarms the operator for conditions that are outside of normal, and initiates a facility
shutdown for emergency conditions

. Logs anomalous equipment performance and collects operating data for performance
analyses.

3.6.1 Qperatin~ Modes

The facility has 3 principal operating modes: off, normal operation, and regeneration.
The facility also has 2 transition modes: startup, and shutdown. In the first operating mode
(off), the collectors are stowed, the field piping is drained, all pumps are off, and the
control system only monitors wind speed.

In the first transition mode (startup), the facility is brought from the off condition to the
normal operation condition. The operator reviews the control system log to check for
unusual equipment performance on the previous day, ensures that the regeneration of the
cation exchangers has been completed, and checks the weather forecast for sub freezing
temperatures that might cause ice to form in the receiver tubes. The raw water and recycle
water pumps are started and checked for normal operation. Both pumps are run until the
field piping and solar receivers are filled and vented. The collectors are aligned with the ‘
sun, and the flow rate through the raw water and recycle water pumps is adjusted to the
ultraviolet insolation. When the treated water has completed at least one pass through the
collectors, the recycle water pump is stopped, the clean water and discharge water pumps
are started, and the treated water is directed to discharge.
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In the second operating mode (normal operation), the collectors track the sun and the
water flow rate is adjusted to maximize the annual volume of treated water. The principal
parameter for setting the flow rate is a calculation by the control system of the ultraviolet
flux on the receiver tubes. The calculation uses as its inputs the following:

. The direct normal ultraviolet insolation, as measured by a two axis tracking ultraviolet
pyrheliometer

● Projected reflector area, as determined by the cosine of the azimuth angle of the sun.
The control system determines the azimuth angle by a sun position algorithm

. Collector reflectivity, as measured daily by the operator.

The flow rate is set directly proportional to the ultraviolet flux on the receiver tubes if the
flow rate is at least 20 percent of design conditions, or 0.0013 m3/sec (20 gpm). Below this
value, the flow through the cation beds tends to form channels and severely diminish the
resin area for ion exchange. In addition, the friction losses in the parallel collector flow
paths drop to extremely low values, and it is difficult to ensure a uniform flow distribution.
To ensure that partially treated water does not reach the collectors or the clean water tank,
the raw water pump is stopped and the collectors are defocused when the flow rate drops
below 0.0013 m3/sec (20 gpm). When insolation levels return to values that will support the
minimum flow rate, the facility restarts automatically.

In the third operating mode (regeneration), the pretreatment cation beds are regenerated
every other evening and the posttreatment beds every sixth evening. The process is
automatic, and must only be monitored by the operator the following morning after it is
complete.

In the second transition mode (shutdown), the facility is brought from the normal
operation condition to the off condition. This occurs at the end of each day, and can also
be initiated by low insolation due to clouds, a drop in air temperature to sub freezing levels,
or high winds. The raw water, clean water, and discharge pumps are stopped, and the
collectors and field piping automatically drain back to the recycle tank.

3.6.2 System Eqtipme tn

The control system equipment includes a process controller, operator station,
communication bus, collector drive motor controller, data acquisition system, and weather
station.

process Controller The process controller is a microprocessor responsible for the following:

. Monitoring the weather station and time of day, and selecting the facility operating
mode

Q Calculating the ultraviolet flux on the receiver tubes and selecting the treated water
flow rate
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. Calculating theelevation angle of thesunand orienting thecollectors with the sun

● Monitoring the facility instrumentation, such as tank levels and pump flow rates, and
notifying the operatorif abnormal conditions appear

. Initiating afacility shutdom under emergenq conditions.

The process controller is a 12 MHz AT-compatible system, with 2 megabytes of random
access memory (RAM) and a 60 megabyte hard disk. An operator station with a monitor,
keyboard, external hard disc storage, and printer are also provided. From the station, the
operator can monitor all plant functions and implement changes to the software.

Commu nication Bus A communication bus carries information between the process
controller, facility instrumentation, and the collector drive motor controller. RS 232/422
serial input/output cards are used as the interface between the process controller,
instrumentation, and drive motor controller.

Collector Drive Motor Cent roller The drive motor controller is responsible for receiving
operating mode commands from the process controller and directing the drive motor to
track, wait, or stow. As noted above, the actual position of the collector is governed by the
shadow well sun sensor.

Data Acquisition System The data acquisition system processes and stores operating
information for subsequent analysis of performance and trends. The system includes an
AT-compatible computer, disc and tape storage, monitor, printer, and connection to the
WWVB receiver (radio clock). Inputs to the data acquisition system are provided by the
normal plant instrumentation.

Weather Stat ion The facility weather station includes a two axis tracking ultraviolet
pyrheliometer to measure the direct normal ultraviolet insolation, an anemometer to
measure wind speed, and thermometers to measure air temperature. Other instrumentation,
not directly related to control of the facility, include a two axis tracking pyrheliometer to
measure total direct normal insolation, a pyranometer to measure total horizontal insolation,
a sight glass to measure rainfall, and a hygrometer to measure dew point temperature.

3.7 ANNUAL FACILITY PERFORMANCE

The annual volume of groundwater that can be treated by the facility was estimated as
follows:

● Clear sky values of direct normal insolation for each hour of the day on the 21~ day of
each month were taken from the ASHRAE tables for 40 degree north latitude site
(Ref. 3-6)
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. Sun elevation and azimuth angles for each hour of the day on the 21Wday of each
month were taken from the ASHRAE tables to determine the air mass at sea level
(Ref. 3-6). The air mass at Rocky Flats was estimated to be 83 percent of the air mass
at sea level

. The clear sky, direct normal ultraviolet radiation was calculated for each hour of the
day on the 21Xday of each month using the clear sky direct normal insolation, air mass,
and the distribution of ultraviolet radiation to the total solar spectrum shown in
Appendix C

. The average, direct normal ultraviolet radiation for each hour of the day on the 21Nday
of each month was calculated by multiplying the clear sky value by the ratio of Denver
average daily direct normal insolation to ASHRAE clear sky daily direct normal
insolation (Ref. 3-7)

. Collector efficiency values were reduced by the hourly values of the cosine of the angle
between the normal to the collector and the sun azimuth

● Collector shadowing was calculated for early morning and late afternoon hours and
reduced the collector efficiency during those hours in which shadowing occurred.

The facility also consumes electric energy for the pumps, collector drive motors, air
compressor, control system, lights, and instrumentation. At the design point, the auxiliary
power consumption was estimated as shown in Table 3-4.

At the design point, the auxiliary energy consumption is 1.5 kWh per 1000 gallons of
treated water. The auxiliary consumption will change throughout the day and throughout
the year in response to changing insolation and operating modes. The average annual
consumption was estimated to be 20 percent greater than the design point consumption, or
1.8 kWh per 1000 gallons, to account for the following:

● Intermittent operation of the recycle water pump

● Evening regeneration of the cation bed exchangers

. Continuous operation of the control system.

Three parametric cases were studied to determine the probable range of annual treated
water volumes. In Case 1, the lower flow limit for the cation bed exchangers was ignored
and no limits were placed on winter operations. In particular, the facility is allowed to
operate on days in which the air temperature is below freezing.
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Table 3-4
DESIGN POINT AUXILIARY ELECTRIC POWER CONSUMPTION

Auxiliarv Load

Raw water pump

Clean water pump

Discharge water pump

Metering pumps (3)

Water to air heat exchanger fan

Degasifier air blower

Collector drive motors

Air compressor (20 percent duty cycle)

Control system

Total

Powe r. kW

3.2

1.3

0.9

0.6

0.0

0.4

0.8

0.4

M

9.1

In Case 2, the minimum flow limit was imposed on the cation bed exchangers, but the
facility operates throughout the year. In Case 3, the minimum flow limit was imposed, and
the facility was assumed to be closed during November, December, and January. During
these months, the daily temperatures are expected to remain below freezing, and there
would be some risk in developing ice and cracking the receiver tubes.

The results of the analysis are summarized in Table 3-5. Detailed, hour by hour results
for the Cases 2 and 3 are found in Appendix D.

Compared to conventional water treatment facilities, the capacity factors of the solar
facility are low. At an alternate site, with higher annual insolation and warmer winter
weather, the capacity factors can be expected to improve. However, low capacity factors
are inherent in this technology, and an upper limit of perhaps 20 to 22 percent can be
expected for a commercial plant at a site with above average insolation.
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Table 3-5
ANNUAL FACILITY PERFORMANCE

Minimum Flow, Annual
Percent of Operating Treated

- Desire Flow McuU.lM Water Volume

1 0 12 33,700 m3
(8,900,000 gal)

2 20 12 32,100 m3
(8,500,000 gal)

3 20 9 (2) 27,800 m3
(7,300,000 gal)

Notes:

1) Given by:
Treated Water Volume

Auxiliary
Energy
US!Qdll
16,000

15,000

13,000

Capacity
~

0.170

0.161

0.140

MinDesign Point Flow Rate x 60— x 8,760=
Hr Year

2) Excludes November, December, and January
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Section 4
PERMITTING PLAN

This section addresses the Federal and state permit requirements and schedule for the
solar detoxification facility.

4.1 FEDERAL REGULATORY PROGRAMS

The principal Federal regulatory programs include the National Pollutant Discharge
Elimination System, the National Environmental Policy Act, the Endangered Species
Act/Wildlife Coordination Act, and the National and Historic Preservation Act.

4.1.1 Nat ional Pollutant D scha ~e Ei r lirnination Svstem (NPDES)

NPDES permits are required for any discharge to “surface waters of the US”, including
streams, marshes, rivers, and lakes. Permissible pollutant levels are specified such that the
treated water will not degrade the quality of the surface water. Standards are provided for
the following:

● Toxics and bacteria

. Total suspended solids

● Biological, chemical, and total oxygen demands

● Phosphates (POX), nitrates (NO=), and other nutrients

. pH and hydrogen compounds

● Salinity, acidity, and alkalinity

. Chlorine, heavy metals, and other chemical constituents

● Taste, odor, color, turbidity, and temperature

● Trash, refuse, oil, and grease.

The most stringent requirements will be for discharge to a stream with cold water biota,
and the standards may exceed those for drinking water. A NPDES surface water permit
would likely be the most difficult a solar detoxification facility must obtain. The permitting
effort would require approximately 6 months; however, it could be conducted in parallel
with the Colorado Resource Conservation and Recovery Act permit (described below).

A stormwater permit for point source discharges from areas associated with industrial
activity, including waste treatment or corrective action, is also required. The facility will
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require plans for sediment control during construction, and monitoring stormwater flows
into state waters for possible contamination.

Colorado is authorized by the US Environmental Protection Agency to issue and enforce
the NPDESpermits in Colorado. The issuing agency is:

Water Quality Control Commission
4210 East 1lth Avenue

Denver, Colorado 80220

Phone: (303) 331-4525

For the purposes of the study, the discharge basin is assumed to be a surface water and
a NPDESpermit will be required.

It should be noted that other discharge basins can be postulated that have less stringent
water quality and permitting requirements. These include the following:

● Aquifer. If the aquifer has a beneficial use, a permit to discharge into the aquifer
requires demonstration that the beneficial use will not be degraded. The highest
beneficial use is human drinking water; however, the standards for temperature, pH,
dissolved solids, and dissolved oxygen are not as strict as for surface waters. The
treated water must comply with the Underground Injection Control (UIC) program
requirements. The effort to secure a permit to discharge to an aquifer will not be
significantly different than to discharge to a surface water

. Publicly owned water treatment works. Each water treatment work sets its own
pretreatment requirements to avoid receiving industrial wastes which could upset its
equipment or cause materials to pass through which violated surface water standards.
However, these pretreatment requirements allow contaminant levels approximately
3 times greater than that for surface water discharge. In addition, permitting is less
complex than discharge to an aquifer because potentially extensive studies of
underground water flows are not required. The principal disadvantage to this
approach is that the detoxification facility must be located nearby a sewer line
feeding the water treatment works

● Recycle as process water in an industrial facility. If the detoxification facility is
attached directly to the process generating the waste water, the treatment facility
qualifies for a “closed pipe” exemption and does not need a permit. Industries in
areas where the demand for water has exceeded the supply may be interested in
treating and recycling the contaminated water which the industry had traditionally
discarded.
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4.1.2 ~ational Environmental Policy Act (NFPA~

The NEPA requires an environmental impact statement for any Federal decision or
project on Federally owned property which may affect the environment. In addition, if the
entire project is located within the bounds of a Superfund site (such as Rocky Flats) and
it treats water from the site, the project must conform to the requirements of the
Comprehensive Environmental Response, Compensation, and Liability Act (CERCLA).

At the start of the effort to develop a permitting plan, NEPA and CERCLAhad separate
regulatory requirements. Recently, the Department of Defense and the Department of
Energy have agreed to integrate the CERCLA and NEPA requirements under a Federal
Facilities Agreement and to develop an overall cleanup strategy. The process of approving
the strategy will not start until the site is well characterized, environmental impacts have
been evaluated, and the agencies are in agreement as to an appropriate strategy. The initial
site characterization for CERCLA sites prior to adoption of a cleanup strategy may take
several years.

Addition of a solar detoxification facility to the proposed cleanup strategy will require
the Federal Facilities agreement to be modified. Also, an environmental assessment will
need to be prepared and reviewed by the public and all signatories of the interagency
agreements. Such agreements provide for regular meetings of all agencies with jurisdiction,
and this can speed the review and comment process. Although a formal permit is not
required at a Superfund site, the complexity of the environmental statement will be
comparable to that required for a Resource Conservation and Recovery Act submittal
(described below).

To further complicate the issue, if EPA Region 8 decides to have the detoxification
technology reviewed by the EPA Superfund Innovative Technology Evaluation (SITE)group,
delays of at least 18 months can be expected due to backlogs at the EPA.

In summary, construction of a demonstration facility at the Rocky Flats site is likely to
be postponed for several years until a formal cleanup strategy has been adopted.

4.1.3 Other Federal Re@ato vr PropramS

The facility must also comply with the following Federal regulatory programs:

● Endangered Species Act/Wildlife Coordination Act. These issues must be addressed
in the NEPA environmental impact statement and be given substantial consideration
in the permit application

c National and Historic Presemation Act. This act includes various Federal and state
regulations which must be addressed in the environmental impact statement.

4-3



4.2 COLORADO REGULATORY PROGRAMS

The principal Colorado regulatory programs include the Resource Conservation and
RecoveryAct/Land Ban, Colorado air emission standards, Underground Storage Tank
permit,Hazardous Materials Storage Permit, Alternative Technologyprogram, andbuilding
permits.

4.2.1 Resource Conservation and Recovery Act( C~)lLandR Ban

The activity initiating the requirement for a RCRA permit is the treatment of hazardous
waste. Colorado is authorized to issue and enforce RCRApermits for the treatment, storage,
and disposal of hazardous materials under the Colorado Hazardous Waste Regulations
(6 Colorado Code of Regulations 1007-3). The hazardous waste treatment regulations in
Colorado closely parallel the Federal regulations, even to the point of similar numbering.
As with the Federal regulations, Colorado does not have a particular treatment, storage,
disposal permit application. Each facility must develop its own application from the
regulations, in consultation with the state permitting officer. Federal RCRA guidance
documents are used as references by the state permitting officers and are recommended to
facilities seeking guidance. There is a statutory requirement that the permit application be
filed at least 180 days prior to start of facility construction.

The agency issuing the permit is:

Colorado Department of Health
4210 East 1lth Avenue

Denver, Colorado 80220
Phone: (303) 320-8333

Contact: Carl Daily
Phone: (303) 331-4405

Four different permitting scenarios have been identified, as follows:

1) Installation at a CERCLAor a Federal Facilities Agreement site. As noted above, the
permit schedule will be determined by the signatories to the interagency agreement
and the involvement of the EPA SITE technology review group and may require
several years.

2) Research and development permit at a location which is not at a CERCLAor Federal
Facilities Agreement site. Colorado can be expected to review the application and
issue the permit in 6 to 10 months, depending on the complexity of the facility and
the application backlog.
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3) Installation mandated as an interim corrective action ordered by a regulatory agency.
In this situation, only Part A of the RCRA requirements would be required, and
“there would be essentially no delay” (6 weeks) in receiving the approvals.

4) Detoxification facility attached to an industrial facility generating the waste water.
The overall facility would qualify as a ‘Totally Enclosed Waste Treatment Facility”
and would be exempt from the hazardous waste treatment permit requirements.
Only drawings of the facility would need to be submitted to the state to substantiate
the exclusion request.

For the purposes of the study, permitting scenario Number 2 has been adopted.

4.2.2 Other Colorado Regulatory Prozrams

The facility must also comply with the following Colorado regulatory programs:

● Air emission standards, including the New Source Performance Standards and
Prevention of Significant Deterioration and the National Emission Standards for
Hazardous Air Pollutants. These requirements are met by installing activated carbon
filters on all equipment that vents to the atmosphere

. Underground Storage Tank Permits. Underground storage tank permits are required
for underground tanks and buried piping containing hazardous materials. In the
detoxification facility, this includes the recycle water drain tank and the supply
manifold to the collector field

● Hazardous Materials Storage Permit. This permit, and associated emergency
response plan, requires notification to emergency workers of the locations and
amounts of hazardous materials in the facility. Included in this material category are
the hydrogen peroxide, hydrochloric acid, and sodium hydroxide used in the
pretreatment and posttreatment systems

● Alternative Technology. Colorado has an alternative technology encouragement
program which may facilitate the permitting of a pilot plant; however, the program
will not be applicable to future commercial facilities

● Normal building permits and land use ordinances.

4.2.3 Subm .ttals

The following drawings will be required during the permitting process:

● Quadrangle map showhg facility location, site vicinity map, block map, lot map, and
plot plan

● Topographic study, geologic profile, and site boring location plan
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●

●

●

●

4.3

Wet land determination and vegetation plan

Site grading and drainage plans, including yard civil and structural details and
sanitary waste system plan

Erosion and sediment control drawings, including diagram of proposed outfalls

Process flow diagrams.

REGULATORY ISSUESAND PROGRAMS NOT COVERED

The following issues have been excluded from the permitting plan:

●

●

●

●

●

✘

Radioactive materials and heavy metals. As stated in the design basis, these
materials are assumed not to be present in the groundwater. However, if heavy
metals are encountered and must be treated or disposed on site, substantial
additional RCRA permitting requirements can be expected

Water rights. In Colorado, water rights are based on prior appropriation. This
should not be an issue at the Rocky Flats Plant, but may be an issue at other sites
in the western US (See Colorado Revised Statutes (CRS) 5 37-90-138)

Sewer extension permit, or permit to discharge to a publicly owned treatment facility

Transportation of hazardous materials by motor vehicles

Prohibitions on hazardous waste disposal or the burial of hazardous liquids (See CRS
S 25-15-200.3(4)(a))

Regulated substance release/public nuisance - corrective actions/hazardous substance
incident reporting (see CRS ~ 43-91-113)

osw requirements for worker training and right to know. OSHA rules are believed
to be applicable, but are not considered a permitting issue.
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Section 5
SCHEDULE, INSTALLED COST, AND OPERATING COST

Included in this section are discussions of the design and construction schedule, installed
cost, operating cost, and treated water cost estimates. To simplify the analysis, all cost
estimates are shown in constant year 1991 dollars, and the escalation rate for determining
costs in future years is assumed to be zero.

5.1 DESIGN AND CONSTRUCTION SCHEDULE

A design and construction schedule for the facility is shown in Figure 5-1. The principal
elements which determine the length of the schedule include:

● 9 month period to obtain the necessary permits. As outlined in Section 4, the schedule
can be as short as 3 months if a waste treatment facility is mandated, and as long as 18
months for a first of a kind facility

. Vendor selection within 2 months from the start of final design

. 17 week procurement period for the solar collectors

● 2 month startup and checkout period.

The complete schedule for the demonstration facility requires slightly less than 2 years.
If the facility design is replicated at another site by the same owner, much of the final
design engineering can be reused and the schedule could be shortened by perhaps 2 to 3
months.

5.2 INSTALLED COST ESTIMATE

The installed cost estimate includes all of the costs associated with the design, construction,
and startup of the facility. The estimate consists of the ten categories described below. A
summary of the estimate is shown in Table 5-1, and the detailed development of the total
field costs (direct field costs plus indirect field costs) is presented in Appendix E.

The principle qualifications to the estimate are as follows:

. Access to the Hillside 881 site k no more difficult or time consuming than access to a
private commercial facility

● Electric power, potable water, and sewage facilities are assumed to be available at the
site boundary

● Soil bearing capacities within 3 feet of grade are assumed to be at least 2,000 lb/ft2
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Table 5-1
TOTAL INSTALLED COST SUMMARY

0.0 LAND

1.0 BUILDINGS AND SITE IMPROVEMENTS

2.0 PRETREATMENT SYSTEM

3.0 COLLECTOR SYSTEM

4.0 RECEIVER TUBES

5.0 POSTTREATMENT SYSTEM

6.0 AUXILIARY SYSTEMS

7.0 CONTROL SYSTEM

8.0 TOTAL FIELD COST

9.0 CONSTRUCTION MANAGEMENT (5%)

Subtital

10.0 ENGINEERING AND PROJECT MANAGEMENT (15 %)

Subtotal

11.0 OWNER’S ENGINEERING AND PERMITS

12.0 TOTAL FACILITY COST (First Quarter 1991 Dollars)

System Cost
-.—————————

$0
$129,000

$124,000

$291,000

$58,000

$263,000

$84,000

$59,000

Project

Contingency
————————_——

0%
25%
25%
15%
15%
25%
25%
25%

Total

$0
$161,000
$155,000
$335,000
$67,000
$329,000
$105,OOO
$74,000

$1,226,000
$61,000

———-———_——_

$1,287,000

$193,000
——————__——_

$1,480,000
$169,000

——————__—__

$1,649,000

ESCALATION AND ALLOWANCE FOR FUNDS DURING CONSTRUCTION

Annual Distribution of Expenditures

First Second

Year (20 %] Year (80 %]

TOTAL FACILITY COST (First Quarter 1991 Dollars)

ESCALATION (O%; First Quarter 1991 Dollars)

ALLOWANCE FOR FUNDS DURING CONSTRUCTION

(7.2 % Discount Rate; First Quarter 1991 Dollars)

$330,000 $1,319,000
$0 $0

$24,000 $0

$354,000 $1,319,000

12.0 TOTAL FACILITY COST (First Quarter 1991 Dollars) $l,&19,000

13.0 ESCALATION (First Quarter 1991 Dollars) $0

14.0 ALLOWANCE FOR FUNDS DURING CONSTRUCTION (First Quarter 1991 Dollars) $24,000

15.0 PREPRODUCTION COSTS (2% Total Facility Cost plus 1 month operating cost) $42,000

16.0 SPARE PARTS (0.5 % of Total Facility Cost) $8,000
——_——______

17.0 TOTAL INSTALLED COST (First Quarter 1991 Dollars) $1,723,000
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● Land isassumed to beavailable atnocost to the project

● Future escalation costs are excluded.

5.2.1 Direct Field Cos~

The total field cost includes the direct cost of equipment and bulk materials, plus the
direct cost of installation labor. The estimate assumes that the facility design and
construction is managed by an engineer-constructor, using a direct hire labor from union
sources.

Pirect Field F@@ment Costs Budgetary estimates for the following major equipment were
obtained from potential suppliers:

● Collectors and drives: Solar Kinetics, Inc.

● Receiver tubes with fixed catalyst: Solar Energy Research Institute

. Cation bed exchangers: IWT, Inc.

● Water to air heat exchanger: IMECO

● Filter press: West General Associates

● Cartridge filter: Filtrex, Inc.

. Air stripper: Chempro, Inc.

● Activated carbon filters: Weststate Carbon, Inc.

. Gas chromatography: Rosemount Analytical

The balance of the equipment and bulk material estimates were obtained from informal
vendor contacts and detailed Bechtel estimates of similar commerckil and wastewater
treatment facilities.

A Colorado state sales tax of 4.2 percent is applied to all material costs. The facility is
located on Federal property, and the land is assumed to be available at no cost to the
project.

Direct J ,abor Costs Construction labor rates were developed from craft wage rates in
Colorado. The direct rates include all payroll additives for health, welfare, pension,
vacation, FICA taxes, workmen’s compensation, insurance, and 5 percent casual overtime.
Sufficient labor is assumed to available in the greater Denver area, and as a result, no
allowance is provided for travel or subsistence.
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5.2.2 Indirect Field Costs

Indirect field costs are those material and labor costs that cannot be assigned to specific
equipment items or systems. Included in indirect costs are the following:

● Temporary construction buildings, utility systems, and scaffolding

. Construction equipment, small tools, equipment maintenance, material handling,
consumable supplies, and purchased utilities

● Crane, earth mover, and truck rentals

● Field staff, providing craft supervision, personnel activities, and warehousing

● Contractor overhead and profit.

Indirect costs are estimated to be $17.50 for each craft labor hour. The derivation of the
indirect cost is included in the total field cost estimate details in Appendix E.

5.2.3 Project Conti~

The conceptual design presented in Section 3 does not include all of the detail which
would be present in a final design. As a result, the total field costs shown in Appendix E
are necessarily incomplete. To properly account for the unidentified costs, a contingency
is added to each system cost, based on the level of definition in each system design. For
this study, the following contingencies (in percent) have been used:

Collectors 15
Receiver tubes with catalyst 15
Mechanical and electrical equipment 25
Master control system 25

The sum of the direct field costs, indirect field costs, and project contingencies is the total
field cost.

5.2.4 Construct on lvlana~eme ti n

Construction management includes construction management, engineering support during
construction, vendor and subcontractor administration, quality assurance, and scheduling.
Construction management costs are estimated to be 5 percent of the total field costs.

5.2.5 J3ntineerinp and Proiect lvlana~emen~

Engineering and project management includes preliminary design, site investigations,
engineering support during the permitting activities, final design engineering, specifications,
procurement, vendor contract administration, scheduling, and cost estimating.
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Engineering and project management costs are estimated to be 15 percent of the sum of
the total field and construction management costs.

5.2.6 owner’s ~neerin~ and perrni~

Owner’s engineering includes financial closing, owner’s engineering and construction
management, and property taxes and insurance during construction. Permits includes site
studies, environmental studies, licenses, permits, and water rights.

Owner’s engineering costs are estimated to be 6 percent of the sum of the total field costs,
construction management costs, and engineering and project management costs. Permit
costs include the following:

● During the preliminary desi~ one engineer full time for 3 months and half time for
6 months to prepare the environmental studies

● $5,000 for permit applications and filings with Colorado.

5.2.7 Bscalat ion

The sum of the total field costs, construction management, engineering and project
management costs, and owner’s engineering and permits is the total facility cost (in first
quarter 1991 dollars).

The permit, design, and construction period for the facility is approximately 2 years.
During this time, the total facility cost can normally be expected to increase due to
escalation. For this study, a constant year dollar analysis has been assumed, and the
escalation in the total facility cost during the design and construction period is excluded.

5.2.8 Allowance fo r Funds Durirw Const ur ction

During the design and construction period, funds are being expended on the project, but
the facility is not yet producing a useful product (treated water). The cost to the owner of
committing these funds to the project rather than to a competing investment is a forfeiture
of interest income. The cost, termed the allowance for funds during construction, is
calculated as follows:

. Estimates are made of the percentage of funds spent during each year of the design and
construction period. From the schedule in Figure 5-1, 20 percent of the project funds
are estimated to be spent in the first year, and 80 percent in the second

. Interest on the annual expenditures is calculated from the end of the year to the start
of commercial operations.

The interest rate is the weighted cost of capital, or discount rate. For this analysis, a
discount rate of 7.2 percent was used, based on private ownership and a combination of
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debt and equity financing as follows (values in percent; debt and equity costs are real values
that exclude escalation):

SQum Cent butlon
. .

&lUU.1
Debt 4.6 7: 3.5
Equity 15.0 25 u

7.2

The discount rate is minimized by selecting as large a debt contribution as possible.
However, the debt to equity ratio usually cannot exceed 3:1 due to bank requirements for
equity participation.

5.2.9 l?reproduction Cm

The preproduction costs include the following:

● One month of normal operation and maintenance costs to cover operator training

. 2 percent of the total facility cost to cover expected changes and modifications to
equipment such that the facility meets its performance requirements.

5.2.10 Spare Parts

Included in the estimate is an allowance for spare parts equal to 0.5 percent of the total
facility cost.

The sum of the total facility cost, escalation, allowance for funds during construction,
preproduction costs, and spare parts is the total installed cost.

5.3 OPERATING COST ESTIMATE

The operating cost estimate includes all personnel and material costs required to operate
and maintain the facility. A summary of the estimate is presented in Table 5-2. It is
assumed that the facility owner contracts the operation to a private company, which
operates and maintains the facility under an incentive contract. A private company is free
to hire open shop (non union) personnel and to adjust the length of the work day to follow
the seasons. In addition, the central office of the operating company can provide services
such as supervision, procurement, maintenance, and payroll. For a small facility, this
significantly reduces the number of personnel on the payroll. Private company operation
of solar facilities has been successfully used (on a larger scale) by Luz International in its
series of solar thermal power plants.

5.3.1 ~ersonne 1

A operation and maintenance staffing requirement has been developed based on the
following:
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Table 5-2
OPERATING COST ESTIMATE DETAIL

LABOR AND OVERHEAD

-OPERATIONS: 0.4(Notes 2,3)

- MAINTENANCE

o MECHMCAL EQUIPMENT: 0.05 (Note 2)

0 ELECTRICIAN: 0.05 (Note 2)

o INSTRUMENTATION AND

COMPUTER TECHNICIAN: 0.1 (Nok 2)

BASE

SALARY ADDITIVES G&A (1]

$16,704 $5,178 $4,176

$2,088 $647 $522
$1,670 $518 $418
$3,341 $1,036 $835

MAINTENANCEMATERIALS
- COLLECTORS (10 year film life, $0.801mA2-yearlevelized film replacement cost)
- RECEIVER TUBES AND CATALYST (No replacement required)
- MECHANICAL EQUIPMENT AND PIPING (2% material costlyear]
- ELECTRICAL EQUIPMENT (2% material cost/year)
- CONTROLSAND INSTRUMENTATION
o CONTROL SYSTEM COMPUTERS (4% material cost/year)
o INSTRUMENTATION(5% material costlyear)

- SITE MAINTENANCE (Roads, fences, and weed control)
- WASTE DISPOSAL
o LIQUIDS: 70,000 gal/yr @ $0.041gal

($0.02/gal hauling; $0.01/gal sampling; $0.01/gal disposal)
o SOLIDS: 1,000 lbs/yr @ $0. 10/lb

- MISCELLANEOUS

o SITE VEHICLE

o EQUIPMENT RENTAL

o MISCELLANEOUS

CHEMICAL SUPPLIES

- HYDROCHLORIC ACID (30% solution; 17,300 gallons @ $0.70/gallon)

- FERRIC CHLORIDE (42 % solution; 40 gallons @ $8.40/gallon)

- SODIUM HYDROXIDE (40 % solution; 1,150 gallons @ $3.50/gallon)

- HYDROGEN PEROXIDE (50 % solution; 3,575 gallons @ $7.40/gallon)

- OXYGEN (7,040 Ibs + 31% &war leakage @ $0.33/lb)

- ION EXCHANGE RESIN (7 ft3 @ $300/ft3)

- DISTILLED WATER (2,000 gallons @ $0.05/gallon)

AUXILIARYELECTRIC ENERGY (15,000 kWh@ $0.10/kWh)

SUBTOTAL
OPERATINGCOMPANY FEE (15% of Subtotal)

TOTAL OPERATING COST (First Quarter 1991 Dollars)

TOTAL

$26, 1(KI

$3,300

$2,600

$5,200
————————_

$37,200

$900

$0
$6,000
$300

$1,300

$3,400

$500

$2,800

$100

$2,500
$1,000

$2,000
—-———_——_

$20,800

$12,100

$300

$4,000
$26,500

$3,0Q0

$2,100

$100

$48,100

$1,500

$108,000

$16,000

$124,000

1) General and administrative expenses

2) Equivalent full time personnel

3) Includes 0.05 man years for collector washing and inspection
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● Facility operation is 7 days per week and 52 weeks per year

● According to Colorado regulations, the wastewater treatment facility can operate
unattended if an operator can be sent to the plant on demand. Therefore, an operator
is assumed to be the facility for 2 hours each morning to monitor the startup of the
mechanical equipment. Once startup is complete and the facility is operating normally,
the operator leaves and the facility operates for the balance of the day unattended

. Routine maintenance, such as collector cleaning and cartridge filter replacement, is
conducted by the operator as needed. For maintenance that is of a special nature, such
as computer repair, or if emergency maintenance is needed, the operating company
provides the required personnel on a temporary basis.

The total annual operation requirement is estimated to be 2/5 man years, and the total
annual maintenance requirement is estimated to be 1/5 man year. Base salaries for the
personnel are based on experience with private operating companies in California. Added
to the base salaries are the following personnel expenses:

. Additives for vacations, holidays, FICA taxes, health, and unemployment insurance
equal to 31 percent of the base salary

. General and administrative expenses for the operating company equal to 25 of the base
salaries. Included in the expenses are allowances for personnel travel, telephones, and
office supplies.

5.3.2 Maintenance Mat erials

Annual maintenance material costs are estimated as follows:

. Collector reflective film replacement is required once every 10 years with a levelized
cost of $0.80/m2 (Ref. 5-1)

● Receiver tubes and catalyst are assumed to last for the life of the facility

. Mechanical and electrical equipment require 2 percent of the total field cost; computer
equipment, 4 percent; and instrumentation, 5 percent

c Water from the neutralization tank is disposed off site; the disposal cost of $0.04/gal
includes $0.02/gal for hauling, $0.01/gal for sampling, and $0.01/gal for disposal.
Sludge from the filter press is disposed off site at a cost of $200/ton

● Allowances are provided for site maintenance, a site vehicle, and periodic equipment
rental.
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5.3.3 Chemical Supplies

The annual consumption of chemical supplies includes the following:

17,300 gallons of hydrochloric acid (HC1; 30V0solution) for regeneration of the cation
exchange beds

1,150 gallons of sodium hydroxide (NaOH; 40% solution) for pH adjustment of the
recharge water and neutralization of the regeneration backwash water

3,575 gallons of hydrogen peroxide (HZOZ;509%solution) and 7,040 pounds of oxygen
for water pretreatment. The lowest cost oxygen supply is liquid oxygen. Evaporation
losses from the storage dewar add approximately 30 percent to the pretreatment
requirement, giving a total annual consumption of 9,250 lbs.

40 gallons of ferric chloride (FeCl~; 42% solution) for decomposition of hydrogen
peroxide in the posttreatment system

7.0 cubic feet of cation exchange resin to replace the fractured bed material.

Bulk prices for the chemicals were obtained from commercial suppliers.

5.3.4 Auxiliarv Ele ctric Ene gyr

The auxiliary electric energy use of the facility is approximately 0.5 kWh per m3 (1.8 kWh
per 1,000 gallons) of treated water. Using an annual treated water volume of 32,100 m3
(8,500,000 gallons) and a purchased energy cost of $0.10/kWh, the annual expense for
electric energy is $1,500.

5.3.5 &

If the facility meets its expected goal of annual treated water volume, the operating
company is awarded a fee. For the purposes of the study, the fee is estimated to be 15
percent of the sum of the personnel, maintenance materials, chemical supplies, and auxiliary
energy costs.

5.4 TREATED WATER COST ESTIMATE

The levelized cost of treated water, in constant year 1991 dollars per 1000 gallons, is the
sum of the unit annual capital cost and the unit annual operating cost. The unit capital cost
is calculated as follows:

Total Installed Cost x LeveliZed Capitul Carrying Churge
Annual Treated Water Volume (1000Gallons)
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The unit operating cost is given by:

Annual Operating Cost x L..eveliZingFactor
Annual Treated Water Volume (1000 Gallons)

The levelized capital carrying charge is the annual revenue which must be generated to
meet the carrying charges on each dollar of facility investment. T’he carrying charges are
equal to the sum of the return on debt, return on equity, income taxes, book depreciation,
property taxes, and insurance. For this study, a constant year, levelized capital carrying
charge of 12.7 percent has been developed from the following:

●

●

●

●

●

●

75 percent of the plant is financed by debt with an interest rate of 4.6 percent

25 percent of the plant is financed by equity with a return on equity of 15.0 percent

The combined Federal and state income tax rate is 41 percent

The annual expenses for property taxes and insurance are 2 percent of the total
installed cost

The plant life is 20 years and the depreciation period is 15 years

No investment tax credit is available.

The levelizing factor converts a series of payments, that is uniform over time except for
a constant escalation rate, into an equivalent levelized cost. Normally, the operating costs
can be assumed to increase over the life of the plant at a uniform rate as salaries and
material prices increase. However, the escalation rate is taken to be zero, and the levelizing
factor becomes 1.0.

The levelized unit cost of treated water is shown in Table 5-3.
are the costs of treated water if investment tax credits of 10
available.

Also shown in the table
and 20 percent become

As a point of reference, Ievelized unit costs are also calculated for a plant life of 10 years
and a depreciation schedule of 7 years. The results for investment tax credits of O, 10, and
20 percent are shown in Table 5-4. The principal differences with the 20 year case are:

The levelized capital carrying charge is greater because the capital investment must be
recovered over a shorter period

Operation and maintenance costs are lower because the collector film does not need
to be replaced during the life of the plant.
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Table 5-3
LEVELIZED COST ESTIMATE OF TREATED WATER

20 YEAR FACILITY LIFE
Constant Year 1991 $/1000 Gallons

Levelized Capital Carrying Charge

Annual Capital Expense

Annual Operating Expense

Total, $/1000 Gallons

Investment Tax credi~
w~ 20 ~erce tn

0.127 0.112 0.097

$25.80 $22.70 $19.70

w w w

$40.40 $37.30 $34.30

Table 5-4
LEVELIZED COST ESTIMATE OF TREATED WATER

10 YEAR FACILITY LIFE
Constant Year 1991 $/1000 Gallons

Levelized Capital Carrying Charge

Annual Capital Expense

Annual Operating Expense

Total, $/1000 Gallons

Jnvestme t Tax Cn redit.

w 10 Percent 20 Percent

0.170 0.147 0.124

$34.50 $29.80 $25.10

w w w

$49.00 $44.30 $39.60
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Several items are apparent from an examination of the design and economic analysis, as
fOllows:

. The cost of treated water is several times that from present water treatment facilities
using air stripping or ultraviolet lamps, and is projected to be considerably more
expensive than future ultraviolet lamp facilities that may require new posttreatment
systems

● Approximately 30 percent of the capital and operating cost in the solar facility is due
to regulations that require the total dissolved solid concentrations in the discharge water
to meet drinking water standards. If a recharge basin can be identified that does not
demand as strict a standard, the cost of water from the solar facility can be decreased
to $25-$30/1000 gallons

● The cost of treated water can be reduced by selection of a collector field which is up
to 50 percent larger than that required to meet the design point flow rate. Although
this will increase the capital cost by approximately 15 percent, the capacity factor of the
pretreatment and posttreatment equipment will increase by approximately 35 percent,
and the overall facility economics should improve by approximately 15 percent

● A facility life of at least 20 years and the availability of investment tax credits are likely
to be necessary conditions for the construction of commercial solar detoxification
systems

● The operating costs are a significant portion of the treated water costs. Reductions are
likely to be difficult due to the low capacity factor of the facility, and the costs of
consumable supplies which are proportional to the treated water volume. One method
for reducing operating costs might include the following:

Lncrease the capacity factor by increasing in the collector area

Develop detoxification systems that require a minimum of groundwater pretreatment

● Research in catalysts which can use a larger portion of the ultraviolet spectrum and
development of low cost collectors will improve the facility economics. Both activities
are underway as part of the DOE Solar Thermal Industrial Program.
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Table A-1
GROUNDWATER CONSTITUENTS

ORGANICS

Methylene Chloride
Acetone
Carbon Disulfide
1,1 Dichloroethene
1,1 Dichloroethane
1,2 DiChlO~O~than~

1,1,1 Trichlorocthanc
C~rbon Tetrachloride
Trichloroethene
1,1,2 Trichloroethane
Tetrachloroethene
Toluene

METALS

Aluminum
Antimony
Arsenic
Barium
Beryllium
Cadmium
Cesium
Chromium
Copper
Iron
Lead
Lithium
Manganese
Mercury
Molybdenum
Nickel
Selenium
Silver
Strontium
Thallium
Vanadium
Zinc

ug/1
ug/1
ug/1
ug/1
ug/1
ug/1
ug/1
ug/1
ug/1
ug/1
ug/1
ug/1

mg/1
mg/1
mg/1
mg/1
mg/1
mg/1
mg/1
mg/1
mgj I
mg/1
mg/1
mgil
mg/1
mgjl
mg/1
mg/1
mg/1
mg/1
mgil
mgjl
mgil
mgil

INFLUENT a
CONCENTRATION

<Sb
<lob
<5 b

622

2!;
945
65

845
<5b
311
<jb

INFLUENT a
CONCENTRATION

0.0703
0,0264
0.0049
0.1076
0.0022
0.0021
0.1515
0.007 I
0.0355
0.0410
0.0026
0.0450
0.0738
0.1290
0.0085
0.0683
0.1743
0.0145
0.8287
0.0072
0.0391
0.1883

TREATMENT
REQU IREME?JTS

5;
5
7
5
5

200
5
5
5
5

2000

TREATMENT
REQUIREMENTS

5
.06
.05
I .0
0.1
0.01
NS
0.05
0.2
0.3
0.05
2.5
0.05
0.002
0.1
0.2
0.01
0.05

M 1
0,1
2.0

INTERIM REMEDLAL ACTION PLAN FOR THE 881HXLLSIDE AREA
ROCKY FLATS PLANT, GOLDEN, COLOFLWO OCTOBER 1989
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Table A-1 (Continued)
GROUNDWATER CONSTITUENTS

MAJOR ION.S-

Calcium
Magnesium
Potassium
Sodium
Total Dissolved Solids
Chloride
Nitrite & Nitrate
Sulfate
Bicarbonate As (CaCOJ

RADIONUCLIDES

Gross Alpha
Gross Beta
Uranium (Total)
Strontium (89, 90)
Plutonium (239, 240)
Americum (241)
Tritium

mg/1
mg/1
mg/1
rng/1
mg/1
mg/1
mg/1
mg/1
mg/1

pCi/1
pCi/1
pCi/1
pCi/1
pCi/1
pCi/1
pCi/1

INFLUENT a
ONCENTRATION

109.7
26.1
2.7
87.4
718
128
8.29
122
274

INFLUENT a
CONCENTRATION

21.5
17.8
15.4
<lob
<0.01
<0.01
<400b

TREATMENT
REOUIREME?JTS

NS
NS
NS
NS
400
250
10
~50
NS

TREATMENT
REOUIREMEFJTS

H
40

8
15
4

20,000

a Based on a flow weighted average of the 881 Building footing drain flow (j gpm) and alluvial
grounawater at the 881 Hillside that would be collected in the french drain (2 gpm). Averages
computed from the 1987 and 1988 data base, except Organics. Organic compound concentrations
determined from first and second quarter 1989 data.

b Detectable concentrations in some wells; however, blend should have non-detec[~blc
concentrations.

Ns No standard.

INTEm RNEDM ACTION PLAN FOR THE S81 HTLLSIDE AREA
ROCIW FLATS PLANT, GOLDEN, COLORADO OCTOBER 1989
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Table A-2
GROUNDWATER pH DATA

LOCATZON CHEMICAL RESWLT UNIT QUAL. D.- GROUP SMPL DATE
-------- ---------------------- --------- ------ ----- ----- ----- ------.--
01s7

0387BR

0487

0587BR

0687

0887SR

0974

1074

4287

5287

5387

p?i
pli

7.5
7.0

PHUNIT
PKVNIT

RFIN
WIN

06-FEB-90
17-AUG-89

pH 7.9 PHUNIT IWIN 19-FE>90

pH
pH

RFIN
RFIN

PHUNIT
PHUNIT

31-JAN-SO
16-om-89

pH 7.3 RFIN 14-FEE-90

pH
pH

7.6
7.6

PKUNIT
PHUNIT

RFXN
RFIN

31-JAN-90
26-JUL-89

p14
pEf

7,6
7,6

WUNIT
PHUNIT

RFXN
WIN

16-FEB-90
31-ocT”a9

pH 7.5 PHUNIT RFXN 06-FEB-90

pli 7.6 FHUNIT RFIN 06-FEB-90

pIi
pli

7.7
8.0

PHUNIT
MWNIT

RFIN
RFIN

ol-mB-90
11-JUN-89

PHUNXT
PHUNIT

RFIN
WIN

29-JAN-9t3
26-OC’T-89

pH 7.3 PHUNIT RFIN 30-JAN-90

59@6~bR PH 7.6 PXVNXT RFIN 20-MAR-?o
62S6 pH 8.S PHVNIT ELFIN 16-FEB-90
19 records selected.

A-3



Table A-3
SERI REQUIREMENTS FOR WATER CHEMISTRY AT RECEIVER INLET

~

Laboratory research has shown the photocatalytic process to be sensitive topH. To date, experience has
shown that maintaining a pHon the order of 6.0 produces the most effective destruction rates for chlorinated
organics.

TEMPERATURE

Temperate has been demonstrated to be a minor factor in reaction rates for the photocatalytic process.
However, the use of solar collectors has the inherent effect of incrwsing temperature of the process water as
a function of flow rate. Boiling of the water through the reactors cannot be tolerated Therefore receiving water
for processing at or below ambient (preferably room temperature - say 21”C) is desirable.

PRESSURE

Working pressures of the glass tubing used for reactors in this process are on the range of 40 PSIG to 75
PSIG (pyrex glass). Pressure drops through the reactors have been estimated to run from less than 1 PSIG up
to as much as 40 PSIG per control string, it is therefore necessary to receive the influent at pressures not less
than 40 and not more than 60 PSIG to provide a safe operating range.

SUSPENDED SOLIDS

To avoid clogging and deposition of silt or other large scale contaminants in the system reactors or valves,
the influent stream should be faltered to remove any suspended solids greater than 5 microns.

CATIONS

Iron is the only known cation to si~lcantly affect photodestmction rates, Iron in the form of Fe+3 has
been shown to decrease the photocatalytic reaction. These ions should be removed to the maximum degree
economically feasible so that precipitation will not occur at pHs of 7.0 or below.

ANION

Bicarbonate is the only lmown anion to significantly affect photodestruction rates. Bicarbonate is a known
competitor for hydrox yl radicals in a photocatalytic reaction. Experimental results show that concentrations in
the range of 500 ppm of bicmbonate have a three fold negative impact on the reaction. Calculations indicate
that such concentrations of bicarbonate can be offset by reducing the pH to 5.0. However pH reductions below
6.0also negatively impact the reaction. Ground water samples from Lawrence Livermore Laboratory contain
bicarbonate concentrations between 300 to 500 ppm Our experience is incomplete in this area to know whether
such concentrations are common or not. In this are~ the contractors experience is needed. Some estimate on
the design cost of a system to remove bicarbonate without adjusting pH below 6.0 is necesszuy. An order of
magnitude of the cost and feasibility of reducing carbonate from concentrations of 2000 ppm, if such
concenuations are ever likely to be encountered down to 500 ppm or downwards to concentrations on the order
of 10 ppm will help guide SERI designers in sizing the solar system.

UNKNOWNS

The photocatalytic process, as it is effected by common constituents of ground water, is poorly understod
Contractor guidance on what likely concentrations or ranges of concermations for common cations and anions
are to be encountered will help SERI researchers in conducting the proper experimenuil research to determine
negative or positive effects of these constituents. A-4
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WAVELENGTH
280
290
300
310
320
330
340
350
360
370
380

Table B-1
EFFECTIVE PHOTONS PER SECOND PER WATrlN THE

280 TO 385 nm UV BAND (AIR MASS = 1.5)

IRRADIANCE*
o
0
0

18.1
80.6

166.2
212.4
251.3
278.2
340.6
352.8

PHOTONS/SEC-iW* PRODUCT

1.58 (x 10’18)
1.63 (X 10A18)
1.68 (X 10A18)
1.73 (x 10A18)
1.78 (X 10A18)
1.83 (X 10A18)
1.89 (X 10A18)
1.94 (X 10A18)

28.59 (X IOA18)
131.41 (X 10~18)
279.44 (X 10’18)
367.94 (X 10A18)
448.13 (X IOA18)
510.27 (X 10A18)
642.08 (X 10’18)
6B3,06 (X IOA18)

SUM1 = 1700.2 SUM2 = 3090.92 (X 10A18)

UV PHOTONS PER SECOND PER UV WAIT = SUM2/SUMl = 1.82 (X 10A18)

● Taken from ASTM E891 -82, “Terrestrial Direct Normal Solar Spectral Irradiance Tables
for Air Mass 1.5” , in units of W/(m2-micron)

“ Photons/( Second-Watt) = .5095’ 10 A16*Wavelength (in nanometers)
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Table B-2
REFLECTIVITY OF UNCOATED EVAPORATED METAL SURFACES

RUCIBKTNOIIMAIANCmENCERE~ANCE or FEESHLY
EVAPORATED MIBRORCOATINC+EOF ALUMINUM, SILVER, GoLD,

CoPmEn, RIiODIUM, AND PLATINUM, FBOM TEE

ULTRAVIOLET TO TEE INFRABED“t

0.220
0.240
0.260
0.280
0.300

0.315
0,320
0.340
0.360
0,380

0.400
0,450
0,64)0
0.660
0,600

0.650
0.700
0,760
0.800
0.860

0.900
0.960
1.0
1.5
2.0

3.0
4.0
6.0
6.0
7.0

8.0
9.0

10.0
16.0
20.0
30.0

Al

91.5
91,9
92.2
92,3
92,3

92,4
92.4
92.6
92.6
92.6

92.4
92.2
91.8
91.6
91.1

90.6
89.7
88,0
86.7
86.7

89.1
92.4
94.0
97.4
97.8

98.0
98.2
98.4
98.6
98.6

98.7
98.7
9s.7
9s.9
99.0
99.2

Ag

2$.0
29.6
29.2
25.2
17.0

5.6
8.9

72.9
38.2
92,8

95.6
97.1
97.9
98.3
9s.0

988
98.9
99.1
99.2
99.2

99.3
99.3
99.4
00.4
99.4

99.4
!39.4
99.5
99.6
99.6

W.5
99.6
99.6
W.6
99.6
99.0

Au

27.6
31.6
3S.6
37.8
37.7

37.3
37.1
36.1
36.3
37.8

3&7
38.7
47.7
81.7
91.9

96.5
97.0
97.4
98.0
98.2

98.4
98.6
98.0
90.0
99.1

90.3
09.4
99.4
00.4
09.4

00.4
W.4
W.4
W.4
99.4
99.4

Cu

40.4
39.0
36.5
33.0
33.0

36.5
36.3
38.6
41.6
44.6

47.5
66.2
60.0
66,9
93.3

96.6
97.6
97.9
98.1
9s.3

98.4
98.4
98.6
98.6
98.6

98.6
98.7
9s.7
98.7
98.7

08.8
98.8
98.9
‘30.0

Rh

57.8
63.2
67.7
70.7
73.4

76.0
76.6
76.9
78.0
78.1

77.4
76.0
76.6
78.2
79.7

81.1
82.0
82.0
88.1
83.4

83.6
83.9
84.2
87.7
91.4

96.0
96.8
96.4
96.8
07.0

97.2
97.4
Q7.6
90.1

Pt

40.5
4e.9
61.6
64,9
67.6

69.4
60,0
62.0
63,4
64.9

66.3
69.1
71.4
73.4
7S.2

76.4
77.2
77.9
78.5
79.5

80.6
80.6
80.7
81.8
81.8

90.6
93.7
04.9
96.6
96.9

96.0
96.1
96.2
96.6

* The reflectance of n cd evmomt.d mirror cutinn u dwaymhigher than thst of n pdinhed or
electroplntd aui-fmeof the -me mshid.

t G. He+ in R. Kmg,laka, ~, “Ap@d OPtie#md OPtiMI En#inmrinc,” ml 1~[, Dbl.?4)9-380,
Academic Prea, Inc., Naw Ym~ 1066.

Source: American Institute of Physics Handbook,3rd Ed.,
Mc Graw Hill, 1972
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Appendix C

COLLECTOR FIELD SIZING AND DESIGN POINT PERFORMANCE
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APPENDIX C
COLLECTOR FIELD SIZING AND DESIGN POINT PERFORMANCE

Collector Efficiency

75% for Ihe Solar Kinetics SA-85 clad trough module at end of life per Table B-5

UV Photons/Second Per UV Watt

1.818 x 10A18 from Table B-1

Site Data

Location Rocky Flats, Colorado
Latitude 40 degrees North
Elevation 5960 ft. above sea level
Air density 0.8351 x sea level density
Air mass 0.8351 /(cos(zenith angle))

Design Point

Vernal equinox noon
zenith angle 40 degrees (=latitude)

Air mass 1.0901 at vernal equinox noon

Ratio of UV Photons to Solar Band Photons

Curve fit of Figure Cl data for 280 to 385 nanometer UV wavelength band

(UV Watts/solar Watts) = 0.037 x EXP(-0.7072(air mass-l))
= 0.0347 @ design doint

Design Point Solar Radiation

960 Watts/m2

Design Point UV Radiation

33.33UV Watts/m2 (=0.0347 x 960)

UV Watts Required

(5 X 10Z2 UV photons/second)/(1 .818 X 10ls photons/second per watt)
= 27,500 UV Watts
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Figure C-1 Ratio of Ultraviolet Band to Total Direct Normal Insolation

Source: SERUTP-215-3895, “Influence of Atmospheric Conditions
on the Ratio of Ultraviolet to Total Solar Radiation”
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Required Solar Kinetics Collector Area

= 27,500 UV Watts / (33.33 UV Watts/m2 X 0.75 EOL collector efficiency)
= 1,100 m2

Number of Modules

=1 100 m2 / 13.006 m2 per module
= 84.6

Use 88 Solar Kinetics modules arranged in 11 rows of 8 modules each

The arrangement gives 11 parallel flow paths

Flow Rate Per Flow Path

100 gpm /11 = 9.09 gpm each

Pressure Loss

Single Receiver Tube Flow Path,

DP = (f/891 )*(lJds)*G2 in lb/inZ where

G= Flow in gpm
f . Friction Factor from Figure C2
d . Receiver Tube or Pipe Inside Diameter, inches
L . Receiver Tube or Pipe Length, inches

Receiver Tube Pressure Loss

G= 9.09 gpm
f . 0.47
d = 2 inches
L. 240 x 8 = 1920 inches
DP = (0.47/891 )”(1920/ 2s)’(9.09)2

= 2.615PSI

Associated Fittings Equivalent Length, Ft

Open tube between modules, 12 x 2 Ft 24
End flex tubes, 2 x 10 Ft 20
Bends, entrance and exit 45
Valve 30

Total 120
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Figure C-2 Receiver Tube Friction Factors

Source: Solar Energy Research Institute
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PS1/100 Ft = 0.0921 @ 9.09 gpm for 2 inch Sch 40
per Crane Technical Paper 410

DP = 1.2 X 0.0921 = 0.110 PSI

Total DP per receiver run = 2.725 PSI

Manifold Pressure

6 inch Sch

Length

Loss

40 DP PS1/100 Ft = 0.036 @ 100 gpm per Crane

. 660 Ft
Bends, valve = 150 Ft Equivalent Length

Total 810 Ft

DP = 8.1 X 0.036 = 0.292 PSI

Throttle Valve Flow Balancing Allowance

DP = 0.483 PSI (an arbitrary 16Yo)

Total Collector Field Pressure Drop = 3.50 PSI at EOL (2.725 + 0.292 + 0.483)

Temperature Rise

Interpolation from Table Cl for 9.09 gpm flow in an 8 ft wide aperture gives,

Temp. Rise/Ft = 0.108 Degrees C per Ft for an 8 Ft aperture.
= 0.094 Degrees C per Ft for a 7 Ft Solar Kinetics aperture.

Temperature Rise, DT, for each of the eleven 160 ft runs of receiver tube is,

DT = 160 X 0.094
= 15.0 c (27.1 F)
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FLOW - gpm

1

2

4

5

7.5

10

15

20

25

30

Table C-1
RECEIVER TEMPERATURE RISE

TEMPERATURE RISE - Degrees C per Foot

~4_&&XWE~

0.24 0.48 0.96

0.12 0.24 0.48

0.06 0.12 0.24

0.05 0.10 0.19

0.03 0.06 0.13

0.02 0.05 0.10

0.02 0.03 0.06

0.01 0.02 0.05

0.01 0.02 0.04

0.01 0.02 0.03

Source: Solar Energy Research Institute
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Appendix D

HOURLY AND MONTHLY ESTIMATES OF TREATED WATER VOLUME

Table D-1
12 MONTH OPERATION WITH 20 GPM MINIMUM FLOW

Table D-2
9 MONTH OPERATION (WINTER SHUTDOWN) WITH 20 GPM MINIMUM FLOW
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Appendix E

TOTAL FIELD COST ESTIMATE DETAILS
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