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ABSTRACT

Thiz DOE funded study was performed to evaluate the potantial for treatment and beneficial
reuse of produced water from the San Ardo oilfield in Monterey County, CA. The potential
benefits of a successful full-scale implementation of this project include improvements in cil
production efficiency and additional recoverable ail reserves as well as tha addition of a new
reclaimed water resource. The overall project was conducted in two Phases. Phass 1 identified
and evaluated potential end uses for the treated produced water, established freated water
quality objectives, reviewad regulations related to treatment, transport, storage and use of the
treated produced water, and investigated various water treatment technology options, Phase ||
involved the construction and operation of a small-scale water treatment pilot facility to evaluate
the process's performance on produced water from the San Ardo oilfiseld. Cost estimates for a
potential full-scale facility were also developed.

Potential end uses identified for the treated water include i} agricultural use near the oilfield, ii}
wse by Montarey County Water Resources Agency (MCWRA} for the Salinas Valley VWater
Project or Castroville Seawater Infrusion Project, i} industrizl or power plant use in King City,
and iv} use for wetlands craation in the Salinas Basin. All of these uses were found to have
major obstacles that prevent fullscale implementation.  An additional option for potential reuse
of the treated produced water was subsequently identified. That option involves using the
treated produced water to recharge groundwater in the vicinity of the oil field. The recharge
option may avokd the limitations that the other reuse options face.

The water treatmeni pilot process utilized: i) warm precipitation softening 1o remove hardness
and silica, ii} evaporative cooling to mest downstream temperature limitations and facilitate
removal af ammaonia, and iii} reverse osmosis (RO) for removal of dissolved salts, boron, and
organics. Rilot study results indicate that praduced watear from the San Ardo oilfield can ba
treated 1o meet project water quality goals. Approximately 600 mg/l of caustic and 100 mg/
magnesium dosing wers required to mest the hardness and silica goals in the warm softening
unit. Approximately 30% of the ammonia was removed in the cooling tower, additional
ammonia coukd be removed by ion exchange or other methads if necessary. A brackish water
reverse osmosis membrane was sffactive in removing total dissolved solids and organics at all
pH levels avaluated; however, the boron treatment objective was only achieved ata pH of 10.5
and above.



Table of Contents

DUSGEAINMER, ..o e et ettt ettt et oot e ettt ettt s e aentae et i
LISE OF TABEHBE ..o coeeii e et ees e nin e eenas s e e sss snan s ern e s rrne e e sana s wnea s rmnn st s mmnan s rnnnn e rnnnsesnrnnss W
LISEOF FIQUIBS ..o ettt v teass e aams srees e san s cea e e eas sesras srrsas mrrra s raran e anan srmmrs o an smrrenrrerens v
LT ot QT Fa = d o o PSP ereeeerererasrresaaeathersatt bt rrend i

Exﬂcutha s“m mary Nakhlabdbbhdddrrrarnrrannamamenddddd i dd SR AN DR RE LdRd At Rl dandhnnhmrndd FAR R AE bAbdRd AN AR EE Il

E.1 Evaluation of End Use Options for San Ardo Oilfield Produced
Water ... . S
E.Z Regulatlons for Treatment Sturage Delwery and Llse uf
Traated Produced W alar. o e e i vebt e eas s s v e Il
E2 Filot Resuits. .. US|
E.3.1 Pikt F'n:-cess ............................................................................. Il
E.3.2 Summary of Pt Resuls ..o v vnvss e snnrresnmrrre e )
E4  Full-scale Capltal and O8M Costs . v i Al
ES5  Tech Transfer Achivities..........ccoocvieeiiiceenen. e ateeetttaseesitstannanastaienrarenns IV

sﬂct'ﬂ'“ 1'= lntrﬂduﬂliﬂ“ e N N N AN N NN NN A EAEE 1

1.1 Background. ... e s e 1
Project Obechive . ... e e s cnrnn e e seaens |
Project Site Descriplion. ... e reree e e eree s erssen e e e
Potential Project Benefits............... vt e e n e g ed s b esanaras 2
Project ENBES....co.o v v ecre e s srr v e et e 3
Projact Stalf ... ... e e e e e 3
Crganization of Final Raport ... e e e e B

— ol el e el —
SNl S N AR

Sectlon 23 Evaluation of End Lise and Offsite Dispozal of Treated
Fmd“c'ﬂd watﬂr In tllﬂ ijact Amalllill (1]} SAEEEE --lilﬁ

21 |Ise of Treated Produced Water for Agriculiural Imigation in the

SAN AN AFSa. i ittt er e rer e ey sern g b ars bbb e rmnnne 8
21.1  Agricultural Acreage in the Salinas Valley ... 8
21.2 Agricultural Acreage Within a Five Mile Radius of San

Ardo CHIFIBE ... . oo e e st et e 7

2.1.3 Agricultural Crops in the San Ardo Qilfield Area.........................9

2.1.4 Waler Quantity Needs of Agricultural CrupsB

2.1.5 Water Quality Requirements.... SSURS (4
22  Monterey County Water Resources Agency Use RV &
2.3 INAUSEAAL USE ...t cae e e e av e e aess st e e e en 12
24  Use of Traated Producad Water for Creation of Wetlands in the

BAMNAS BASIN . .o eorreotreceeiaerr s cerreis i erisececrsree e erreeeanss e rnesitaeessnaess 12
25  Groundwater Recharge of Treated Water Adjacent to Project

Araa and Away From the Formation........cicriisienere s snvnsiennn A3

Table of Contants &



Sectlon 3:

Section 4:

Section 5:

Regulatory Requiremants for Bensficial Uses i sl
31 Introduction .. R I |
3.2 Agandesfﬂagulamm REIatad tr:: Treatment ﬂf F‘mduc&d Water ......... 15
3.2.1 California Department of Toxic Substance Control .................. 15
3.2.2 Monterey Bay Unifled Air Poliution Control District................... 26
3.2.2 Califormia Department of Oil, Gas Geothermal
RESOUMCES oot rrrransm e st bt basas s e st ecasbhens 27
3.2.4 The Monteray County Planning Department............cc.ccochce. 16
33 Regulations Related to Water Quality of Treated Water...................... 16
3.3.1 Central Coast Regional Water Quality Control Board .............. 16
3.4  Water Rights Regulation ... |-
3.41 Califoria Water Resources Control Board — Division of
Watar RIGhLS ..o e e 19
35  Water Storage Regulations ... oo e e e e e e 19
3.5.1 Califormia Department of Water Resources — Division of
Safety of DamS...c.covvce e e v cassri e e e nre e 19
3.5.2 US Army Corps of Engineers........oci i 20
3.5.3 Monterey County Planning and Building Inspection
Dapartmdnt ... et e e e s e e 20

354 Central Coast Regional Water QGualily Control Board..............20

36  Reguiations Related to Wildlife Protection — California
Departmeant of Fish and Game ... e 20
Filnt Fm¢5= hlec‘lo" LLILILIL LI YL ]]] [ LRl 1L} LAl ] llllll-ll=1
41 BACKOMUN. ..o ciiriie oo s s e e amraeesssarmaes s mae e aaaee e nbrres ot preras 21
4.2 REVArSE DSMIOGIS. ..uo iaieeiiiiiiiis e ericie e eeeaeeecess sesssms stmas mmsssbaemeabbneean 22
4.2.1 Remaoval of Scale-Causing Hardness and Silica...................... 23
4.2.2 Removal of Boron.. PPN
423 Ramovalof {:lrgamcs from Produced Water ... 26
424 Ammonia BamMoval . ... s e seans 2T
4.3 Electrodialysis ProCBES .o e e ceerr s ceerrne e re e s nneas mnnr st nnean 28
4.4  Electrodialysis RevEISaAl ..o v ceve s vrererrsesnse rrrvseesrsnees s ermensraenn e 24
I Y o o 44
442 Pretreatment 1o Remove Organics During EDR
Treatment ... i s st e 41
443 Ramoval of BOron........ ...ocoo i s 30
4.5 Economic Evaluation of RO and EDR Processes for Treatmant
of San Ardo Produced WELEr ... e e e B
46  Recommendations for Pilot Study ... 34
Bench Scale 3tudles................. vura suanin — 35
5.1 O8NS et eeeeee et eeceen— s en— e cnmen e ns st raeesaan e 35
5.2 Warm Softening Frocess .. U SOPP |5
521 pH Adjustment with Causﬂc S PPPRRRRPPPR
522 pHAdustment Wit LIMB.........oceeee e e e e 42
52.3 Bench Test Using Combined Lime — Caustic Addition............. 45
53  Qxidation Tests Using Chiorme Dloxide (CIOL) v S .46
54  Breakpoint Chlorination Studies ... A7
55  Conclusions of the Bench Secale Studies...nnnin. 49

Table of Contents ii



Section §:

Sectlon 7:

Section 8:

5.5.1 Precipitation SUdIES.....ccce i e crmis v e e 49
B.52 ClO; Oxidation Studies......covies i i csrssscsssscnssnss ssnssssnns 49
£.53 Breakpoint Chlorination Studies .. TS -

na“riptiﬂ“ ﬂf Fll'ﬂ‘t Pln“t s‘t“dy L LI LLLELLLL DL DL L L LY L LD LD L LR L)L ] Eu

6.1

6.2

6.3

6.4
6.5

Unit Procass DescHptions ... ssrereass e cranssrecns 50
6.1.1  Claricone™ for Warm Softening Process ....cocovrcvivveceii e 51
B.1.2  Cooling TOWBE ..oocvueiviristerrmisiecrisr s erssss seenea tavee s shinssas s tateetass 52

6.1.3 Raverse 0smosis Unit.............coooee e cene e e e e D3
Unit Process Evaluation Objectives ... ceeei e 33
6.2.1 Warm Softening ProCeSS..........o..covieicrrvnnirenn i rrensscrsnnns s crnesson 99

6.22 Cooling Tower . .. 56
6.23 Reverse OmiiSis . e e e s e e ssanaee e e 56
Pilat Plant Oparations ... ..o ene e mees s ssee s eene s ne s ees 0
©.3.1 Background... 5?
632 Cage1, Clanmne“‘ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 57
6.3.3 Case 2, Claricone™, Holding Tanks and Cooling Tower ......... 57
6.3.4 Case 3, Claricone™, Halding Tanks and Brackish Watsr

RO . ISTURROY .

$.3.5 Cased4, Clancune“" Hﬂ-ldlng Tanks SIdE-b}f-StdE
Brackish Water and High Boron Re]ectlon Seawaler RO

kembranes .. a8
Summary of Pilot Sampllng and Data Golleutlun 5‘5!-
Summary of Analytical Mathods . s 60

Pilot Plant Resylts am DiSCUSSION.ccccr e cemcanermsims s enn smemrenrene s B2

71

72
7.3

Warm Softening Unit.. ... s e s e 62
7.1.1 Silica Removal in the Warm Softener ..........ccoceevieee e, 63
7.1.2 Hardness RemMOvAl..........occn v e v e e 67
7.1.3 Warm Softening SIudge..............ocoi i, 68
Cooling Towar OPBIation ........ ... vt crreeceeee e e e e il
Revarse Osmosis... S
731 Pt Studies Usmg Bradush Watar RD Membrane ................. 71
7.3.2 Energy Usage EvVaINEHONS ....cevimresssis s snsnnresssrrecansnres 83
7.3.3 Comparison of Brackish Water and Boron Rejgction

Membrane Performantce ... e ae e a4

Recommended Design Criteria and Estimated Cost...ccovnirarree. 91

a1

82
83

Evaluation of Process Alternatives for San Ardo Produced

WWater Treabm@nt ... oiricaasrrie s rra e asrreccaasbroant e rebat s e saaaeeenabrbeeeadmberas 91
8.1.1 Hardness and Silica Removal..... ... osiniens a1
8.1.2 Cooling Using Fin Fan............ccooi e e e e 92
B13 TOSReMOVEL ... e e e eere e a2z

B1.d Boran RemOVAL ..o e e cvees ermm e an e s eenn s 2
B1A  AMMONIA REIMOVAL ... v srin e eemn e menn s D

B1.6 Organics REMOVAL. ... v aa e e 93
Design Basis far San Ardo Produced Water Traatment Facllities.. ... 93
8.2.1 Warm Precipitative SOfening ... oo 04
Preliminary Cost Estimates................. et crreepeeeee s 08

Table of Contents iii



8.2.1 Construction and Total Capital Costs .. crrernrenrennenn . 99
8.3.2 Apnual Operalions and Maintenance {G&M} Gust.................1ﬂ'1
8.4  Unit Treatment Gosts From Water Utility Perspsctive ., 102
8.5  Sensitivity Analysis of Key O&M Cost Components . .....cccocvieeeees 03

Saction 9: Technology Transfer Activitias ........cccr i cimvreevemims e e 104

List qucranyms and Abbrevialions .. S PSRN £ 1

Table of Contants iv



List of Tables

Table 2-1; Upper Valley Sub-Area Crop Acreage (1985).. .o e e 7
Table 2-2: Agricultural Land Owners and Acraage Within Five Miles to the North of San Ardo
Oilfiald. .. . P PP PR P PR UPPPOTRPUPY
Table 2-3. Crops grown In San Ardﬂ Ar&a SO *
Tabls 2-4; Water Guantity Estimates for Sp-a-cnﬁc Cmps Grown in The San Ardo Area .............. 9
Table 2-5° San Arde Produced Water and CCRWQCB Water Quality Requirements................ 10
Table 3-1: Agencies Involved With Permit Processes For Treatment Of San Ardo Oiffield
Produced Water... .14
Tahble 4-1: Representative Water Quallty Charai:tenstlcs af F’la-::a nta and San Arda 'Dllﬁeld
Produced WWaters ... ..o e ettt bbb bbb ae et raenen s ereens 21
Table 4-2: Dissociation Constants for Orthosilicic AC ™ .. 25
Table 4-3: Dissociation Constants for BorOn™ ... ... oo o e e e creres s e essmea e 25
Table 4-4: Cost factors Used in Flanning Levsl Cost Estimation .. y .32
Table 4-5: Planning Level Cost Estimates for 4.2 MGD Reverse Dsmc-s:s and Electmdnalysns
Reversal Systams o e oo 33
Table 4-6: Cost Breakdown for Reverse Osmosis SyStem ... e i 33

Table 4-7:

Table 5-1

Table 5-2

Table 5-3:
Table 5-4:
Table 5-5:
Table 5-5:

Table 5-7:
Table 5-8:

Table &6-1:
Table 6.2:
Table €.3;
Table 6.4.
Table 6.5
Table 6.6
Table 6.7
Table &8
Tahle 7.1:

Table 7.2:
Table 7.3;

Table 7.4:
Table 7.5:
Table 7.6:

Tabls 7.7:
Tabla 7.8:

Table 7.9;

Cost Breakdown for Electredizlysis Reversal System with Pretreatment® ... 34

: Hardness and Silica Levels in San Ardo Produged Walter using Caustic and
Magnesiam {100 mgf) After Adjusting pPH e 10 . e 42
: Jar Test Data Using Lime and Magnesium at pH 9.5 .. 44

Jar Test Data Using Lime and Magnesium atpH 105 ... 4

Jar Test Data Using Lima and 70 ma/d Magnesium ... v e 24
Jar Tast Data Using Lima and 100 mg/| Magnesium .........cocccverresceviserrensscermees s oene 44
Banch Tast Data For Hardness And Silica Removal Using Combined Addition of
Caustic, Lime and Magnesium ... -
TOC and BOD Lavels in San Ardo F'rcdu:::ed Water Aﬂer Dc:-smg wﬂh CIDZ WAF
Breakpoint Chlorination of San Arde Produced Water.........oiiiinnn 48
Claricone™ Process Design Crlteria ..o P 62
Cooling Tower Process Design Crteria. ... 53
Reverse Osmosis Process Design Criteria for Brackish Water Membrane Trial ....... 54
Summary of Pilot Plant Unit Processes Operalions .......ccovecceve v seeivens e eenn s eenn D6
Summary of Field Data and Sampling Program................. evrrerseeaneemreaaanrarn— aaaren 50
Summary of Laboratory Analytical Program (...t e 60
Fleld ANBIVHCAl MBHNOMS. ... ... oo eioeeiiimris et eets e e s bt ensess s e sesebeee s 61
Summary of Laboratory Analytical Bethods ... 61
Typical Water Quality Characteristics of San Ardo and Plzcerita Canyon Produced
L= - PO 62
Elemental Compositlon of Warmn Softening SIudge .....oevvinnnmeionenecasisr e 69
Chernical Compaosition of Warm Softening Sludge ... 69
Summary of Sludge and Hazardous Waste Critemal.. ....o..veeeee e e e 70
Cooling Tower Operation and Results .. RO &
Summary of Average Cation, Anions, and Dthar Parameters c-f interest in RO
Efftuent T2
Concentration of THM Constituents 1n RO PerMBate ..o covrreiinrecviseeosinrrrae vorees 78
Summary of Average Cation, Anions, and Other Parametars of Interast in RO
CONCENITAIE L uiovrer o srrasrri oo is v sanrerasce srserasnrras e eran s saenss s s e snsannen g veerereatenrrens .78
RO Transmembrane Pressure Before, During and After CIP..........ccco oo ieceeceee 80

Table of Contents v



Table 7.10: Inorgavic and Organic Constituents in San Ardo Produced Water Fouling the

Brackish Water RO MOmMBIrane ... iiiimieiisiee v sss e s sesessanessst ires e rrens 80
Table 7.11;:Summary of Average Operation Cenditions during RO Operation Lising Brackish
Water {Fluid Systams) MamMBbrane............ccc.o oo iciess e e e s eceese e e 82
Tabla 7.12: Projactad Energy Use for Systems with Brackish Water RO Membrane Elements .84
Table 7.13: Specifications of the Boron Rejection Membrane (SWOCA) ... reev e v 85
Table 7.14: RO Operation Conditions for the Brackish Water and the Boron  Rejection
Membranes Evaluaton .85
Table 7.15: Treated Water Quality of Brackish Water and Boron Rejection Membranes........... 86
Table 7.16: Standard Re-test Parfformance Data for the Boron Rajection Membrane................87
Table 7.17: Inorganic and Organic Constituents in San Arde Produged Water Fouling the
Fluidsystems and SWC4 RO Membranes. .. 87
Table 7.18: Summary of Average Operation Condltions durmg Cumparlaun of Braﬁkish Water
and Boron Rejection Membrane for San Ardo Produced Water Treatment ... 58
Tabke 7.19: Projecied Energy Use for Systems with Boron Rajactiﬂn Mambrane Elaments. ... 30
Tabla 8.1: Treatment Goal for Full-Scale Design... PO POUPPPRTRRSPRRS 1 |
Tabis §.2: Froduced Watar Treatment Flant Desgn Crﬂena PSPPI PPRPRPPTN |
Table 8.3: Cost Factors and Assigned ValUes ... e e 09
Table 8.4: Total Project Capital Cost Estimate for 70,000 Barrel Per Day .............................. 100
Takle 8.5: Annual and Unit Treatmant Costs. .. SO PPTRRPPRPRRUPR | 1) |
Table 8.6: Summary of Water Redlaimad and Llrut Treatrnent Casts weerrrenee s sennrnne e enens 102
Table 8.7: Annual D&M Cost COmMPANBON. . cerrrsrreaster st a e rre s reeassbarasrnasssanrares 103
Table 9.1; Summary of Technology Transfar ACtVIlIEs. ... 105

List of Figures

Figure 1=1. Project Site LOCation ..ottt ettt et e re e e eens 4
Figure 1-2. Current Aera Energy LLC San Ardo Qilfield Produced Water Balancs .....................5
Figure 2-1. Agriculture Land Within 5-mile Radius of San Ardo Oilfield . e B
Figure 4-1. Simplified Schamatic of RO Based Process for Treatment ﬂf Pmduced Water ....... 31
Figurs 4-2. Simplified Schemszstic of EDR Based Process for Produced Water Traatment ... 3
Figure 5-1. San Arde Produced Watar Titration Curve Using Caustic for Without Magnesium
F ¥ [n ) (1o DO P PO SRS R RS 36
Figura 5-2. San Ardo Produced Water Titration Curve Using Caustic with 150 mg/fl Magnesium
Addition... . .37
Figure 5-3. Silica and Hardnesﬁ Cﬂnﬂentratlﬂna wlth Increaﬁe m Magnesium Canaentrau-::n
Without Caustic AAdITION ... e s e n e s 38
Figure 5-4. Silica and Hardness Concentrations as a Function of Added Magnesium with Initial
pH Adjust to 9.5 Using Caustic... .39
Figure 5-5. Silica and Hardness Cﬂncantratmns as a Functmn nf Added Magneslum WIth Inltlal
pH Adjust to 10.5 Using Caustit..... ... icvveeeriiicevis v rrrenssrssemressssesnes s rsmen s arnes 40
Figure 5-6. Caustic Addition Required 1o Raise the San Ardo Raw Filtered Produced Water pH
to 10 as a Function of Magnesium Addition......... e i e e 41
Figure 5-7. Silica Concentration in the Raw Filtered Produced Water as a Function of
Magnesium Addition with Caustic Addition 1o pH 10 e 41
Figura 5-8. Titraiion Curve for San Ardo Produced Watsr Using Linne and Magnasium ............ 43

Figure 5-9. Titration Curve for San Ardo Watar Usung Lima {QCI mgfl} Magnestum {?G mg:’l] asa
Functian of Caustic Addition .. 35

Table of Contants vi



Figure 5-10. Breakpoint Chlorination Curve for RO Permeate of San Ardo Oilfield Produced

Water. . ereeee s ereeanreeate sramee s eann s eranan srananas tranantanennsannnns nennsrne D
Figure -1, General PAIOE PRANT SCRIMALC. oo oo oo oo 50
Figure 6-2. Pilot Site During Equipment Installation ... ... 51
Figure 6-3. Picture of Claricona™ Unit .. OO PUTPRRP P RRU PR ORI PR - ¥4
Figura 6-4. Cocling Tower Process Fluw Dlagram . RPN . X. |
Figure 6-5. Reversa Osmaosis Unit {Koch Membrana Systems] . . e 55
Figure 7-1. Warm Softening Effluent Silica and pH Levels at Sﬂﬂ mg!l Caustnc as a Funn:hon of

Varying Magnesium Concentrations....o. e e crerie s resssereesssrmsssrrssssss seens 64
Figure 7-2. Warm Softening Effluent Silica and pH Levels at 600 mg/l Caustic as a Functien of

Varying Magnesium Concentratkimns ...t e et e er e 64
Figure 7-3. Effluent pH al Two Caustic and Two Magnesium Feed Rates...........cooiivicienes 65
Figura 7-4. Effluant Silica at Two Caustic and Two Magnesium Fead Rates.. o
Flgure 7-5. Effluent Sllica Concantrations as a Function Magneasium Dosing Ccrncantratiuns 66
Figura 7-6. Silica Levels in Softened Sattied Water at Various pH Levels ... 67
Figura 7-7. Clarifier Effluent Hardness Concentrations as a Function of Treated Water pH.......68
Figure 7-8. TDS Levels in RO Influant and Permeats at Various pH Levels .. ... ....................7T2

Figure 7-9. Boron Levels in RO Influent and Permeate at Various Influent pH Conditions......... 73
Figure 7-10. Ammonia Levels in RO Influent and Permeate at Various Influent pH Conditions .74
Figure 7-11. Average Ammania Levels in RC Influent and Permeate Streams ... 75
Figura 7-12. TOC Levels in RO Influent and Permeate at Various Influent pH Conditions......... 7%
Figure 7-13. Silica Levels in RO Influent and Pemeatea at Various Influent pH Conditions........77
Figure 7-14. Specific Flux of Bracklsh Water (Fluid Systems) Membrane ............coovvee e 83
Figure 7-15. Comparison of Specific Flux During Side- Byﬁlde Evaluation of KMS and
Hydranautics Reverse Osmosis Elements. . SO OPRUPP PR PPTPR PRSPPI . .

List of Appendices

Pilot Study Work Plans

Pilat Study Data

Regulatory Agency Correspondence

Copies of Tech Transfer Activities

Pilot Plant Electrical Drawing

Membrane Autaopsy Report for the Boron Rejection RO Membrane

mmoowp»

Tabla of Contents wii



Executive Summary

The goal of this project was to perform a pilot study 1o evaluate the potential for treatment
and benehicial reuses of produced water from an oilfisld near San Ardo in Monteray County,
CA. Thea sponsaors of this project include Department of Energy (Contract No. DE-FC26-
02NT-15483), Aera Energy LLC, (a California Limited Liability Cil Producing company); and
KennedyfJenks Consultants. The potential banefits of a successful fulk-scale
implementation of this project include:

» FReduction in ths volume of oil figld produced water reinjacted into disposal wells, theraby
reducing reservoir pressure and improving steam drive efficiency.

+ Reduce the costs associated with the underground disposal of producsd water Including
maintenance, acidizing, drilling new disposal walls, regulatory and administrative
activities.

+ Lower the energy demand for cil field operations threugh reduced water production and
handling

»  Addition of a new water resource to the shrinking number of water resources available In
water short California.

This project was divided into bwa Phases. The tasks performed during Phase | {Octabar
2002 - Decembar 2003) of this project included i} identification of potential end users for the
treated produced water at 3an Ardo, CA, il evaluation of requlations related to treatment,
trangport, storage and use of treated produced waters, and iii) selection of treatment
process train for pilot study. The pilot process selected for evaluation included i) warm
softaning to remove hardness and silics, i} cooling tower for cooling the water and facilitate
ameonia remdval, and i) Reverse Osmaosis (RO) unit for dissolved salts {Including boran)
and organics removal, The pilot study to evaluate treatability of San Ardo produced water
{Phase Il) was completed in March 2005. Finally, several [ocal and national presentations
wearg made to discuss the findings of this study.

E.1 Evaluation of End Use Options for San Ardo Qilfield

Produced Water
Possible end uses considerad for the treated water include i} agriculiural use in the farms
within five mile radius of the oilfield, ii} use by Monterey County Water Resources Agency
{(MCWRA} for the Salinas Valley Water Project ar Castroville Seawater Intrusion Project, (i)
industrial or power plant use in King City, iv) use for creation of wetlands in the Salinas
Basin,. All of these potential end uses were found to have major obstacles to
implementation.

About 3,500 acres of farmland are located within & miles from the oilfigld, downstream of the
Salinas River. The agricultural demand in this area exceeds the amount of water
anticipated to be generated from the reatment process. MCWRA has undertaken two major
projects (Salinas Valley Project and Casiroville Project) to prevent seawater intrusion into
the Salinas Valley Basin and protect agricultural watar use, A key component of these
projects is to identify allerate sources of water for agricultural use in the Salinas Valley
Basin. The demand for MCRWA, projects also exceads the treated water production from
this projact.

All of these uses, howsvar, have several limitations that must ba addressed prior to
implemeantation of a full-scale treatment procass. For example, these possible uses must
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satisfy stringent regulatory, economic, user-perception, and long-tern reliability criteria prior
to actual implementation. Furthermore, depending on the type of use, implementation may
also require complex water trade arrangements with one or more water agencies. Finally,
large storage facilites (hundrads of million gallons capacity) would e needed if there is a
large seasonal variation in water damand for the identifisd end use. Such limitations may
increase the overall costs of the project significantly and rendsr the use non-viable.

An additional aption for potential reuse of the treated produced water was subsequently
identified. That option invelves using the treated produced water to recharge groundwater in
the vicinity of the oil fisld. The recharge option may avoid the limitations that the other reuse
options face.

E.2 Regulations for Treatment, Storage, Delivery and Use of
Treated Produced Water

Full-scale treatment and offsite use of tha produced watar may require parmits fram several
regulatory agencias. The Cantral Coast Ragional Water Quality Board (CCREWQCB) is
responsible for most of the water quality related issuas. A Monterey County Air Pollution
Control Board (MCAPCB} permit may be required for potential volatile organic compounds
{(VOC}and ammonia amissions during treatment. The California Watar Resources Control
Board {CWRCE) may bs involvad if traated watsr is transported via the Salinas River. The
California Department of Water Resources — Division of Dam Safety, Army Corps of
Enginears, and the Monterey County Planning Department may be invelved in building and
storage permits, depending on the type of construcion. The mode of treated water dellvery
{&.9. direst delivery by hard pipe, delivery through river) will also impact the parmitting
process. For axample, for delivery of treated water to agricultural land by hard pipe, tha
treatad watar quality must maat crop watar quality and basin plan watar quality
requiraments. Waste Discharge Raquirements {(WDRs) arder must be obtained from the
CCRWQCB. For delivering water via the river the following would be required:

s The released water must facilitate agricultural or wildlife restoration requirements.

& The water quality must be In compliance with National Pollution Discharge Ellmination
Systern (NPDES), National Toxics Rule (NTR), California Toxics Rule (CTR) and anti-
degradation requirements.

s A permit from the CYWRCB must be obtainad for water appropriation.

+« Approval from the Califomnia Depariment of Fish and Game (CDFG) may be required for
the appropriation of water to verify that the loss of water will not have an adverse effect
on fish and wildlife resources.

Finally, storage of watar during pariods of low demand may involve regulations from tha
California Department of Water Resourcas - Division of Safety and Dams {DSD), Montsrey
County Environmental Health & Pranning Department, and the CCRWQCB depending on
storage location and water quality.

E.3 Pilot Results

E.3.1 Pllot Process

Central to the pilot procass is an RO unit for Total Dissolved Salts (TOS) removal. An
upstream warm softening unlt removed hardness and silica to minimize scaling of the
mambranes. Caustic was added to remove hardness, angd magnesium was added to
precipitate silica from the produced water. A cooling tower was used to cool the softenad
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walter and facilitate ammania removal pricr to RO. Most of the RO operations were
performad using a brackish water membrana. In these studiss the RO was operatad at
alkalina {9.5 ~ 11} pH lavals to remove boron. Several additional studies were performed Lo
avaluate treatment cost reduction including i) investigation of RO mambrane fouling
characteristics to optimiza the Clean-in-Flace (CIF) process and membrane replacement
frequency, and ii) evaluation of special boron rejection seawater membrane at pH 9.5 to
minirize chamical and operational cost associated high pH (>10.5) operations using
conventional membranas.

E.3.2 Summary of Pllot Results

Pilot study results indicated that San Ardo produced water can be treatad to maat project
water quality goals. Approximately 800 mg/l of caustic and 100 mg/l magnesium dosing was
required to meet the hardness and silica goals in the warm softening unit. In addition to
cooling, approximately 30% of the ammonia was removed in the cooling tower. The
brackish water membrans was effectiva in removing TDS to below the treatment goal at all
the pH evaluated. However, horon treatment goals were achleved only at pH above 10.5
using this membrane. Evaluation of trans-membrane pressure relief as well as analyses of
low pH {for inorganic removal) and high pH {organic removal) solutions used for CIP
indicated that most of the membrane fouling was caused by inorganic scaling {Mg, silica)
rather than organic fouling. Preliminary studies using a special boron rejection seawater
membrane yielded boron levels of 1 mgd at an operating pH of 2.5 In a 1X0 array mode.
However, this membrane appeared to be more prone to scaling than the hrackish water
membrane. Approximately 200 % higher silica and 400 % more magnesium were measured
in the low pH CIF solution after 50 hours of operation. Based on the operational data it was
estimated that the specilic Nux (Qfdipsi) of the boron rejection membrane was approximately
14 % lower, and the energy use was about 20% higher than those of the brackish water
membrans.

E.4 Full-scale Capital and OEM Costs

Capital and O&M cost estimate was developed for a conceptual 70,000 bpd fullscale
treatrent facility. The recommended treatment process includes warm precipitative
softening at pH 9.5, coaling, equalization storage, boaster pumping, multi-media filteation,
upward pH adjustment (to 10.5}, cartridge (automatic bag) filtration, reverse asmosis, pH
adjustment and ammanium selective on exchange. This process would reclaim
approximately 50,000 bpd (2,360 acre fifyr) of water. The preliminary cost estimates
assume a kevel site and have an accuracy of approximately -15 to +30 percent. The total
project capital cost ingludes a 38 percent indirect capital cost that includes such expenses
as engineering design and construction management, financial, legal, and administrative
senices, interest during construction, utility connection fees, environmental impact reports,
and permnits. Tha astimatad “bid” construction cost is $12.5 million with an indiract capital
cost of $4.8 million adding up a total project capital cost of $17.3 million. Tha unit
construction and total capital costs are 2179/bpd and $247/bpd produced water treated,
respectively. Note the capital cost estimates given above are only for the treatrment facility
as described above; additional capital required for equipment upstream and downsiream of
the treatment facility is not included. Significant additional capital expenditures for trace oil
ramoval and filtration upstream of tha reatmeant process as well as expanditures for post-
treatment storage and handling of the treated watar ara excluded from thesa figures.

Total annual OsM cost is estimated to be $6.5 millionfyr which i equivalent to 26 £/bbl of
produced watar treated, The itamized QaM cost for the flange-to-flange option consists of
$2.8 millionfyr (10¢/bbl) for chemicals, $0.98 millionsyr {4¢/bbl) for energy, $0.65 millionfyr
(3¢/hbl} for Yabor, $0.3 millionfyr {1¢/bbl} for maintenance materials, $1.4 million/yr (6¢/bbl)
for residuals management, and $0.57 million/yr {2¢/bbl} for contingencies. The maintenance
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material costs include $0.25 millionfyr for replacing two-thirds of the RO membrane
elements (24 month life assumed).

If the treatad water were to be used for an offsite use, Water Utilitias often evaluate the total
treatment cost which is the sum of the annual O&M cost and amortized capital cost per acre-
foot of water treateql. Accordingly, amortized capital cost for this project was estimaterd
using a 20 year loan period, at an annual interast rate of 7 parcent, which is a typical
scenario for municipal projects that are financed through bonds. The tetal annuai cost thus
estimated for the 70,000 bpd {3 MGD) facility is $8.15 Million. The unit treatment cost
estimate is approximately 46 ¢/bbl {$3,600facre-ft} of water reclaimed.

E.5 Tech Transafer Activitles

Tha findings of the study were presented in several local and national mastings for
discussion. This included presentations in several Society of Petroleum Engineers Section
meetings, International Patraoleum Environment Conference, Annual Water Reuse
Symposium and Water Environment Federation Annual Confarence.
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Section 1: Introduction

1.1 Background

Gil production generates a significant by-product, commenly known as "produced water™.
As the ol is produced from an ol field, produced water can reach 90 percent or more of the
fluids pumped from an ol well. In fact, heavy oil fiekds in California produce 10 to 15 bamels
{420 1o 630 gallons} of water for every barral of oil. It is estimated that, In 2002
approximately 14 billion barrels (1.8 milllon acre-fest) of produced water was generated in
the Unitad Statas from on-shore gil production akene (Veil et al., 2004). This raprasents a
significant potential reclaimed water source in water-ghart areas such as Califomia.
However, the feasibility of water reclamation is highly dependent on the chemical
compaosition of the produced water, which is typically highly saline. The salinity can range
from about 3,000 to more than 350,000 mg/ wotal dissolved soiids (TGS), with sodium and
chlorids generally comprising 70 - 80 percent of the ions and concentrations of calciurn, ron,
manganess, baron, and dissolved organics generally high (USGS, 2002).

The most prevalent method of handling oil field produced watsr is through underground
injection, COver 85 percent of the produced water from onshore sources s currently re-
injected into producing zones for enhanced oil recovery (water and steam flooding and
subsidance control) and ancther 30 parcent is injected into deep walls. Such in-field
injection may increase the praduced watsr to il ratio and cause highser prassurs in
steamfloods, leading to heat losses and, perhaps, lower recovery. Reducing Class ||
Imjection through beneficial reuss of treated produced water can optimize il production and
increase recovarable resarvas in an oilfisld.

The Clean Water Act only allows on-shore surface discharge to navigable waters west of the
9ath Meridian {a north-south line approximately running just west of Minnesota and through
Dallas, Texas) if the procduced water is of acceptable quality for beneficial uses such as
stream flow augmentation. Cther potential heneficial uses of produced water include water
source for cogeneration or cooling, agricultural irrigation, drinking water supply, and
groundwater recharge.

1.2 Project Objective

This project, jointly funded by the U.5. Department of Enargy, National Energy Technology
Laboratory (Mo.OE-FC26-02NT15463), Aera Energy LLC, and Kennedy/Jenks Consultants
avaluated the potential for treatment and beneflcial reuses of produced water from an oilfield
near San Arde in Monterey County, CA.  Around San Ardo, the Salinas Valley groundwater
basin provides most of the water supply needs. Due to high water demands from population
growth and agriculture groundwater, extraction exceeds the sustainable yield of this basin.
The high dependence on groundwater has resulted in a bong-term average overdraft of
about 19,000 acre-foot par year (AFY) in the groundwater basin. The overdraft conditions
have resulted in seawatar intrusion for about & miles in the northermn Salinas valley, where
the rivar empties into the Pacific Ocean. A successful produced water treatment process
could mzake available more than 4,000 AFY of water from Aera’s San Ardo cilfield. This is
nearly ene fifth of the annual overdraft.

The overall project was divided into two phases (Phase | & Phase I1). Phase | activities
started In October 2002 and completed in October 2003, Phase Ml activities were initiated in
October 2003 and completed in April 2005,  The major objectives of Phase | were the
following:
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s |dentify potential end uses for the treated produced water

+ Identify regulations related to treatment, delivery and use of treated water for the
identified end uses

& Evaluate process zliematives to meet the water quality goals and develop planning level
cost astimatas, work plans, sample analysas plans and a health & safety plan for the
pilot study

s Develop engineering drawings for the Phase |l pilot plant study

The major objectives of Phase Il of this project were to:

» Perform pilot study to verify the findings from Phase | study

e Develop process design criteria for full scale plant based on the pilot study findings, and

¢ Ravise the cost estimates based on the pilot study results

1.3 Project Site Description

The project site, San Ardo oilfleld, is located in Monterey County, California within the city
limils of San Ardo. The field is adjacent to the Pacific Coast Highway {Hwy 101} and is
located on the in the county of Monterey, State of California. Figure 1-2 is 2 location map of
the project site. The majority of the fiald is owned by two oil companies, Aera Energy LLC
{~ 80 %) and Chevron Texaco (~ 40%). Figure 1-3 summarizes the current water balance
of the Aera Energy LLC activitias in the San Ardo Field.

1.4 Potential Project Benefits

The benefits of produced water freatment and removal at the San Ardo oilfield are primarily
related to o production. By redusing the volums of produced water reinjected into disposal
wells within this oilfleld, reservoir pressures will drop significantly, This in turn will lead to
improved thermal (steam) efficiency and lower costs in the oil recovery process. In addition,
costs associated with current reinjection of the full produced water stream will be reduced.
A successful produced watar treatment process may also provide a secondary beanefit in
creating a new, usable water supply, however the and use of this water is uncertain.
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1.5 Project Entities

The project consisted of a team made up of the following participants:

¢ Aera Energy LLC, a California limited liability company, headquartered at
Bakersfield, CA was the prime coniractor with DOE.

» First tier subconfractor includad Kennedy/Jenks Consultants, Inc. which is a privataly
owned, full servica environmental enginaering firm.

1.6 Project Staff

Mr, Robert A, Lisks of Aera Energy LLC was the Project Manager. Ms. Debra Bias and Mr.
Prentice Patterson, the facility supervisors, provided assistance at the San Arde Oil Field.
The technical project team was ked by Dr. Lawrence ¥.C. Leong of Kennedy/Jenks
Consultants. Key support staff include Dr. Rajagopalan Ganesh, Dr. Joseph A Drago, Mr.
Sunny Huang, Ms. Roxanne Nagle and Mr. Josh Anderson of KennedyfJenks Consultants.

1.7 Organization of Final Report

Section 1 of the Final report describes the general background and goals of the project.
Section 2 presants efforis to identify the possibie end uses and disposal options for treated
produced water naar the San Ardo gilfield. Section 3 reviews regulatory reguirements for
treatrnant, dalivery, storage, use and disposal of produced water in the project arsa,
Section 4 surnmarizes screening and selection of reatment processes. Section 5 presents
the rasults of bench scale tests conductad to optimize the pilot process as well as to
facilitate pre- and post reatment procass train evaluation. Saction & describas the pilot
plant unit processas, the analytical mathods, and the operational plan. The results of the
pilot plant study are presented In Section 7. The recormmended full scale process train and
the astimated cost ara prasented in Section 8. A summary of technology transfer activities
from this project are presented in Section 8. The banch and pilat study work plan and pilot
study rasults ara pressnted in Appendixes A and B, raspeciively. Commaspondence with
various regulatory agencies is presented in Appendix C. Appendix D contains copies of the
matgrial that have bean presented at DOE or national mastings to fulfill the tachnology
transfer raquirements of this project.
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Section 2: Evaluation of End Use and Offsite Disposal of
Treated Produced Wateor in the Project Area

This section summarizes various possible end uses and disposal options identified for the
treated produced water from the San Ardo ciffield. The potential purchasers of treated
oilfield-produced water in the San Ardo area are limited because currently there are no
regional conveyance facilities in the Salinas Valley, other than the Salinas River.
Furthermore, the Clean YWater Act significantly restricts such on-shore surface discharge of
freated produced (o navigable waters in araas wast of tha 95th Meridian (a north-south lina
approximately running from just west of Minnesota down through Dallas, Texas). The
surface water discharge of treated produced watar to navigable waters is allowed only if the
treated water is put to actual use for agriculiural use or wildlifa propagation. For uses other
than agriculture or wildlife propagation, the treated water must be deliverad through dirsct
piping or some other alternate means. Initial svaluation of potential options for reated water
use or disposal yielded the following opportunities:

s Agricultural growers, Including those who currently uhlize groundwater, and those
landowners who desire to bring land into agricultural production,

«  Monterey County Water Resources Agency {MCWRA} for the Salinas Valley Water
Project or Castroville Seawater Intrusion Project, and/or

+  Use for industrial {power plant) application in King City.
+ Uss of treated produced water for creation of wetlands in the Salinas Basin

With the exception of groundwater recharge, all opportunities listed above have major
obstacles to full-scale implementation. The limitations of sach of these allemativas are
prasentad below.

Subsequently, an additional option of using the treated water ta recharge groundwater
adjacent to the project area and away from the oil farmation has been idantitied as another
potential reuse option. As discussed below, this option may avoid the major obstacles to
full-scale implamentation that the previously-identifisd reuse options faca.

21 Use of Traated Produced Water for Agricultural lerigation
in the 5an Ardo Area

The San Arde oifield is located in Salinas Valley in the central coastal region of California.
San Arde |s a highly productive agricultural region, preducing approximataly two billion
dollars in revenue sach year in Monterey County. The Salinas Valley has a southeast-
northwest trend, and is bordersd by the Santa Lucia Range on the west and the Gabilan and
Diable Ranges on the east. The cilfield, located in the southeastarn stretch, is part of the
Upper Salinas Valley,

2.1.1 Agricultural Acreage In the Salinas Valley

Agricultural land in the entire Salinas Vallkey in 1995 extended across an area of
approximataly 200,000 acres (MCWRA, 1998). Within the Upper Salinas Valley, agricultural
land in 1995 cecupied 48,000 acres {MCWRA, 1998}, Field and truck crops occupy the
most land (26,000 acres), and vineyards are the second largest land-users {16,000 acras).
The braakdown of the Upper Valley agricultural acreage into land use types is shown in
Table 2-1.
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Table 2.1: Upper Vallay Sub-Area Crop Acreage (1895)

Type of Crops _ _ _ _Upper Salinas Valley {Acres) . Total Salinas Valley (Acres}
Pasture 1,500 4,200

Field 450 7,000

Truck 25,800 143,000

Orchards 450 1,100

Vineyards 16,300 35,000

Grain 3,000 5,000

Total Acreage 48,000 _ 196,000 —

T Source: MCWRA (1995)

2.1.2 Agricultural Acreage Within a Five Mile Radius of San Ardo

Qilfield

Preliminary evaluations indicated that, in ordar to economically deliver the treated watsr for
agricultural irmigation, the fammland must be within a radius of 5 milas from the oilfield.
Therefore, a Geographical Information System (GIS} analysls was performead to identify
farmland within this boundary. Evaluations indicated that there are about 3,500 acres of
farmland within 5 miles north of the oilfigld and aast of the Salinas River {Table 2-2). Since
these farms are located downstream from the oilfield area, water can either be delivered
through the Salinas River or directly by hard pipe. Hence, these fams were dentified as the

maost likely agricultural users for the freated produced water,

location of the farmland within flve miles nosth of San Ardo oilfisid.

Figure 2 - 1 shows the

Table 2-2: Agricultural Land Owners and Acreage Within Five Miles to
the North of San Ardo Olifield

“Owner Parcel Ref. Nos. - Acreage
Albert A Oliveira - 6,12 o i 73
Arvid J & Ann R Myhre 37 71
Arvid J Mybre 38 18
Arvid J Tr Myhre 23, 24, 27 211
Bonifacice & Josefina Fubio 40 64
Dudely & Grimes Co. 36, 45 33
Harold C & Exter M Lombardi g, 15, 16, 19 283
Jarry J Sr & Suzanne Rava Rava 20 200
Lawrance R Glau 22 Aoz
Crradre Ranch 30,31, 32 117
Rosenberg Family Ranch LL 2,5, 7,11, X)), 21, 25, 26, 28 1,775
Others 1.3, 4,8, 8, 14,33, 34, 39, 41, 43, 200

44
Total 3,500
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Qut of the 3,530 acres of farmland, water can be delivered using a 2.5-mile pipe line from
the San Ardo cilfield and service about 2,700 acres. Only one owner owns nearly 50% of
the 3,500 acres of farmland. Four owners own approximately 2,600 acres within a 2.5-mile
pipe service area. Data from MCWRA, indicate that the average amount of water applied for
irrigation in 1995 in the Upper Salinas Valley was about 2.75 AFfacre {MCWRA, 1998). The
peak irrigation months are June through August. Based on annual water usages, all of the
proposed treated produced watar from the cilfield can be utilized by less than 2,000 acres of
farmland.

2.1.3 Agricultural Crops In the San Ardo Olifield Area

Table 2-3 shows the perennial and annual row ¢rops grown or intended to be grown in the
project area. Alfalfa, asparagus, grapes and walnuts are among the perennial crops
gultivated in this area and beans, broccoli, cabbage, cauliflower, garlic and lettuce are
among the annual crops grown.

Table 2-3: Crops Grown In 8an Ardo Area

Type of Crop Mame of Crap

Perennial alfalfa, asparagus, grapes (predominantly wine grapes,
such as cabernel, merkot, and chardennay), and walnuts

Annual "Row” heans {lima, seed), broceoli, cabbage, cauliflowsr, garlic,
lettuce {laaf, haad, Romaing), onicns, parslay, peppers,
spinach, tomatoas.

2.1.4 Water Quantity Needs of Agricultural Crops

Data from MCWRA indicate that the average amount of water applied for irrigation in 1895
in the Upper Salinas Valley was about 2.75 AFfacre {MCWRA, 1838). The seasonal
variation in water demand is not currently available. In general, the peak irrigation months
are June through the end of August, due to the heat in the Salinas Valley. Table 2-4
summarizes the estimated water use per acrs of irmigation for the types of crops grown in the
project araa.

Table 2-4: Water Quantity Estimates for Specific Crops Grown In the

San Ardo Area

Estimated Total

Water Use Number Of Days Crops Per
Crop {AFY!Acre)® And/Qr Season Irrigation Method  Yaear
Perannial Crops
Alfalfa
Asparagus
Grapes (Wine)” 2.0-39 180 Drip 1
Whalnuts
Annual Crops
Beans
Broceoli© 20-30 --- SprinklerfFurrow 2
Cabbage
Cauliflower
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Estimated Total

Water Use Number Of Days Crops Per
Crop {AFY{Acre)" AndiOr Season Irrigation Method  Year
Garlic
Lattuce (Head) 10-15 80 - 70 Summer; Sprinkler 2
100 - 130 Winter
Lettuce (Leaf)" 1.0-15 &0 - 70 Summer; Sprinkler 2
100 = 130 Winter
Onions' 2.5-3.0 --- SprinklerfFurrow 1
Parslay
Peppers
Spinach {Frash)® 0.5-1.0 30-55 Sprinkler/Fumow 3
Spinach {Processed)® 1,5 -2.0 70 -120 Sprinkler/Furrow 2

{a} Estimated total water use = ETc + unoff + drainage. ETe is crop evapo-transplration undar standacd
conditians, and rafars 19 1he evapo-transpiration from disease-free, wall-ferilized crops, which are grown in
lams fislds under opbimum soll watar conditions, sxcellant managemant and snvironmental conditions, and
achieving full production under the ghven climalls Conditions.

{b) YWine Grapes: Water Managemant and Imigalion Scheduling, Tulare County Publication 15398

{e] Broccoli: Brocooli Production in California, UC DAMR Publication 7211

{d) Head Letiuce: Icaberg Letucs Production in California, UC DANR Publication 7215

{e) Leaf Lettuce: Leaf Lettuce Prxduction in Caldomia, UC DANR Publication 7216

{fi Onlona: Fresh market Cnicn Bulk Production in Califemis, UC DANR Publicalion 7242
gl Spinach: Spinach Production in Califoenis, LWC DANR Publoation 7212

2.1.5 Water Quality Requiremants

Tables 2-5 compares untreated oilfleld produced water quality and Central Coast Ragional
Water Quality Control Board {CCRWQUOCB} water quality requirements for irrkigation use. In
addition, if the treated water is dslivered through the Salinas River, treated produced water
must also meel requiremeants of the Mational Toxicity Regulation {NTR). As shown in Table
3 concenirations of ammonia, nitrogen, boron, chlonide, fluoride, satinity, sodium and TOC in
the unireated produced water exceed CCRWQOCB requiremeants. The San Arda produced
watar must be treated to remove thase constituants if the treated water ware to be used for
irrigation.

Table 2-5: San Ardo Produced Water and CCRWGQCB Water Quality

Reoquirameonts

Compound San Ardo Produced CCRWQLE Basin Plan
Water (mg/fl) (Agricultural use) Criteria

Alkalinity 367
Aluminum 0.2 5
Arsanit 0.1
Ammonia - Nitrogen 31.1 5 — 3p"
Bariurn .41
Beryllium <0.0005 0.1?
Bicarbonate 448 90 - 520°
Boron 26.8 0.75*
Cadmium <0.0005 0.01*
Calcium {Ca*?) 111
Carbonate 1
Chlorkle 4,050 150"
Chramiurm 0.1?
Cobalt 0.05°
Copper 0.0008 0.2
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Compound San Ardo Produced CCRWQCB Basin Plan
Water (mg/l} (Agricultural use) Criteria

Flucride 1.5 1?

Hardness, Total 302

Iran Q.17 5

Lead 5

Lithium 2.5°

Magnesium (Mg*?) 6.07

Manganese 0.105 Q.2*

Molybdenum 0.008 0.01*

Nitrate-Nitrogen 4 6 - 30°

pH 7.54 6.5-8.4°

Potassium 61.6

Salinity {mmhafcm) 107 0.75 - 2"

Selenium <(0.0005 0.02°

Sikica (Si0;) 227

Sodlum 2,540 70

Spdium Adsorption Ratio 3-9

Strontium 2.68

Sulfate 63 150°

Sulfide 12

TOS 7,540 600°

TPH {cil and grease) for 1.9 35

NMPDES Discharge

TOC 80 <2

Vanadium a.1?

Zinc 2°

(a) CCRWQCE Water Quality Objective for Agricultural Y¥ater Usa

(b Guidsefings for interpratation of quality of watar for imigation. The range shawn is for “increasing problemns™

for crops.

{c) Madian groundwater quality obijacthve for upper Salinas Basin

{d) Adapted based on anti-degradation policy

Although the evaluation indicated the patential far using the treated San Ardo oilfield
produced water for agricultural use, there are several concermns that must be addressed prior
to implemeantation of this concept. For example, there is a significant variation in seasonal
water demand for agriculture, with the peak demand period extending from June through
August only. The treated produced water from oilfisld operation is, however, generated
continuously throughout the year. Surface or underground storage facilities of hundreds of
miilfion gallon capacity may be required to store water generated during non-peak demand
periods. Secondly, significant effort may be required to convince the farmears to accept the
recycled water source for irrigation, Finally, the cost of treating and delivering the water
must be compared with the benefit of increased ail production prior to implementation of this

projact.

2,2 Monterey County Water Resources Agency Use

The Montersy County Water Resources Agency is a public agency that has been charged
with the long-term management and preservation of water rescurces in Monterey County.
In order to prevent seawater intrusion into the Salinzs Valley Basin and protsct agricultural
water use, MCWRA has undertaken two major projects i) the Salinas Valley Water Project
[SVWPY and i} the Castroville Seawater Intrusion Projest (CS1P). The Key components of
these projects are to identlfy alternate sources of water for agricultural use in the Salinas
Valley Basin and prevent seawater intrusion by reducing groundwater drawdown in the
lower Salinas Valley Basin. The main obijective of the SYWP is to increase the capacity of

Page 11



the Nacirmiento Dam reservoir by i} modifying the Nagiemiento Dagn spillway and i)
construct a facifity 1o divert part of Salinas River water for the Castroville Sea Water
Intrusion project. Under the CSIP project, the excess water from the Salinas River diversion
will be diverted to the Castroville service area for agricultural use. This will replacs the
groundwater that is currently pumped for agriculture irrigation in this area, and will help
prevent sea water intrusion inte drinking water aquifers. Tha operational objactive of the
project is to stop sea water intrusion into the Salinas Basin and provide up to 1000 AFY net
groundhwater outflow to Monterey Bay. In addition, the averags annual Salinas River
diversion capadcity Is about 12,000 AFY. By comparison, the amount of water anticipated to
ba generated by treatment of produced water in this project is about 4000 AFY.

Use of treated produced watar by MCRWA for the Salinas Valley Project or Casiroville
Project will mvolve delivary by the Salinas River to the Salinas Rivar diversion facility
followed by dellvery to lower basin ugers by the MCWRA distribution system. The 40 CFR
435,30 of the Clean Watsr Act requires that the use of oil field treated water must involve
benaficial uses such as agriculture and wildlife propagsation. Hance, the CCRWQCE, under
some conditions, may permit the delivery of treated produced water into the Safinas River
for supplementing agricultural use under these MCWRA projects. The water thus
discharged must meet all the water quality criterla described earller for discharge of water
for agricultural use. Although the use of reated produced water for MCWRA Initially
appeared to be a viable opticon, upon further discussion with MCWRA, it was observed that
the loss of water during conveyance (svaporative and percolation) from the oilfietd is
significant comparead to the watar generated in this project. For example, the averaga flow
In the Salinas River 1s about 80 cfs while the amount of water generated by this project is
about 1.5 ¢fs. The loss during conveyance in this stretch is estimated by MCWRA to be
about 5 cfz. Since tha water ganerated from this projact is significantly smallsr than the
watar lost duning conveyance, MCWRA staff indicated potential difliculties in astimating the
quantity of water received at the end use location, Henge, the use of treated water for
MCWRA does not appear t¢ be a viable option.

2.3 Industrial Use

For cooling and make-up water needs, a power plant located at King City was inifially
considared as a candidate for using the treated produced water, This plant is located about
30 miles north (downstream side of the Salinas river) of San Ardo. Delivery of water through
the Salinas River is not possible due o 40 CFR 435.30 beneficlal use requirements. In
addition, delivery of water by a new, unsubsidized 30-mils pipsline is cost prohibitive.

Hence, this cption is net pursued further in this preject.

2.4 Use of Treated Produced Water for Creation of Wetlands
in the Salinas Basin

Ong pessible option for tha use of traated preduced watar is to creats wetlands to presarve
Hparian oak. Seasonal (vemal) ponds to praserve native amphilians are also an oplion.
Either of these options will require a survey by biologists to identify the presence of
endangered species in the project location. United States Fish & Wildlife Services {USFWS)
and California Department of Fish and Game may encourage such use. However, creation
of wetlands for endangered species restoration/presenation will require a long term
commitment of water supply from the cilfleld. This may be a cancern if the oilfield
operafions are curtailed for any reason or terminated at the end of the economic fife of the
oil field or other reasons.
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4.5 Groundwater Rocharge of Treated Water Adjacent to
Project Area and Away From the Formation

UInder this option, the treated produced water is discharged outside the oilfield for
groundwater recharge, rather than for a specific end use such as agriculiural use or
endangered species preservation. A key requirement for this option is the avaitability of land
for such recharge and its capacity to percolate the water at a reasonable rate. In the area
around San Ardo ciffield, 2 large amount of land is available for construction of such
recharge {percolation) basing. The scil in this area % generally amenable for agriculture. It
is composed of sand, loamy sand, silt lkbam and fine sandy lcam with moderate infiltration
rates. Some initlal evaluations indicate that for discharge of 50,000 bamels per day of water
in these percolation ponds, approximately 20 acres of Yand may be required.

The water quality requirements for such disposal are s&t forth in the CCRWQICE Basin Plan.
However, because the recharge gption shouid not invohve the discharge of tha treated waler
o navigable waters, the Clean Water Act prohibition against discharging treated produced
water should not ba applicable to this option.
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Section 3: Regulatory Requirements for Beneficlal Uses

3.1 Iintroduction

The objective of this section is to summarlze the regulations related 1o the use of treated
oilfield produced water for various end use/disposal oplions idemntified in Section 2.
Furthermore, for the convenience of the reader, regulations related to treatment of the
produced waters are also presented in this saction.

The regulatory requirements for water and wastewater treatment processas gensrally
address the use of treatmant chemicals, air emissions and wasts disposal. The spacific
issuss identified for San Ardo oifield produced water includs:

+  Use of spent-caustic generated in an off-site facility for softening of produced water
¢ Requlatien of air emigsions (e.g. YOC, NH3) during treatmant

» Disposal, in Class [l injection wells, of wastes generated during treatment of
produced water

The key rsgulatory issues related te the usa of reated produced water include

o Water quality issuas

s YWater delivery/watar rights issues if treated produced water is dslivered through
Salinas River

s Storage of ireated water

Tablg 3-1 shows the agencies responsible for regulation of various activities in the San Ardo
area. The details of requlatichs are summarizad in the following sections.

Table 3-1: Agenclaes Involved With Permit Procaesses for Treatment of San
Ardo Olifield Produced Watar

Agency Activities Regulated

encies R o Tr n roduced Water

Califpmia Department of  Transport and usse of waste caustic for produced water treatment
Toxic Substance Control

{DTSC)
Monterey Bay Unified Air Air pollution contral during treatment {(warm softening, cooling}
Pollution Control District Processes
{MBUAPCD}
California Departrnent of Qil,  Deep wel disposal of non-hazardous wastes within an oilffield in
(3as and Geothermal California
Eesources (CDOGGR)
Monteray County Planning Building facilities in the treatment plant facilities
Department
Agencies Related to Delivery, Storage and Use of Traated Produced Water
Central Coast Regional Wateriwaste quality issues related o treatment, delivery, storage
Water Quality Control Board and end use
{CCRWGCB)
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California Water Resources  Water rights/water allocation issues if (reated water is discharged

Departrmeant — Water Rights into Salinas River
Division
California Water Resources Storage of treated water near navigable waters
Department —Division of Dam
Safaty

US Army Corps of Engingers  Storage facilitisas near navigable watars for faderal funded projects

Monterey County Planning Grading permits for decentralized storage of treated produced
and Building Inspection water
Cepartment

3.2 Agencies/Regulations Related to Treatment of Produced
Water

3.2.1 California Department of Toxic Substance Control

Zan Ardo produced watar contzgins high lavel of hardness {250 mg/l as CaCO;) which may
require removal by precipitation at elevatad pH conditions. Onae of the options considarad
for such a pracipitative sofiening proceass is the use of "spent-caustic” gererated in an offsite
facility. Such a use, if viable, will facilitate waste minimization duse io reuss of spent caustic.
Transportation and use of such off-site generated spent caustic is regulated by the
California Department of Toxic Substance Control {DTSC). A key factor that will influence
such use is the classification (hazardous or nen-hazardous) of the spent caustic. As per the
provisions of the California Health and Safety Code (H&SC) section 25143.2{b)X2). a
matarial such as the "spent caustic™ is exempted from classification as waste material if it "is
uzad as a safa and effactive substitute for commercial products if the material is not being
reclaimead”. Based on this criterion the spent caustic, if used for produced water treatment,
is considarad a recyclable material, Howaver, this provision of the H&SC raquires that the
material must bs stored in containers or tanks that are properly labsled with the words
‘recyclable material”, the facility has a business plan, and the facility must handle the
material in aceordance with all local ordinances and codes, In addition, svery two years the
facility must file a claim that the materal qualifies for exclusion or exemption with the local
Cerfified Unifiad Program Agsncy (CUPA}.

3.2.2 Monterey Bay Unlfied Air Pollution Control District

Durlng the treatment of cilfield produced water, there is a potential for emission of volatile
compounds such as VOU or ammaonia from the oilfisld produced water. The Monterey Bay
Unified Air Pollution Control District {District} regulates air #missions from stationary sources
within the three County Morth Central Coast Air Basin {Monterey, Santa Cruz and San
Benito Counties). The District develops rules and regulations to work towards attainment
and maintenance of Fedaral and State ambient air quality standards, and is the primary
anforcement agency for air pollution control in the project area.

Any facility which has the potential io emit air contaminants must apply for a pemit from the
District. The District determines the applicable permit requirsments. There are two types of
permits: the Authority 1o Construct (A/C) and Permit to Operate {PHD). The AlCis a
certification that the emissions from the proposed project will mest all applicable District
reqquirernents and not interfere with air quality standards when constructed, The PO is
lssued aftar construction is completed and operation of the equipment has begun, It
carlifies that the construction and actual operation meets the tarms and conditions of the
ASC and that emissions are consistent with thosa astimated in tha A7/C.

Fage 15



3.2.3 California Department of Qil, Gas Geothermal Resources

At present, a large portion of the preduced water gensrated in the oilfield is disposed
through injection inte Class 1) wells within the cilfield. 1t is liksly that the proposed treatment
will include disposal of the waste streams {e.g. RO reject stream) in Class Nl injection well
within the ailfield. Such aclivities within the oilfield are regulated by the California Division of
Qil, Gas and Geothermal Resources (CDOGGR)

COOGGR oversess the drlling, operation, maintenance and plugging and abandonment of
oil, natural gas and geotharmal wells throughout Califormia. [n 1993, the Division received
primacy from the United State Environmental Protection Agency (USEPA) to regulate Class
Ik injaction wells, under the provisions of California Public Resource Code and the Federal
Safe Drinking Water Act. The main features of the UIC program include permitting,
inspaction, mechanical integrity testing, plugging and abandonment oversight, data
management and public outreach, Federal and State regulations allow nonhazardous fluids
integrally associated with the praduction of crude oil and natural gas to be injected into
Class |l injaction wells.

Discussions wera held with CDOGGR regarding the regulations related to deep well
injection of waste streams generated in the treatment of oil field produced water within the
oilfield boundaries. The CDOGGR respondad that as long as the waste streams are not
hazardous they can be deep well injected in the oilfield. Correspondence with CDOGGR is
included in Appendix C,

3.2.4 The Monterey County Planning Department

Approval from Montergy County Planning Depariment must be obtained for all construction
projects in the project area.  Engineering drawings for full-scale treatment plant buildings
must be approved by Monterey County Planning, Building, Fire arkd Public Works
departments,

3.3 Regulations Related to Water Quality of Treated Water

3.3.1 Central Coast Regional Water Quality Control Board

The Central Coast Regiona! Water Quality Control Board (CCRWQCE) is the principal
regulatory agancy responsible for oversesing the discharge of any water that could impact
Califormia watsr resources In this region. This authority comes from the Porter-Colkogne
Water Qruality Control Act (Porter-Cologne) that establishad the California State Water
Resources Control Board (CYYRCB) and nine Regional Water Quality Control Boards. The
CCRWQCB is ane of thesa nine regional boards,

The CCRWQUB, in its role of iImplementing the State Policy for Water Quality Control, has
adopted a Basin Plan that identilies the bensficial uses of the various existing water
resources in the reglon, including surface and ground water. Any discharge from this project
would most likety oceur within the Salinas Hydrolegie Unit. This hydrologic unit is subdivided
into various sub-units and each sub-unit has its own set of beneficial uses,

All benaficial uses are protectad by the development of water quality objectives that, in tum,
are used to establish kocal waste discharge requirements (WDRs). The WDRs must also
comply with the existing State Implementation Policy related to the National Texics Rule
{NTR) and the specific Califfornia Toxics Rule (CTR).

Authorization from the CCRWQCE is required for any discharge that may have an impact on
tha region’s water resources. Two types of authorization ara issued. The first is the

Page 16



Natienal Pollutant Discharge Elimination Systern {NPDES) permit, 2 national program
delegated to the State and Reglonal Boards for implementation, This permit affects any
discharge to a water of the U3, (primarily surface waters). The second is a set of WDRs
which are a Californla authorization intended to protect state waters not covered by the
NPDES permit program. In practice, it is common for the CCRWQCHE to iszue ane permit
that covers both program requirements.

Tha permit requirements under various water discharge [delivery) and water use scanancs
are dezcribed below:

3.2.1.1 Water Quality Regulations Related to Dolivery of Treated Produced
Whater Through the Sallnas River

In this scenario, produced water for irrigation would be treated and then discharged directly
ta the Salinas River. The treated water would need to meet the requirernants found in the
following regulations and/or policy documents:

¢ 40 CFR 435.30 ef seq,
40 CFR 435,50 et seq,

NTR}the CWRCE Policy for Implementation of Toxics (Resolution 2000-015 ag
amended by Resclution 2000-30},

» The Anti=degradation Policy {Resolution §8-16}), and

« The narrative and speacific numeric water quality objectives contained in the Central
Coast Basin Plan for the Salinas River and any groundwater that might be impacted
by the discharge.

40 GFR 436.30 et seq.

This i= a federal ragulation premulgated by the Environmental Pratection Agency {EFA) in
which effluent guidelines for the oil and gas extraction industry were developed.
Speclfically, 435.30 et seq. addresses dischargas from the “onshore” subcategory of the ol
and gas extraction indusiry that are located landward of the inner boundary of territorial
seas. In section 435 .32, the effluent guidsline states, *there shall bs ne discharge of waste
water pollutants into navigable walers from any source associated with production, field
axploration, drilling, wel complation, or well reatment” to the wast of the 98" meridian,
Unless wastewater discharge to the Salinas River is subject to other provisions contained in
40 CFR 435 (see below), the Water Board will not allow any discharge of wastewater to the
Salinas River.

40 CFR 435.50 et seq.

This section of the federal regulations addresses onshore facilities "located in the
continental United States and west of the 88" meridian for which the produced water has a
uss in agriculture or wildlife propagation when discharged into navigable waters™ Onzshore
facilities in the San Ardo Fisld are located in the contingntal United States and they ara
located west of the 98™ meridian. The wastewater would be treated before discharge to
meaat quality standards for use in agricultural applications. In 435.51, tha terrn “use in
agricultural or wildlife propagation” is defined to include produced water of sufficient quality
to be used for agricultural uses. Discharge would be subject to certain limitations speclfied
in 40 CFR 435.52, namaely, that the produced water (after treatment) does not exceed a
daily maximum limitation for cil and grease of 35 mg/l and other limitations as discussed
below.
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NTR and CTR Water Board Implemeantation Policy

These two regulations and the State Board policy are intendad to limit the discharge of
*foxics” into navigable waters. CTK, promulgatad in 2000, spacifies water quality critenia for
128 prionty pollutants based on their toxicity 10 aguatic species. Thase limits, presented in
EPA Federal Register (USEPA, 2000), are generally lower than NPDES discharge limits
based on Basin Plan riteria. Compliance with some of these limits waould require
significant, additional treatment processes and increased treatment cost,

Anti-degradation Policy

The CWRCB adopted this policy in the late 1860s to maintain the quality of existing watar
resources. Under this policy, the discharge must not cause a degradation of the existing
quality of the receiving water unless it has been demonstrated that the change will be
consistent with maximurn benefit to the people of California, that it will not unreasonably
affact the present and anticipated beneficial use of such water, and that it will not result in
water quality lass than that prescribed in the policies.

Central Coast Basin Plan

The CCRWQCB is responsibla for adopting and implermenting the Basin Plan that defines
bengficial uses of surface and grountwater in the project area and sets narrative and
numerical water quality abjectives for the designated use. Accordingly, the beneficial usea
designations for the Salinas River include Municipal and Domestic Water Supply (MUN) as
well as Agricultural Water Supply (AG) and Indusirial Water Supply (INDH) uses among other
uses. In addition, the Basin Plan defines narrative and numeric criteria for groundwater
racharge and agriculiural use when the water is not defivered through the river. The VWater
Board may require that the produced water be treated to mest the appropriate criteria of the
narrative and specific numerical water quality objectives ag identfied in the Basin Plan prior
to discharge.

3.3.1.2 Watar Quality Requirements Related to Delivery of Treated Water for
Agricultural irrigation by Hard Plpe

In this scenariks, the end user would get deliverias of treated water for agricultural irigation
by a hard pipe. The CCRWQCE would reguire a WDR for this usa. The treated water must
meet the following water quality criteria:

» {Crop waler quality requirements

»  Watsr quality requirements of the Central Coast Basin Plan
Compared with delivery through the Salinas River, thare would be fewer monitoring
regquiremsents. For exampls, a shorter list of parameters may be issued to routinely treat and

report. These differences may or may not aklter the treatment process train for tha produced
water.

3.3.1.3 Water Guality Requlraments Related to Discharge of Groundwater
inte the Salinas River Through Water Trade Agreement with Farm Owners

Undsr this scanario, treated water delivered for agriculiural use would be traded for
groundwater. The “freed-up” groundwater would then be pumped into the Salinas River for
convayance to downstraam users. The groundwater pumped into the river must meet all the
requirements spacified in an earlier section for the discharge inta the Salinas River.
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3.4 Water Rights Regulation

3.4.1 Califormia Water Resources Control Board - Divigslon of Water
Rights

The CWRCB Division of YWater Rights {DWR) is responsible for ensuring that water s
shared equitably among all downstream users, basead on historical or legally determined
walter rights. As such, the DWR establishes removal quotas or pumping limits based on the
adjudicated volumes of water provided by the varicus sources. The addition of new sources
of water, such as treated produced water, would likely need Lo be allocated to downstream
users. The procass requires identification of the volume of water and the polential
downstream user. The permnit o appropriate the released water by the identified user would
be based on the amount of water delivered and potential losses during conveyance. The
proposed use of the appropriated water must also be specified. The permit application must
indicate tha details of the diversion waorks {diract diversion by pump, storage dam, ste.}. The
permit application would have to be filed well in advance of the construction of diversion
work.

Tha propoesad project may be subjact to the California Envirenmental Quality Act (CEQA)
which requires agencies to conskler environmental effects. This process may involve
obtaining a certification of exemption, a negative declaration or a preparation of a full
Envircnmental Impact Report (EIR). More detaile regarding the appropriation process is
provided in the three pamphiets issued by the DWR (CWRCB 2000, 2000a, 2001).

3.5 Water Storage Regulations

Due 1o potential differences in supply and demand for the treated produced water storage
facilities may be required 1o store the water praduced during non-peak dermand period. For
gxample, the peak water demand for agricultural uss is between June and August.
Depending on the location, size and funding source vanous agencies would be invalved in
the parmit progess for construction of storage fagilities, Permit requiremeants from these
agencies are briefly discussed below:

3.5.1 California Department of Water Resources - Division of Safety
of Dams

The Division of Safety of Dams (DSD) would be involved with any project that creates 2
strugturs to impound water in a “navigable' water as defined by EPA I the structure is
greater than 26 fest high or the impoundment containg more than 50 acra-fest of water. In
this role, the D30 would ensure that the structural integrity of any jurisdicional darm {storage
structure) is adequate for its intended purpcse. Furthermore, the DSD would usually be the
State representative for the US Army Corps of Engineers.

Water storage structures that are built solely for agricultural use and not kcated across a
stream channel, watercourse, or natural drainage area are not considered to be a dam and
not subject to the jurisdiction of the DSD. (California Water Code {CWC), Divigion 3, Part 1,
Chapter 1, §6004(b)). The jurisdiction of the D3D normally applies to any structurs that is 25
feet or mora in height or has or will impound a capacity of 50 acre-feat or mors. {CWC,
55002). However, the CCRWOQCB would be involved bacause any watsr discharge inte the
storaga area could have the potential 1o impact waters of the state, i.e. groundwater,
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3.5.2 US Army Corps of Engineers

The Corps of Engineers is not normally involved in such projects unless there is direct U.S.
Government funding for the construction of a dam. As such, the Corps of Enginesrs would
rely upon the DSD o oversee any construction that dees not involve federal funding {i.e.,
the COE will be directly involved only if the project receives federal funding).

3.5.3 Monteray County Planning and Building Inspection
Department

The feasibility of ¥acal water storage in surface impoundments {ponds) on individual
farmlands was explored. In order to install 2 pond, a farmer would be required to obtain
grading permits from the Monterey County Planning and Building Inspection Department.
Ag part of the permit process, the farmer must submit five sets of plans for each area where
ponds are planned.

3.5.4 Central Coast Reglonal Water Quality Control Board

Chapter 3 of California Code of Regulations (Tille 27, Division 2, Subdivision 1) classifles
wastes to determine where the wastes can he discharged {storedf). This chapter presents
geoclogic and siting criteria for waste management units to store various waste streams. Tha
CCRWQCB |s responsible for defining the storage siting critenia if seasonal storage is
required for treated produced water. However, an exemption from this requiremeant might be
available if the waste (treated produced watar) meets the ¢riteria for inert waste as defined
by section Ch15:52524, An “inert waste" is a subset of waste that does not contain
hazardous substances or scluble pollutants at concentrations in excess of applicable water
guality objectives and does not contain significant quartities of decomposable waste,

3.6 Regulations Related to Wildlife Protection - Callfomia
Department of Fish and Game

Any structure constructed for discharge of treated water into a waterway would reguire a
siream alteration permit from the California Department of Figh and Game (CDFG). In
addition, CDFG is responsible for ensuring sufficient water flow downstream of any water
diversion point at all times in order to protect fish and wildlife resources. (Section 5937,
Article 2. Chapter 3, Part 1, Division 8 of the California Fish and Game Cods}. Approval
from the CDFG may be requirad to obtain water appropriation by an end user,

In sumimary, an evaluation of regulations indicates that, for dellvery of treated water to
agricultural land by hard pipe, the treated water quality must meet crop water quality and
basin plan water quality requirements. YWDRs must be cbhiained from the CCRWQCE. For
delivering water via the river the following would be required:

¢ The relsased water must facilitate agricultural or wildlite restoration requirements.
The water quality must be in compllance with MPDES, NTR, CTR and anti-
degradation requirernents.
A permit from the CWRCE must be obtainad for water appropriation.
Approval from the CDFG may be required for the appropriation of water to verify that
the loss of water will not have an adverse effect on fish and wildlife resources.

Finally, storage of water duting pericds of low demand may involve regulations from the
DSD, Menterey County Environmental Health & Planning Department, and the CCRWQCB
depending on starage location and water quality,
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Section 4: Pilot Process Selection

4.1 Background

This section reviews treatment processes that are potentially applicable for treatment of San
Ardo produced water and presents the process train selected for the pilot study. A key goal
of this project is to lower the Operations & Maintenance {O&M) costs for the treatment of
San Ardo oilfield produced water based on the findings of the previous DOE pilot study at
Placarita Canyon {Doran, 1988).

Table 4-1: Representative Water Quality Characteristics of Placerita and
San Ardo Oilfield Produced Waters

Parameter* Placerita Canyon Produced Water San Ardeo Produced Water
Alkalinity {mg/ as

CaCOn) 482 367
Aluminum - 0.2
Ammania - Mitregen 15 31.1
Barium 1.6 0.41
Bicarbonate - 444
Boron 20 26.8
Calcium (Ca"} 260 111
Chioride 3,180 4050
Fluoride - 1.8
Hardness, Total {mgA

as CaCQjy) 1,100 303
lodide 3.1
lron 0.16 0.17
Magnesium {Mg"*} 87 6.07
Manganese - 0.105
Nitrate - 4
Qil and Grease - 45,2
pH {units) 7.02 7.54
Potassium 75 B51.6
Silica (5i0;) 208 227
Sodium 1,650 2,540
Sulfate B2 63
Sulfice - 12
DS 6,000 7.540
Temperature (° F} 152 180
TPH - 1.9
Turbidity (NTU} - 4,3
TOC 92 &0

* - phiks inmgl, unless spcifisd othanyise: - Mo daka

Table 4-1 summarizes the water quality characteristics of the Placernita and San Ardo
produced watars. [n both the waters TDS, ammonia, boren and grganics are the key water
qualily parameters of corncem based on end use criteria. The general approach for breating
of these waters involves selection of a treatment process for TDS ramoval, and removal of
other contaminants by aptimization of desalination process conditions and selection of
appropriate prefpost treatment processes. Thermal and membrans processes are the most
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commaonly used desalting technolkogies for treatment of brackish and sea waters for
agricultural or potabla water use. Both of these processes require pretreatment to remove
hardness and silica to minimize scaling problems and improve desalination efficiency.

In the earlier Placerita Canyon produced water pilot study, detailed technical and economic
evzluations of two thermal processes (Multi-stage Flash Distillation (M3F) and Mulfiple
Effect Distillation (MED}) and one membrane technology (Reverse Osmosis) were
performad. Results indicated that the planning level cost estimate for RO based process
was significantly lower {three fold) than the cost estimate for the thermal processes.
Thermal processes are generally cost effective for waters with high TOS (>30,000 mg/l)
such as seawaters. Hence, thermal processes wers not considered for evaluation for
treatment of San Ardo produced water,

The feasibility of two membrane based processes i) Reverse Osmaosis and li) Electro
Dialysis Reversal, were evaluated for treating San Ardo oilfisld produced water: RO was
selected due to its successful application inthe Placerita Canyon produced water praject.
EDR was selected for evaluation due to some recent developments in this desalination
technology. A discussion of each of these processes, pre/post reatment requirements,
benafits and limitations are presanted balow. In addition, a planning level cost astimate for
the two processes is also developed. Finally, the process selected for the pilot study and
rationale for selection is also presented.

4.2 Reverse Osmosis

RO is a mambrane separation process in which the water from a pressurized saline solution
is separated from the solutes (the dissolved material) by flowing through a membrang, No
heating or phase change is necessary for this separation. The major energy required for
desalting is for pressurizing the feed water.

In practice, the saline feed water i pumped into a clased vessel where it is pressurlzed
against the membrane. As a poriion of the water pagses through the membrane, the
remaining faed water increases in salt content. The fraction of the water that passes
through the meambrane is called the "permeate” and the concentrated fraction that is
discharged as waste is the “RO reject”.

Without the controlled dischargs of RO rejact, the pressurized feed water would continue to
increase in salt concentration, creating such problems as precipitation of supersaturated
salts and increased osmotic pressure across the membranes. The amount of the feed water
discharged to wasie in this brine siream for brackish water varies from 10 o 40 percent of
the feed flow, depending on the salt content of the feed water.

An RO system is made up of the following basic components:

Pretreatment
High-pressure pump
Membrane assembly
s Post-treatment

Pretreatment of the water is important In RO because the feed water must pass through
pores of the membrane. Pretréatment processes typically indude removal of suspended
solids and chemical conditioning to inhibit sa't precipitation and microbial growth. The
suspended solids are generally removed by installation of cartridge filters upstream of the
RO unit, and membrane scaling and fouling are minimized by addition of anti-scalent and
anti-foulant chemicals to the feed water.
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The high-pressure pump supplies the pressure needed to enable the pretreated water to
pass through the membrane. This pressure ranges from 17 to 27 bar {250 ta 400 psi) for
brackish water and from 54 to B0 bar {800 to 1,180 psi) for seawatar,

Tha membrana assembly consists of a pressure vessal and 3 membrane that permits the
feed water to be prassurizad against the membrane. The membrane must be able to
withstand the pressure drop involved. The semi-parmaable membranes are fragile and vary
in their ability to pass fresh water and reject the passage of salts, Based on the
characteristics of the fesd water and the membrane, most of the salts are rejected while
allowing most of the water to pass through. RO membranes are made in a variety of
configurations. Two of the most commercially successiul are spiral-wound and hollow fine
fiber. Both of these configurations are used to desalt both brackish and sea water, although
the construction of the membrane and pressure vessel will vary depending on the
manufacturer and expectad salt content of the feed water.

Post-treatment consists of stabilizing the water and preparing it for digtribution. This post-
traatment might consist of removing gases such as carbon dioxide and hydrogan sulfide and
adjusting the pH.

Two developments have helped {0 reduce the operating cost of RO plants during the past
decade: the development of membranes that can operste efficiently with lower pressures
and the use of enargy recavery devices. The low-pressure membranes are being widaly
used to desalt brackish water. The energy recovery devices are connacted to the
concentrate streamn as it leaves the pressure vessel. The water in the concentrate stream
loses only about 1 to 4 bar (15 to 60 psi) relative 1o the applied pressure from the high-
pressure pump. These snergy recovery devices are mechanical and genarally consist of
wrbines or pumps of some type that can convert prassure drop to rotating energy.

As discussed earlier, in addition to removing TDS, the San Ardo produced water must be
traatad for organics, ammonia and boron to maet the water quality goals of the selectsd end
use. Furthermore, Lo minimize scaling of the RO membrane, pratreatment is required to
remavea hardness and silica from the water. A brlef discussion of the mechanism/processes
to remove thase constituents is presentad below:

4.2.1 Romoval of Scale-Causing Hardness and Silica

Membrane desalting processes require pre-treatment to prevent inorganic scaling.
Inorganle sealing ecours when the soncentration of inorganic compounds such as calcite
excaed their solubility product in the concentrated brine. Calcium and magnesium
hardness, as well a5 silica, are the primary compounds of congern for inarganic scaling.

The most prevalent approach to address scaling in RO processes is to decrease the pH of
the feed water to less than 7 and add an anti-scalant. The solubility of calcium and
magnesium increases at a lower pH, and the anti-scalant helps prevent silica and other
compounds from precipitating as solids.

While lowering pH may mitigate hardness and silica problems, it is not a desirable appreach
for treating produced water of high organic and boron content. The organics presentin the
water may adsorb to the membrane and provide nutrients for biological activity within the
pores of the membrane or on the membrang surface as a biofilm. Results from produced
water treatmant using RO has shown that reducing feed water pH can cause cperational
problerms due to increased organic fouling (Dyke et al. 1992). In addition, the efficiency of
boron removal also decreases with lowsr pH because boron sxists primarily in an un-lonized
form of boric acid st pH below 9.5, Therefare, for effectiva treatment of produced water,
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hardness and silica are usually removed from the water by precipitative softening andfor ion
exchange. prior to the RC process

4.2.1.1 Precipltative Softening

In precipitative softening. hydrated lime {Ca{QOH):) or caustic soda (NaOH} is added to the
feed water fo raise the pH and convert hicarbonate alkalinity into carbonate and hydroxide
alkalinity. Soda ash, Na,C0O; may also be added as a source of carbonate. Caleium thean
precipitatas with carbonate and magnasium precipitates with hydroxide. Silica precipitates
directly with magnasium or co-precipitates with magnesium hydroxide, so additional
magnesium is someatimes added to increase silica remaoval.

Produced water is typically warm when extracied, ard predipitative processes are usually
operated at ither warm (30° to 170° F) or hot (215° to 230° F} temperatures rathar than
ambient temperatures (407 to 80°F). At high temperatures, the solubility of caleium
carbonats is lower, the solubility of magnesium salts is higher, chamical kinatics ara faster,
and precipitates sattle mora quickly.

Effluent hardness concentration is controlled by the availatility of carbonate for precipitation
and the solubility of calcium and magnesium at the operating pH and temperature, At warm
temperatures, effluent hardness concantrations can be reduced to less than 20 mgfL CaCOa
by adding excess soda ash to react with hardness (PeSilva 1996, Doran et al., 1997).

4.2.1.2 Silica Removal Mechanisms

Silica remaoval in precipitative softening is often characterized in the literature as adsorption
to or co-precipitation with magnesium hydroxide. hMujariego (1976} suggests that silica is
also removed by forming metal silicatas, such as magnesium silicate shown in tha fallowing
reaction:

2Mg®" + 35i04aq} + 5.5 H0 = Mg;SisOy(H;0)ss {5) + 4H°

Mujerieqo’s research indicated that silica removal by magnesium is controlled by the HaSi0,
while silica removal by calcium is controlled by H:Si0:*. He found that silica removal was
cptimized at pH levels that correspondad to the maximums of the controlling specias. For
example, silica removal with magnesium was greatsst whan at a pH where H3SIi0,
dominales: (p'Ky +p*Ka} /2 where Ky and p*K. repressnt the first and second dissociation
constants for orthosilicic acid. The temperature-dependent aquations for these constants
are given below, for T in Kelvin:

pK, =34058/T-6368 +0.016346 x T
p'K: = 8949.2/T-33.11 +0.040581 x T

Table 4-2 provides values for these dissociation constants at room temperature and at
temperatures indicative of produced water.
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Tablae 4-2: Dissoclatlon Constants for Orthosilicic Acid *

T{PCioR) YK, p*K; {p"Kq +p"K;) 12

25 1 77 9.93 11.69 10.81
50 1 122 9.45 10.61 10.03
60 { 140 9.30 10.27 9.78
65 / 140 9.25 10.15 8,70
70 4 158 9.17 9.98 9.58

"Far the machonsg

HySi0: = HyS0y +H'

M50y =H 510 +H'

B K = HaSH: ) £ Hai0y

P = [Hz500,7] £ [H3u0 ]
Tha amount of sludge produced by a precipitative softening process depends on the amount
of hardness removed and the amount of lme added, ¥ any. For silica removal, sludge is
often racycled or allowed to form a sludge blanket.

4.2.2 Removal of Boron

Baron must be removed from water that will be used for agricultural imgation, especially for
citrus crops. Boron is often found at lavels over 20 mg/L B in produced water, while
irrigation goals are betwean 0.7 and 0.6 mgiL B, thus necessitating more than 95 percent
removal.

Boren is difficult to remove as an un-ionizad form of boric acid at pH below 8.5. Al higher
pH, the ionized boron can be removed from produced water with precipitation, boron-
sekactive ion &xchange resing or reverse 0smosis.

4.2.2.1 Precipitative Softening

Boron is removed during precipitative softening in a process similar to silica removal. The
chemical precipitation behavior of boron is similar to silica, as Table 4-3 indicates.

Table 4-3: Dissociation Constants for Boron®

T{C!°F) i, pK: (P +pKa) /2

25 { 77 8.2 12.74 10.97

50 7 122 .48 11.74 10.11

a0 /140 B.23 11.39 9.581

85 / 149 58.11 11.21 0.86

70 4 158 7.99 11.05 .62
“For the r=achions

;BO3=H;BO; +H' ply = [HBO;] / [HBO,]
H,BO; =HBO;* +H’ pKz = [HBO*1/ [H,BO;]

This tabla shows that the average of the first and second disscciation constants of boric acid
is sirnilar to values for orthosilicic acid. If boron is removed through a mechanism similar to
sitica, removal for both constituents should be optimized at the same pH.

Results from earfier studias using Placerita Canyon oillield produced waler had infiuent
baron concentrations of 18 to 20 my/L that were raduced 1o 5 to 10 mg/l. in the precipitative
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softening effluent by adjusting pH and adding magnesium chioride {Drago et al,, 1997,
Doran et al., 1997). However, these treated levels are significantly higher than the water
quality goal of 0.5 = 0.75 my/| for boron for agricultural imigation.

4.2.2.2 lon Exchange

The Rohm and Haas Company manufactures an ion exchange resin Amberlite IRA-743 that
selactively removes borate. Under laberatory conditions, a variety of solutions containing
boron have been treated with a cross-linked polymer regin. In one axperimant, a solution of
500 mg/L sodium chloride and 10 mg/L boron was passed through a bed of the Amberlite
IRA-743 resin. Effluent boron concentrations were less than 1 mg/L. At a flow rate of 2
gallons per minute per cubic foot of resin [gpmdt3), the resin absorbed 55 grams per 13,
equivalent to 1,500 gallons of water per ft3 of resin (Rohm and Haas 1993.)

While the boron removal results are promising, costs for this technology are high.
Extrapolating these and other similar results, approximately 2 004 ft3 of resin would be
required to treat 3 MGD of permeate water from reverse osmosis or thermal pracess from an
average boron concentration of 10 mg/L 10 dess than 1 mg/L. At approximately $1.000 per
ft3 of resin, a planning level capital cost eslimate for a boron-selective ion exchange system
i $4 to $5.75 million including installation {in year 1998} (Crossen, 1996),

4.2.2.3 Roverse Osmosks

When operated at a pH where boron is present as borate {disassocialed boric acid), reverse
osmosis {RO} removes a significant fraction of boron in produced water, Graater than 98
percent boron rejection has been reported around pH 10.6 and 11.0 {Dyke et al, 1892).
Boron levels in the RO treated water at pH 10.5 was about 1 mg/l in the Placerita Canyon
pilot study. At a lower pH, the RO process was less successful in removing boron,

4.2,3 Removal of Organics from Produced Water

Reported values of dissolved organics in produced waters range from 10,000 mg/L to less
than 100 mg/L (Giordano and Kharaka 1994). More than 80 percent of the dissolved
arganics are monocarboxylic {e.g., acetate, proprionate, and hutyrate) and dicarboxylic
{9.g., oxalate, malonate, and succinate) acid anions {Gicrdano and Kharaka, 1984},

Processes such as biodegradation, adsomtion, air stripping and reverse osmaosis can
remove organics. Adsorption processes are more effective for removing less soluble
{hydrophobic) organic compounds. Howsver, the majority of arganics in produced water arg
polar organic acids that are more scluble in water. Hence, the empty bed contact time
required for adsorption processes may be very high. Air stripping is very effective for
removing volatile or semi-volatile organic compounds. However, the majority of organic
compounds typically present in the produced water are organic acids {not volatile or semi-
volatike compounds). Hence, they can not be removed effectively under maost practlcal
design and operaling conditions.

In the Placernta Canyon pilot study, Biodegradation of organic compounds from the produced
waler was svaluated using a tickling filter. Results showed that less than 10% of organics
were removed by biodegradation. This indicated that 2 significant amount of organics
present in the produced water are complex arganic compounds that are not readily
biodegraded,

Under the current study, samples from San Ardo produced water were analyzed for TOC
and biochemical axygen demand {BCD) levels to evaluate the bicdegration potential of
arganics. The concentration of TOC provides an estimate of tatal organic compounds in the

Page 26



water and the concentration of BOD provides an sstimate of biodegradable arganics. The
TOC and BOD of the San Ardo produced water ware 80.7 and 69 mod, respactively.

Subsequently, the following standard equation relating the concentration of organic
substance in wastewater and O2 requiremant for breskdown was used to normalize the
TOC and BOD concentrations:

CBH1206 +6 02>  6CO2Z2+6 H20

According te the above equation, 72 mg of carbon represants 1 mM of organic compound,
and 192 mg of oxygen is required to mineralize this amount of organic compounds, Hencs,
a TOC of 80.7 mg/fl in the San Ardo produced water represents about 1.12 mM of total
arganic compound, and a BOD of 69 mg/| represants about 0.36 mh (62 / 192) of organic
matter available for biodegradation. This Indicates that only about 32% of the organics
{equivalent of 25.8 mg/ of TOC} in the water s avallable for biotreatment. In addition, all of
the BOD zre not rermaved in most biotreatment plants. It is reasonable to assume that
about 80% of the BOD is removed in the bictreatment procssses. This means that only
about 20 mgfl of the 30.7 mg/l of the TOC may be removed from San Arde produced water
by bigtraatment processes,

Results from the pilot study indicated that RO membranes effectively removad organics from
the produced water. Appraximately 97% of the organics was removed by the RO
membranes. The average TOC in the RO faed waler was 97 mg/l and the average
permeate TOC was about 3 mg/l.

4.2.4 Ammonia Removal

The agricultural irmigation water quality goal for ammenia is about 5 mgl (Table 2-5).
Possible ammonia treatment technologies include break point chiorination, air stripping, ion
exchange, RO and biological axidation.

Ammonia remaoval using breakpoint chlorination may hava some limitations. For example,
chlorine requirements for this process increase outside of the optimal range of pH6- 7. In
addition, this may create major water quality concemns including atevated levels of
disinfection by-products (DBPs) and taste and odor cauging compounds. For example,
under the recently implemented California Toxics Rule, the discharge limit for chloro-
dibromo-methane, a disinfection by-product, is 1 pg/l. Bench scale studies must be
performed to verify compliance with these limits prior to use of this process for ammonia
removal. Air stripping of ammonia generally requires a pH above 10 10 ensure that the
majority of it is in the stippable NH; form. RO s not generally used when ammania is the
only parameter for removal, but this process is affective whan operating at a pH where
ammonia i2 in the form of NH,". Ammonia is ganarally removed by RO with efficiencies
excaeding 85 percent when operating below pH 8.5, However, if RO is operated ata pH of
about 10.5 to facilitate boron removal, ammonia removal will be insignificant. Post
treatmeant, including pH adjustrnant and ion-exchangs, may be required for ammonia
removal under those conditions. Ammonia removal with ion exchange is more effective
when oparating at a pH below 8.5. Yet another process for ammonia removal, depending
on the treated water end use, is biological oxidation of ammonia in wetlands. In this process
ammonia is oxidized to nifrate and subsequently denitrified to nitrogen by microorganisms in
the wetlands. However, this is not a viable option if the treated water is used for industrial
applications or if sufficient land is not availabile for creation of wettands.
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4.3 Electrodialysis Process

Electrodialysis was commercially introduced in the early 19603, about 10 years before RO.
The development of electrodialysis provided a cost-effective way to desalt brackish water
and spurred congiderable interest in this area. Electrodialysis depands on the following
genaral principles:

s« Most salts dissolved in water are ionle, with positive (cationic) or negative {anionic)
chargs,
Thesa ions are attracied to electrodes with an opposite electric charge.

Membranes can be constructed to pemmit selective passage of either anions or
gations.

When electrodes connected to an outside sourse of direst currant { like 2 battery) are placed
in a container of salina watsr, slectrical currant is carriad through the solution, and ions such
ag sodium (+),cakcium {++), chloride (-), and bi-carbonats {-) tend to migrats to the slecirods
with the opposits chargs.

In the electrodialysis process, membrangs that will allow gither cations or anions (but not
both) to pass are placed between a palr of electrodes. These membranes are arranged
altemately with an anlon-selective membrane followed by a cation-selactive membrane. A
spacer sheet that permits water to flow along the face of the membrans is placed betwsen
each pair of membranes.
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One spacer provides a channel that camies feed {and product) water, while the next carries
reject stream. As the slectrodes are charged and salineg faed watsr flows along the product
water spacer at right angles tc the electredes, the anions in the water are attracted and
diverted towards the positive electrode. This dilutes the salt content of the water in the
product water channel. The anicns pass through the anion-selective membrane, but cannot
pass any farther than the cation-selective membrane, which traps the anion in the brine.
Similarly, cations under the influence of the negative electrode move In the opposite
direction through the cation-selective membrane to the concantrate channel on the other
side. Hers, the cations ars trapped because the next membrans is anion-sslective and
prevents further movement towards the electrode.

By this arangement, cencentrated and diluted solutions are created in the spaces between
the alternating membranes. Thess spaces, bounded by two membranes (one anionic and
the other cationic), are called cells. The cell pair consists of two ¢ells, one from which the
ions migrated (the dilute cell for the product water) and the other in which the lons
concentrate (the concenirata cell for the brine stream).

The basic slectrodialysis unit is referred to as a mambrans stack and consists of sevaral
hundred cell pairs bound together with electrodes on the cutside . Feed water passes
simultanecusly in parallel paths through all of the cells to provide a continuous flow of
desalted water and brine from the stack. Depanding on the deslgn of the system, anti-
scalent chemicals may be added to the streams in the stack.

An electrodialysis unit is made up of the following basic components:

Pratreatment train

Membrane stack

Low-pressure circulating pump

Paower supply for direct current (a rectifier)

Past-treatment

The raw feed water must be pre-treated to remove materials that could harm the
membranes or ¢log the namow channels in the cells.. The feed waler is cirgulated through
the stack using a low-pressure pump with encugh power to overcome flow resistance as the
water passes through the narrow passages. A reclifiar is used to fransform alternating

currant to the diract current suppliad to the electrodas on tha outzida of the membrane
stacks.

® & B % @

Post-treatment consists of stabilizing the water and preparing it for distribution. This post-
treatment might consist of removing gases such as hydrogan sulfide and adjusting the pH.

4.4 Electrodialysis Reversal

In the saty 19708, an American company commercially introduced the Electrodialysis
Reversal (EDR) process. An EDR unit cperates on the same general principle as a
standard slectrodialysis plant except that both the product and the bring channels are
identical in construction. Several times an hour, the polarity of the electrodes is reversed,
and the flows are simultansously switched 50 that the brine channel becomes the product
water channel, and the product water channel becomes the brine channel.

The result is that the ions are attracted in the opposite direction across the membrane stack.
immediately following the reversal of polarity and flow, encugh of the product water is
dumped until the stack and linas are flushed out, and the desired watar quality is resiorad.
This flush takes about 1 or 2 minutes, and then the unit can resume producing water. The
reverzal process is useful in breaking up and flushing out scales, slimes and other deposits
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befare they can build up and create a preblem. Flushing allows the unit to oparate with
fewer pretreatrment chemicals and minimizes membrane fouling.

4.4.1 Application
EDR has the following characteristics that lend it to vanous applications:

Capability for high recovery (more product and less brine)

Enargy usage that is proportional ko the salts removed

Ability to treat water with a higher level of suspandad solids than RO
Nct affected by non-ionic substances such as silica

Low chemical usage for pretreatment

The major energy requirement is the direct curent used to separate the ionic substances in
the membrane stack. The key banefit of EDR over RO membranes is that, due to its
relatively large size pores, EDR membranes are lgss suscaptible to silica fouling. A majority
of calcium and magnesium is removad by the electrode and silica passes through the
membrang in the permeate. However, the EDR process is unable to reynove organics. A
significant amount of the organics pass through the membrans and are present in the
permeate. Therafors, a pretreatment process to remove organica may be required pricr to
treatment of produced water using EDR fechnologies.

- % » » 2

4.4.2 Protraatment to Remove Organilcs During EDR Treatmaeant

The EDR process along i not very effective n removing organic compounds from wasts
streams. Processes such as adsorpticn and bicdegradation may enhance removal of sslect
organics. Ondeo Indusirial Solutions (Richmond, YA} has patented an EDIR based process
train for brackish water treatwnent and has proposed use of a Membrane Bio Reactor {MBR.)
process to remove organic compounds. However, data regarding sstimated removal of
arganic compounds from oiffield produced watar using MBR is not currently available.
However, svaluations by Kennedy/Jenks (Section §) indicated that only about 30% of the
organics in San Arde oiffield produced water can be blodegraded.

4.4.3 Removal of Boron

The water quality goal for boron for agricultural use is 0.5 to 0.75 mgfl. Unless operated at
high pH {> 10.5), EDR is not very effactive for removing boron from produced water.
Hence, an ion-exchange process o remove boron is required .

4.5 Economic Evaluation of RO and EDR Proceaessas for
Treatment of San Ardo Produced Water

Cost estimates for the two treatment processes were developsd based on infermation from
sguipmeant vendors and cost estimate models, Capital cost, operation and maintanance
{Q&M) cost, and total annual cost {defined as the sum of amortized capital and operational
costs) were compared. Capital costs were amortized over 20 years at an intergst rate of 7
percent per year, yvielding a capital recovery factor of 0.0936. These amortization rates are
typical for municipal water utilities that often finance capital expenses through bonds.

The RO process train includes warm softening at pH 2.5 to remove scale forming
compounds, cooling, pH adjustment to 10.5, reverse osmosis 1o remove dissolved solids
and boran, pH adjustment to 8.5, and ion-exchangs ta remove ammonia (Figure 4.1). The
EDR process train includes a walnut shell filter, cooling, membrane biorgactor, EDR, and
ioh-exchangs o remove boron (Figure 4-2}.
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Table 4-4 shows the cost factors and assumptions used in developing the cost estimatles.
Total capital costs include equipment and direct constructions costs such as installation
costs, as well as indirect costs such as legal fees and administration. Operating costs
include chemicals, sludge disposal, energy, and labor. Kennedy/Jenks Consultants
developed the cost estimates for the RO based process based on vendor quotes and
previous project experience.  Cost estimates for the EDR based process was obtained from
Ondeo Industrial Solutions. Annual cost is the sum of amortized capital and operations znd

maintenance costs,

Warm Softening
Produced Water for Hardnessand | Cooling
Influent » Silica Rarmoval pH
10.5
¥
Stabilization Reverse " Pressure
Osmosis Filtration

Figure 4-1. Simplified Schematic of RO Based Process for Treatmeont of

Produced Water

" Produced Water " Wainut Shall Firer Coaling Syatem
Influend i Fin Cook
» Emulsifed 1 | —» e Lachng
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Figure 4-2. Simplified Schematic of EDR Based Process for Produced

Water Treatment
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Table 4.4: Cost Factors Used in Planning Level Cost Estimation

Parameter Value Unit
Dollar
EMP. Cost Referance January 2003 index Year
Inisrest Rate 7 % per annum
Capital recovery period 20 Years
Capital
Electrical & Instrumentation 15 % of process train costs
Site Work 10 % of process train + treatment bldg costs.
Includes site development and internal
piplng.
Contractor's overhead & 12 % of direct construction cost
profit
Mobilization and bonding 2 % of direct construction cost
Contingency 10 % of direct construction cost
Indirect construction costs 38 % of construction "bid® cost. Includes
Engg. Design, CM, financial, legal, admin
services, EIS, parmit, utility connect fes
and interest
O&M
Sodium Hydroxide 0.25 § perib
Magnesium chloride 0.61 $ per b
Polymer 26 Pperlb
RO antiscalent 2.6 $pertb
RO antifoulant 3.6 $ perlb
RO chemical deaning 4 $perib
solution
Sadlum hypochlorite 0.79 $ perlb Cle
Sulfuric agid 0.05 % perlb
Electricity 0.10 § per kW-hr
Labor rate 32 $ per hour
Replacament RC 770 $ per elemeant {18 months lifa)
membrane
Misc. maintenance 1 % of procass train cost
matenals
Sludge Disposal 28 $ par wat ton {If sent to outsida landhll}
Brine disposal 0.11 % per bbl
Contingencies 10 % of direct annual O&M
Administrative Charges 2 % of capital cost
Property Tax 1 % of capital cosi
Insurance 1 % of capital cost
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Tables 4-5 through 4-7 present the summary of planning level capital (30% to +50%}, O&M
and annual cost estimates for the two processes. The overall rreatment cost for the two
procasses were not significantly different. The estimated cost of treated water is about
$2,800 per acre-foot. The capital cost for the EDR process is significantly higher than that
of the RO process and the O&M cost for the RO process is higher than that of EDR.

Table 4-5: Planning Level Cost Estimates for 4.2 MGD Reverse Osmosls
and Electrodialysis Reversal Systems

Treated
Water
Recovery ({(Million (Million

Total Annual

Capltal Operating

Cost Cosis

Total

Annual Total Unit Total Annual

Cost

Cost (2003 Cost {2003

{Million Dollars/AF cents/barrel

Desalting (Percent of 2003 2003 2003 of Water  of Water
Technology 4.2 MGD} Dollars) Dollars/yr) Dollars/yr) Produced) Treated)
Revarse Cesmosis, 75 14.5 7.856 9.20 2,480 32
including

prereatment

Electrodialysls 80 28.5 655 2635 2,960 33
Reversal, including

preirﬂatment1

1, Cosl for EDR based procass obtalnsd from Ondeo Industnel Solutions

Table 4-6: Cost Breakdown for Reverse Osmosls System

Total Annual
Capital Operations  Total Annual  Total Unit Cost Total Unit Cost
Cost Cost Cost {2003 $/AF of {2003 centsf
{Million  {Thousand {Thousamd Water harrel of Water
Pracess 2003 $) 2003 $} 2003 §) Produced]} Treated)
Warm Softening” 1.2 175 3.86 1,038 13.4
Zoaling 0.6 012 017 47 045
Sand Filtration 0.7 0.35 0.42 111 1.4
Reverse Qsmosis 3.2 24 2.7 725 9.4
lon-Exchange for 1.0 010 0.1% 52 0.7
Ammonia
Treatmeant Bullding 7.8 073 196 25
& Indiract
Expenses
Others 113 113 304 349
Total 145 T.85 a21 2475 319
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Table 4-7: Cost Breakdown for Electrodialysls Reversal System with

Pretreatment*
Total Annual
Capltal  Operations Total Annual  Total Unit Total Unlt Cost
Cost Cost Cost Cost {2003 {2003 cents/
{Milllon (Thougand {Thousand $/AF of Water barrel of Water
Process 2003 %) 2003 %) 2003 $) Produced) Treated)
Walnut Shell Filter 0.7 06 17 0.2
Cooling 085 013 2186 S0 R
Mambrane 78 0.8 1.5 402 5.2
Bioreactor
EDR 47 3.0 39 1048 13.5
lon-Exchange 1.1 a1 02 54 0.7
Sludge Handling & 25 .33 0.56 150 1.9
Chemical
Treatmenl Building 113 1.05 281 36
& Indirect Expenses
Others 21 21 558 7
Taotal 285 6.85 2.6 2,560 33

*  Cost preakup denved from esbmates abtamsd from Cndes Industnal Scdulions

4.6 Recommendations for Pilot Study

Based on the lechnical and scoromic evaluation of the RO and EDR processes, the RO
process is recommendad for pilot evaluation under Phase |l of the project. RO is
recommended due to unceriainty regarding the trestment of organics by the MBR systam,
EDR's lack of & cost advantage and previous good experience with treatment of produced

water using RO processes.
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Section 5: Banech Seale Studies

Several bench-scale tests were conductad to evaluate the treatability of produced water from the
San Ardo oil field. While most of these tests focused on chemical desing for precipitative
softening, studies alse addressed cther aspects of the freatment processes.

5.1 Goals
The goals of the banch scale studies were the following:

+ (Obtain the combination and concenfrations of chemicals to maximize the removal of
hardness and silica in the warm softening process;

+  Assess the effectivenass of chloring dioxide (CI0;) to oxidize San Arde oilfield organics
{which may minimize the fouling of RO membranes); and

+  Assess ammonia removal from RO treated water by break point chlorination.

5.2 Warm Softening Process

Earlier studies to treat produced water at Placerita Canyon ciffighd indicated that optimum
removal of silica and calcium hardness occurred at a pH of 9.5. Howsever, the pH of the water
had to be elevated to above 10.5 for boron removal in the downstream RO unit. In this study jar
tests were conducted using San Ardo produced water 1o evaluate opltimum chemical dosing
conditions for the remaoval of hardnass and silica in the warm softening unit at pH 9.5 10 11.
Hardness removal was evaluated by adding i} caustic, i) lime or iii) & combination of caustic and
lime. Silica removal was facilitated by magnesium addition in all of these tests, Jar tests were
performed in 1 liter jars containing 750 mi of produced water, using a standard Phipps and Bird
jar testing apparatus, After chemicals were added, the contents of the jars wera rapidly mixed at
150 rpm for two minutes, slowly mixed at 20 rpm for 20 minuies for flocculation, and then
allowed to settle quiescently for 30 minutes. Total hardress, calcium bardness, alkalinity, and
silica levels of the samples were measured before and after chemical addition. Magnesium
hardness was determined as the difference between total hardness and calcium hardness,

Some of the initial jar tests, although performed immediately after sample collection, were
conducted without trying to maintain sample temperature. A significant cocling was observed.
For latter jar tests, the jar test water temperature was controlled by circulating hot filtered
praduced water in a water bath containing the jars.

5.2:1 pH Adjustment with Caustlc

Figure 5-1 shows the results from bwo titration tests that were petformed using caustic on two
different days. Mo magnesium was added for silica removal in thege tests. Produced water was
collected from the inlet of the softening unit at the San Ardo treatment facility. The temperature
of the produced water was not contralled during these tests. However, tempersture and pH of
the water were monitored during the test.

Results indicated that appreximately 330 and 540 mgfl of caustic was required o increass the
pH to 9.5 and 10.5, respectively.
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Figure 51, San Ardo Produced Water Titration Curve Uslng Caustlc for
Without Magnesium Additlon

Flgura 5-2 shows thé titration curve for San Ardo produced water using 150 mg/l of magnesium
and various amounts of caustic. Magnesium was added as MgCl; in these studies.  Addition of
magnesium lowered the pH of the water and increased the caustic required to elevate the pH to
target level. Approximately 625 and 850 mg/l of caustic were reguired to raise the pH to 9.5 and
10.5, respectively in this test.
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Figure 5-2. San Ardo Produced Water Titration Curve Using Caustic with 150
mg/l Magnesiom Addition.

Results from titration tests were used to perform jar tests for hardness and silica removal.
Initially three sets of jar tests were performed. In all the thres tests magnasium chloride was
added as the source of magnesium (0 « 420 mgfl). No caustic was added to the samples in the
first st of tests. In the second and third sets, prior to adding magnasium, caustic was addsd to
adjust the pH of the waler to 8.5 and 10.5, respactively. The temperatures of all but two of the
jars were not controlled during the jar test. In two jars {(pH 10.5; Mg 70 and 105 mgfl} an attempt
was made o maintain the temperature of the jars.

Figure 5-3 shows the residual silica and hardness levels in the test where no caustic was addsd.
Mo significant removal of silica (- 200 mg/l) was observed in any of the jars. Addition of
magnesium increased the hardnass (and slightly lowersad the pH} of the water. The initial
termperature of the water was about 140 °F and ths final temperature was about 160 °F.
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Figure 5-3, Silica and Hardness Concentrations with Increase in Magnesium
Concentration Without Caustic Addition

In the second set of tests, the pH of the water was raised to about 9.5 using caustic, prior to
addition of magnesium. The silica levels decreased from an initial concentration of 300 mg/l to
about 90 mg/l when 420 mg/l of magnesium was added (Figure 5-4). However, magnesium
addition increased the hardness of water from the initial level of 62.5 (after pH adjustment tc 2.5)
to 1,400 mgA and the pH of the water decreased from 9.5 10 8.5.

In the third test, the pH of the waler was raised to 10.5 prior o addition of magnesium. The silica
levels significantly dacreasad with increase in magnesium concentration (Figure 5-5). Addition
of 70 and 105 mgA of magnasium (and insulation of the samples) reduced residual silica from
190 mgfl to 88 and 62 my/l, respectively. Thea corresponding rasidual hardness was 22 and 58
mgA, respectively. The initial temperature of the water was about 150 °F. The final
temperatures in these two jars were 138 and 132 ° F, respectively.
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Figure 5-4. Silica and Hardness Concentrations as a Function of Added
Magnesium with Initlal pH Adjust to 9.5 Using Caustic

Thase sereaning test results indicated that addition of magnasium has multipla impacts on tha
fraatment. Whike adding magnasium chloride fagilitates silica removal, it also reduces the pH of
the water and increases the hardmass. Furthermora lack of temparature control during the
preliminary jar tests may cause a decrease in silica and hardness removal. Therefore additional
jar tests were performad to optimize the combined effects of caustic and magnesium, and also to
control the temperature of the samples during precipitation. In these tests, magnesium addition
{0 o 200 mgl) was followed by appropriate amounts of causiic addifion to yleld a final gH of 10
in all the samples. Also, during these tests the jars were plaged in a water bath, with the water
bath ternperature regulated by circulation of hot {fillered produced) water.
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Figure 5-5. Silica and Hardness Concentrations as a Function of Added
Magnesium with Initlal pH Adjust to 10.5 Using Caustic

Approximately 660 and 780 mg/l of caustic wers raequired to raise the pH to 10 whan 100 and
160 mgfl of magnesium raspectively, were added to San Ardo produced water {Figure 5-8). The
residual silica concentration in these tests decreased with an increase in magnesivm dosa
{Figure 5-7}. The treated water silica concantrations were 88 and 386 mgfl, respeactively at 80 and
160 my/l of added magnesium concentration. The residual hardness was Iess than 10 mg as
CaCdy.
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Figure 5-7. Silica Concentration in the Raw Filtered Produced Water as a
Function of Magnesiom Addition With Cavustic Addition to pH 10.
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The pilot unit is designsd so that the influent water entsrs the warm softeming unit (Claricong™
from CB&I Walker — Section §) through two feed points.  Approximately two thirds of the flow
enters through one point and the remaining flow enters through the other. Another jar test was
perfarmed to identify the appropriate caustic feed paint. The jar tests evaluated whether adding
all the caustic through any one of the ports may result in better process performance than
simultanacus caustic addition through both the ports. This jar test was performed using 100 mgfl
magnesium, Thres jars were used in this test. The sequence of caustic added to yield a pH of
13 was varked in these Jars. In Jar #1, all of the gaustic requirad to ralse the pH of the 750 ml
sample was added at once to the sample. However, in jars #2 and #3, after magnesiurn
addltion, the contents were split into two aliquots of 250 mil and 500 mi volumes. All of the
required caustic was then added to the 500 mil aliquot of Jar #2, and 250 ml aliquot of Jar #3.
The remaining caustic free aliquol was than added to bring the final sample volume to 750 mils in
these jars. After rapid and slow mixing, the samples were allowed fo precipitate. The fillered
samples were analyzed for hardness, silica and alkalinity. Results indicated that the sequence
of caustic addition did not significantly Impact the hardnass or silica levels {Table 5-1). In all of
the sampies the hardness was balow 10 mgi as CaCQ;, and silica levels varied from &5 to 85
mgfl. However, the alkalinity of the split samples was about 15¢ mg/l as CaCO; lower than that
of the first sample.

Table 5-1: Hardness and Sllica Levels In S8an Ardo Produced Water Using
Caustic and Magnasium {100 myg/1} After Adjusting pH to 10

Sample Method of Caustic Total Silica (mgh) Alkalinity (mg/

Addltion Hardness (as as CaCQy)
mg/l CaCO,)

#1 All at once <10 54 835

#2 All Caustic added te 500 ml <10 64 G2
Aliquot

#3 All Caustic added to 250 ml <10 a8 556
Aliguct

5.2.2 pH Adjustment with Lime

As with the studies using caustic, titration curves were initially developed with lime, The rasults
wers then used fo dasign lime softening jar tests.

Figure 5-8 shows the titration curve for San Ardo produced water using lime at different
magnesium levels. Approximately 740 and 1,140 mgdl of lime were required to raise the pH to
8.5 and 1¢.5, respectively, when 70 mg/ of magnesium was added. About 75¢ mafl and 980
mg/l of lime were required to raise the pH o 9.5 and 10.5, respectivaly, when 100 mgl of
magnesium was added.
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Figure 5-8. Titration Curve for San Ardo Produced Water Using Lime and
Magnesium

Four sets of jar tasts were performad using lime (Tables 5-2 t0 5-5). They includa i} pH 2.5,
magneasium dosing 50 to 140 mg/fl; i} pH 10, magnesium dosing 50 to 140 mg/; i) magnesium
70 mgA, pH 9to 10.5; iv) magnesium 100 mg/, pH 9 to 10.5. Resuits indicated that the residual
silica lavels were near or lower than the goal of 40 to 60 mgfl at pH 2.5 and 10 (Tables 5-2 & 5-
3). Howsver, silica was removed more sffectively at pH 10 than at 9.5, Calcium hardness
constituted more than 90% of the total hardniess in the high pH samplas indicating that most of
the magnesium precipitated from sclution. In the pH 9.5 samples, the ratio of total hardness to
magnesium hardness increased with an increass in magnesium dosg indicating partial removal
of magnesium from these samples. The silica levels were betow 10 mgA at a magnesium dose
af 135 mgA at pH 10. However, both the total and calcium hardness levels wara significantly
higher than the hardness goal in all the lime precipitation studias. This Is due to the presence of
insufficient amount of carbxanate in the produced water to precipitate all the calcium added [as
calcium carbonate). The solubility of calcium hydroxide is significantly high at these pH levels
resulting in unacceptable levels of hardness for RO oparation.

Page 43



Table 8-2: Jar Test Data Using Lime and Magneslum at pH 9.3

Magnesium Total Calcium Turbidity
{mgh) pH Silicaimg/l} Alkalinity” Hardness” Hardness” (NTU}
49 9.52 67 246 378 376 1.78
68 9.5 67 208 424 358 2,88
78 9.51 23 182 700 574 3.87
107 9.5 29 185 820 494 2
117 9.54 38 181 528 434 2.08
136 9.56 a7 150 562 444 1.25
- g B Calily

Table 5-3: Jar Test Data Using Lime and Magnesium at pH 10.5

Maghasium Total Calcium Turbidity
Amagll) pH Silicalmg} __ Alkalinity” Hardnass™ Hardness™ {NTL

49 10 56 234 420 430 1.87

) 10 56 230 422 432 3.57

78 10,1 u 266 il 586 2.24

107 10.1 21 230 §30 &35 4.54

117 10.02 13 184 6§25 622 7.16

136 10.03 7 180 785 740 4.54

" ig 25 Catl,

Similar results were found in the bench tests with constant magnesium dose and varying pH
levels (Tables 5-4 & 5-5). Silica removal increased with increase in pH at both magnesium
levels. Also, jower silica levels werg achieved by increasing the magnesium concentration from
70 to 100 mg/. However, the hardnass of thase samples was significantty higher dus to
limitations in carbonate levels. Calcium hardness increased and magnasium hardness
decreased with increase in pH. Howsver, the total hardnass was exiremealy high in all the cases,
Thase results suggested that hardness remaval from San Ardo water can not be achisved by
using lime as the scle chemical for pH adjustment.

Table 5-4: Jar Test Data Using Lime and 70 mg/l Magnesium

Magnesium Total Calcium Turbidity
Imgih) pH Sillca (mg/l) _Alkalinity Hardness®  Hardness®  (NTU)

68 5.02 159 236 530 270 362

58 8.5 102 240 500 380 7.62

68 10.02 48 270 580 570 293

53 10.62 51 405 650 555 1.59

* . mg 28 CatO,

Table 5-5: Jar Test Data Using Lime and 100 mg/l| Magnesium

Magneslum Total Cakcium Turbidity
{myfl) pH Silica {mg) _Alkalinity* Hardness" Hardnass*  {NTU)

a7 8.02 137 180 75 280 1.74

ar 8.52 i) 126 £20 400 4.56

a7 10.04 32 215 G20 508 2.32

o7 10.54 H A0s 715 T 3.51

* .« mal a5 CaCO,
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5.2.3 Bench Test Using Combined Lime - Caustic Addition

An effective and sconomic warm softening process 10 remove hardness and silica may require
the use of a combination of chemicals. One such strateqy involves optimization of lime dosing
proportional to the carbonate concentration [n the water, Caustic may be addead {0 remove the
remalning hardness and facilitate pH elevation. Finally, an appropriata amount of magnesium
must be added to remove silica. A bench test was parformed to evaluats silica removal by
optimal use of lime, caustic and magnesium.

Based on the produced watar quality characterislics and earlier bench test data, a lime dose of
40 mgfl and magnesium dose of 70 mg/l was selacted for this study. The titration test was
conducted to datermins the amount of caustic required 1o adjust the pH to desired level. Figure
8-9 shows the titration curve for San Ardo water using lime and caustic for softaning.
Approximately 375 and 575 mgh of caustic were required to raise the pH to 2.5 and 10.5,
raspactively,
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Flgure 5-9. Titration Curve for San Ardo Water Using Lime (90 mgA),
Magnesium {70 ma/l) as a Function of Caustic Additlon

Table 5-6 shows the jar test data for the combined lime, caustic and magnesium test. The silica
and hardness of the raw water were about 200 mg/ and 260 mg/ as CaCO4, respeciivaly.

About 80% of tha hardness in the water was calcium hardness. Addition of lime and magnesium
along resulted in a small increase in calcium hardness and a significant Increase in total
hardness, indicating that most of the magnesium added remained in solution. About 10% of the
silica was removed. Increase in pH to 9.5 using caustic removed more than 90% of the calcium
hardness and 85% of the total hardness, which are below the hardness goal, Visual cbhservation
of the samples indicated settling of approximately 80% of the sludge within 5 minutes. A
subsequent rise in pH to1 0 reduced the total hardness to below 10 mgil as CaCO;. However, in
these samples more time (10 minutes) was required to settle 30% of the sludge. This may be
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due to the prasence of relatively larger amount of magnesium floc. Magnesium floc is typically
very flaky and does not settle well, At pH 2 or above, tha silica levels decreased to about 80
mafl. This is consistent with the silica rernoval for 70 mgf magnesium in the other bench tests.
Approximately 100 mg/l of magnesium was required to achieve the silica goal of 40 fo 80 mgfl in
those studies. Based on these results, it appears that effective hardness and silica removal can
be achieved while producing sludge with better satiling characteristics using 20 mg/l of lime, 100
mgA of magnesium, and appropriate amaunt of caustic to raise the pH to about 4.5,

Tabla 5-6: Banch Test Data For Hardness And Silica Removal Using
Combined Addition of Caustic, Lime and Magnesium

Magnsgium Total Caleium
{mgl) Lima {(mgfl} FH" Sllica (mg/l) Alkalinlty* Hardness*  Hardness®
Q¢ 0 6908 200 344 250 230

70 a0 771 187 328 572 250+

70 a0 9.01 101 368 212 507

70 90 827 84 300 06 257

70 a0 053 84 446 40 <10

70 90 078 88 530 <10 <10"

70 i) 10.03 98 615 <1 <10*"

“ = i a3z CalOhy

1 ~Adjusted usig calshic,

2= Cloudy. small amounl of sludge precaptabed
3 - #0% of dudge precipated S minutes,

4 — 90% of sidge preciprtated in 10 mmtes

5.3 Oxidatlon Tests Using Chlorine Dioxide (Cl102)

Qifigld produced water may contain complex organic matter that is not readily biodegradsd
{Doran, 1997). These organics ¢can potentially foul the RO membranes thereby shortening
membrane life and increasing the & M portion of the treatment cost. A pretreatment procass
that can remove crganics may lower the potential for membrane fouling. Hence, a bench scale

test was performed to evaluats oxidation of oifield organics by CIO., a well known oxidizing
agenit.

The following wera assumed in the design and data interpretation of the CIO, studies:
+ Fouling of the membrane was predominantly caused by large organic molecules in the
produced water,
» Theasa larger molecules are not readily biodagradable

= (xidation of these compounds by ClO; to stmaller compounds may minimize their
potential for fouling the membranes.

v Upon oxidation by CIO; to smaller organic compoeunds, the resultant organics would be
more amenable for biodegradation

These tests wera perfonmed by Pureline Treatment Systems (Irving, CA), 2 company that
spacializes in applying ClO; for water treatment. A five gallon sample of Niltered produced water

was shipped by overnight delivery to this facility, and the tests were performad the same day the
samples were received.
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The jar tests were performed in 1L jars using 750 ml of sample. CIO; {5 - 25 mM) was injected
into the jars over 8§ hours. A control sample that received no ClO; was usad for comparison
purposes. The gverall organic content of the samples was estimated by measuring the TOC, and
the bicdegradable fraction of the organics was estimated by measuring the BOD of the samples.

Table 5-7 shows the results from this test. The TOC and BOD of the control sample were about
58 and 49 mg/l, respeciively.

Table 5-7: TOC and BOD Levels in San Ardo Produced Water After Dosing

with €10

CIO2 Dose €102 Dose

{mM) (mgl) TOC  BOD
0 0 58 49

5 335 63 92
10 G670 &1 93
15 1005 86 O
20 1340 71 a2
25 1675 67 83

Organi¢ degradafion during BOD evaluation can be described by the following general equation.
CeHyaOy +6 0 = 6C0, + 6 HO

According to the above equation, 72 mg of carhon represents 1 mM of organic compound, and
192 mg of oxygen is required to mineralize this amount of organic compounds. Hence, a TOC of
58 mg/l in the control sample represents about 0.80 mM of total organic compound, and BOD of
49 mg/l represents about 0.25 mM {49 / 192} of organic mattar available for biodegradation. This
indicates that, prior to CHO; addition, only about 32% of the organics {equivalent of 12 my/l of
TOC) in the water were available for biotreatment. Thea ramaining organics in the sample were
not readily available for biodegradation. [n the sample treated with 5 mM {or higher dosage) of
ClIO,, the TOC levels were 3 to 13 mg/l higher than that of the control sample. This may be due
to oxidation of some organic matter, which was not captured by TOC analyses in the control
sample, to a form that is amenable for TOC analyses. The BOD of these samples was almost
twice that of the control samples. This indicated that oxidation by ClO, facilitated transformation
of about 0.23 mM ({92-49)/192) of initially non-biodegradable organic matter into a
bixdegradable form. Howevar, approximately 50% of the organics still remained non-
biodegradzable after reatment with CIO..  Increasing the CIO; dosing five: fold did not significantly
aenhance oxidation of the gilfield organics to a bivdegradable form, In summary, the results from
this fest suggested that while C10, facilitated oxidation of a fraction {~32%) of the non-
bindegradabla crganic matter into a big-available form, approximately 50% of the organic matter
was not oxidized even at exiremely high doses of CIC-.

5.4 Broeakpeaint Chlorination Studies

Unlike other bench studies that avaluated pretraatment requirements for the produced water this
set of tests evaluated one of the post-treatment needs, i.a., possibla removal of ammonia from
the RO pamneate using breakpoint chlorination. Breakpoint chlorination is a process by which
rasidual ammonia is oxidized to nitrate and nitrogen trichlonde by chloring. The chlorineg, in turn,
is reduced to chloride ions. The thaoratical ratio of chloring to ammoniga-M required to remove
arnmenia by breakpeint chlgrination is 7.6:1 (ppm 1o ppm basis), excluding any chlorine demand
from other compounds,
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Chiorine stock was prepared by diluting 5 percent "bleach” with deionized water. Since water pH
may impact the effectivenass of breakpeint chlorination, the initial permeate pH was adjusted to
7 prior to chlotineg addition, Chloring was added to four 750 m) samples to yield chlorine to
ammania nitrogen ratics of 5:1, 7.5:1, 10:1 and 15:1. The samples were stirred for an hour,
allowsd to settle for an hour and the supsmatants were then analyzed for ammaonia, nitrats,
nitrite, free chlorins, total chlorine, pH, alkalinity and conductivity. The nitrate and nitrite

analyses wara parformed in an extarnal laboratory. The remaining analyses were performad in
the field laboratory.

Tabkle 5-8 and Figure 5-10 show the results fram this test. The initial ammeonia nitrogen
concentration in the permeate was 14 mg/l. Adding 70 mgfl chlorine {5:1) decreased the
ammonia nitrogen level to 8 mg/l. The residual chlorine level (after ammonia axidation and
meesting the chigrine demand) was about 28 mg/. Adding 105 mg/ chlorinse (7.5:1) resultad in
complete oxidation of ammonia in the permeate. The residual chiorine level alzo decreased to
about 1 mgl in this sample, suggesting near complete breakpoint chionination. Further increase
In chioring doss (13:1 and 15:1} increased resldual chlorine leveals to 386 and 100 mgf, which are
also consistent with breakpoint chlorination at the 7.5:1 dosing rate.

Table 5-8: Breakpoint Chlorination of San Ardo Produced Water

Chlorine ;

Ammonia-N

Ratio EC {umhoicm) pH NH3-N Free Chiorine Total Chiorine
Na Chiorine 818 7.1 14* ) 0

| 794 5.03 a2 28 32

7.5:1 1029 338 0 1.3 10

10:1 1052 4.66 4 38 51

13:1 1264 &.81 [ 101 107

- Mezsursd prior ko pH adpastnenl e 7

1 zu, O —— e i s e 2 e .

San Ardo; Breakpoint Ghlorination
Inihal NH3-N = 14 mgA

——
o
o

- Cr 12 BT Cl2

o
o

Cl2-Resldual - mgh
. &
(=] o

[~
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Cl2:NH2-N Ratio

Figure 5-10. Breakpoint Chlorination Curve for RO Permeate of S8an Ardo
Ollfield Produced Water,

Page 48



Altheugh these tests indicated possible ammonia removal using breakpoint chlorination of the
RO permeate, several concemns must be addressed prior to use of this technigue. For example,
the water pH at breakpoint chlorination decreased to 3.38, possibly due to removal of NH;
alkalinity In the water. Also, the water conductivity increased to above 1000 pmhosfcm, which
indicates a high TDS concentration at this chlorine dosing. This |s higher than the water quallty
criteria for most applications identified in the Central Coast Regional Water Quality Control Board
Basin plan. Addition of caustic to neutralize the pH will further increase the TDS of this water.
Finally, the results indicated that the total chlorine concentration in 10:1 and 15:1 ratic samples
was 10 to 30 mgA higher than the free chlorine level. These watsrs contained little or no
ammenlza and hence, it is unlikely that chloramines formed. Hence, it is not clear if the
differenges chserved werg due to chlorine demand exerted by cther constituents in the permeate
of dus 1o experimantal emror caused by dllution of the samples or other limitations.

5.5 Conclusions of the Bench Scale Studies

5.5.1 Preclpitation Studies

Results from the bench scale lests indicate that the hardness of the produced water can be
reduced to about 40 mg/fl by additicn of 600 mg/l caustic. However, no significant amount of
silica is removed without addition of magnesium, Addition of 800 mgfl caustic and 100 mg/ of
magnesium at pH between £.5 and 10 can reduce hardness and silica to desired levels. Lime
and magnesium addition without caustic was nat effective in meeting the hardness goal. The
test using lime, caustic and magnesium indicated that 80 mg/ lime, 100 mg/l magnsesium and
sufficient caustic to adjust the water pH to 2.5 can be effective in maating the hardnass and silica
goals.

Due to difficulties associated with feading lims, it is recommended that the pilot studies he
conducted using caustic (550 to 650 mgfl) to 2 target pH of 9.5-10.5 and a magnesium
goncantration of 100 mg/l. ltis anticipated that such an operation will result in an effluent
hardness leval of about 10 mg/l and silica level of about 50 mg/| from the warm softening
PrOCEss.

5.5.2 Cl0, Oxidation Studies

Only about 30% of the organic compounds [n the unireated oilfield produced water were
amenakble o biodegradation. Traating the water with 5 mM of ClO; increased the fraction of
organics that can be biodegraded to about 50%. However, further increase in CIOG; dosing by up
o 25 mM did not significantly increase the bioavailability of the organics. This suggested that a
large fraction of organics in the produced water can not be oxidized by CIO., thersby limiting its
effectivenass in produced watar treatment. Further testing of C1O: is not recommended for thie
gite.

5.5.3 Breakpoint Chlorination Studies

At a chlarine ta ammonia-nitregen ratio of about 7.5:1 almost all of the ammonia was oxidized
and the chloring was reduced in the RO permeats. However, breakpoint chlorination may tend
to Increass water TDS. This issue must ba resolvad prior to considering braakpoint chiorination
as a viable option for ammonia polishing.
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Section 6: Description of Pllot Plant Study

This section describes tha equipment, methods and approach used in the pilot plant study.
First the unit processes arg describaed, followed by the analytical methods, and the milot
tasting approach and schadule,

6.1 Unit Process Descriptions
Tha fellowing units ware sslected for pilot testing:

« A 10-30 gpm "Claricone™" clarifier unit from CBl Walker, Plainfisld, IL for warm
softening of filkered produced water

+ A B0 gpm cooling tower from American Cooling Tower Company, Westminster, CA
for cooling the softanad effluent, and to potentially reamove ammonia

* A 10 gpm Reversse Osmosis (RO) unit from Koch Membrans Systems for removing
TDS, organics and boron

Tha schematic of tha initial configuration of the pilot plant treatment train is shown in Figure
§-1. A plot plans showing the layout of the various units is shown in Drawing 6-1. Aera
Energy LLC with assistance from KennedyfJenks developed the piping and instrumentation
diagrams {Drawings 6-2 and §-3) that were used to construct the pilot facilities. An Asra
Energy LLC subconiractor (0CCK Engineering) developed the electrical drawings with input
on control and alarm strategies provided by Kennedy/Jenks Consultants {Appendix E).
Figure -2 is a pholograph of the pilot plant sits during construction.

Filtered Qilfield Produced Water

Caustic, Mg+
Polymer
pH95=-105

L 4 t

Warm Softansr .| Equalization | Cooling Tower
| Tack

Conventional | pH 510 1
Membtane RO |

Boroo Egject
Membrane RO pH %5

F 3

Antiscalent

Figure &-1. General Pliot Plant Schematic
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Figure 6-2. Pllot Site During Equipment Installation

6.1.1 Claricone™ for Warm Softening Process

A Claricona” Clanfisr supplied by CBl Walker, Plainfiald, IL was selected for this study.
Table 6-1 presents the design criteria for this unit. Thig unit is an up-flow selids-contact
clarifigr. Figura 8-3 and Drawing 6-4 show a photograph and P&ID of the clarifier unit.

The clarifier consists of 2 conleal steal vessel, with 2 2-ft diameater baze that expands to 8-ft
at the top. Feed water is introduced at the base of the unit. The inlet flow into the conical
vessel imparts a helical flow pattern that mixes the feed chemicals and maintains the sludge
blanket as the treated water and precipitated solids flow upwards through the unit. Because
of the conical design of the vessel, the flow velocity of the water decreases as it moves
upwards through the unit, The decreasing velocity helps prevent the smaller precipitated
particles from being carried over. The unit is designed to captre solids in the collection
funnel located near the center of the unit and remove them via a blowdown valve controlled
by a variable timer. The unit alzo has a grit blowdown line for removing dense solids that
collact at the bottom of the unit. The clarifiad water spills over 2 weir into a collection box.
The Claricone ™ unit was installad and operated without the head tank shown in Drawing 6-
4.

A 20 % caustic solution was used for hardnass reroval from San Ardo water. Magnesium
chloride (30 %) was added 10 remova silica as magnesium silicate. Furthermorg, 3 mii of
polymer (EWC 588) was added 1o gid sludge precipitation.
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Table 6-1: Claricone™ Process Design Criteria

Dasign Parameter Units Value
Solids Contact Clanfier - CBl Walker ClanTong™
Momnal flow rate GPM 30
Operahonal flow rate GPM 10 - 30
Recirculation raka GPM -20
Surface Chameater Ft g
Base Diamater Ft 2
Unit Henghi Ft ¥ &7
Water Yolume Gallons oH)
Surface Loadng Rate __gallonsftminute 06
Hydraulic Ratention Time Minutes a0

Figure 6-3. Plcture of Claricone™ Unit

6.1.2 Cooling Tower

The softened produced water temperature was expected to be betwesan 140 to 185° F and
had {0 be cooled to about 105 ° F o protect membrane integrity. In addition to cooling,
some ammaonia was expecied to ba removed {air stripped) by the cocling tower. A 60 gpm
recirculation mode cocling tower from Amearican Cooling Tower Company, (Westminster,
CAJ}, modal VXT 120 was installed 1o lowsr the temperature of the softened produced water,

Table §-2 presents the design criteria for the cooling tower used in this study,
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Table 6.2: Coollng Tower Process Design Criteria

Deslgn Parameter Unlts Value

Cooling Tower Unit - American Cooling Tower
MNominal flaw rate GFPM 10— 80
Qperational flow rate GPM 10— 30
Recirculation rate GPM a-30
External Dimension (LXWXHY Ft 12°64%87T"
Packing Material CPVC
Nominal Flow Temperature F 1095
Combinad [nfluant °F 150
Tamperature
Cnoled Effluenl Temparabre °F 105
Air Water Ratio S000:1 to 11,6001

A chlorinated poly vinyl chloride (CPVC) packing material was used. Individual CPYC
blocks of 12"X3"X3" were packed to provide a total contact area of 7452 i for cooling. A 15
HP fan suppliad air for cooling. Dus to the anticipated high temperaturs of the warm
softening effiuant, the cooling towsr was designed to oparate in a recirculation mode (Figure
6-4). As per this design, the influent water {30 gpm} at 180 °F would be diluted by 30 gpm
recirculation water at 105 ° F. The combinsd flow of 60 gpm @ 150 ° F will then be cooled
to 105 ° F in the cooling tower. Figure 8-6 shows a picture of the cooling tower at the pilot
Bite.

Sofener B0 gpm, 180 °F
Eifheent @ 155 &0 gpm, 145 °F 30 gprm, 105 °F
*F, 30 gprh
Coohrg
rF Y W Towear Fomp =
—
al L A
80 gpm, 105°F

Flgure 64, Cooing Tower Process Flow Diagram

6.1.3 Reverse Osmaosis Unlt

The softenad cooled produced water was treated by an RO unit {Koch Membrans Systems,
Wilmington, MA}. Ths influent temperaturs of the unit was helow 105 °F. Tha pH of tha
water was vanad from 9.5 to about 11 to facilitata ramaval of Boron in addition to TDS
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removal The nfluent water passed through a 5 micren gartndge filter pnor to RO treatment
The 10 gpm RO pilot unit consisted of an equipment skid with cartndge filter, high pressure
pump, membrane hcusings and centrol panel

The majer components ncluded the following

»  Six {6) 4" diameter housings, each capablke of holding up to three 4" dia x 40" long
spiral wound RO elernants

= Eighteen {(12) 4" dia x 407 long RO =lemeants

» One (1) stesl squpment skid with nominal dmensions of 12'Lx 5 W x 7' H

Two (2) 207 long filter cartndge housing each with a 5 micron nominal rated cartridge

filier

One {1) high pressure pump coupled o a 480 volt, 3 phase, 60 cycle TEFC maotor

Lacal pH, temperatura, conductivity and flow instrumentaton

Local low-pressure, pH out-of-range and high-pressure alamms

Two {2) charmical metenng pumps for acid andfor ant-scalant chemical injection

Ore {1) 30 gallon ant-scalant day tank

Local manuzally operated valves and skid piping

A clean-in-place (CIPY urit

Remote alarm contact

A B 4 ® & * & @

Table 6-3 shows the key process design parameters for the RO unit for the initial testing,
and Drawing -5 shows the P&ID ciagram  Although there were 6 membrane housings, the
RO unit was configured using a 2X0 array  In this configuration, only four of the membrane
housings were used for tha brackish water membrane  For side-by-side companson
ketweean the brackish water and boron rejechon seawater membrane inal, a 1X0 array was
used Inthis case only one membrane housing was used for each membrang type  Figure
8-5 shows a piciure of the RQ unit used in this pmlot study

Table 6.3: Raverae Damosis Procass Design Criterla for Brackish Water
Membrane Trial

Dasign Paramater Units Value
Cartndge Filter
Numbar of Housings 2
Mumber of Carinidge Filters 2
Feed Rate GFM 10
Filter Ratirgy m 5
Size [diameter x length) nch x Ingh 2 ox 2
Reverse Osmosis Koch Mambrang Systems
Mumber of Stages 2
Array 2440
Number of Pressure Vassels 2]
Elemenils per Vessel 3
Mambrane Elernents
Mumber of Elemends - 18
Size {hameter x length) inch % nch 4 x40
Parmeata Flow Rate GPM 140
EQ Concenirate Fiow Rale GFM 258
Fercent water recovery % 75
Faed Prassure PSIG 350
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Figure 6-5. Reverse Osmosis Unit {Koch Membrane Systems)

6.2 Unit Process Evaluation Objectives

There were three major unit processes used in this pitot study. The pilot study cbjectives for
gach of these malor unit processes are described below.

6.2.1 Warm Softening Process

The use of a warm softening process was intended for rermoval of scale forming constituents
such as hardness and sillca in the water. The following were the specific ohjectives of the
pilot study

s Establish the optmal chemical {¢austic and magnesium} dose of the warmm softening
process to meet treated water guallty objectives.

+ Establish the optimal pH range for operation of the clarifier to treat the brackish
produced water spacific 1o the San Ardo, CA, oilfield and meet the and water quality
objectives. An earlier study (Doran, 1998} at Placerita Caryon oilfield indicated that the
optimum pH for removal of hardness and silica by a warm softening process is
approximately 9.6, However, for effective removal of ammonia by the cocling tower and
baron by the RO, the calculated pH of the softened water had ta be abave 10.5. Hence,
the warm saftening unit was operated at a pH range of 8.5 to 11 duning the pilot study.

s Evaluate the charactenstics of the wanm softening process sludge. The sludge must be
non-hazardous to faclitate economic disposal and eliminate long-term environmental
liability. Several analyses including California Assessment Manual metals {Califormia’s
method for determining 2 hazardous wastes), speciral analyses, and percent solids were
performed to determine options and associated costs for sludge disposal. Dunng the
warm softening operations, some solids carryover problems were obssrved in the
effluent fram the clarifier unit. The details of this problem are discussed in later sechons.
Due to these problems, the efflusent from the clarifier unit was allowad to settle in a large
{20,000 gallon) settling tank and the settled sludge was collected for this
charactsrization,
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8.2.2 Coaoling Tower
There were two reasons for having a cooling tower:

+ Tamperature reduction. The softened produced water temporature was ~140— 160 °F
and tha RO membranes and supporting systsms had a makimurn lsmperature tolerance of
<10G°F.

# Ammonia reémoval. The final sflluent goal for ammeonia was 5 mgd. The pH of the
Claricone™ effluent ranged from 9.5 — 11.5 and operational air-to-water ratio was 11,600:1,
Since ammania remaoval by air stripping was expacted under these conditions,
charactarizing the cooling tower's performance for ammonia removal was an objective.

6.2.3 Reverse Osmosis

The use of reverse osmaosis (RO in the overall treatment schamea was intendad to target the
ramoval of dissolved inorganic and organic constituents in the water. The fallowing ara the
specific chjectives for the RO pilot study:

s Establish the optimal pH range for oparation of the RO to treat brackish produced San
Ardo water and meet treated water quality objectives.

+ Evaluate tha RO performance to determine the specific flux for the RO slements tested.
The specific flux can, in turn, directly be used as a basis to project electrical power
requiremenits for a full-scale facility at San Arde.

# Monitor and sstimate the fouling potsntial of San Ardo watsr on the RO membranes to
detarmins the cleaning regimen and frequency reguirements.

#» Compare the performance of brackish water RO elements versus RO elements
deslgned specifically for use on high boron seawater. This objective was incorporated
into the study during the latter stage of pilot testing when such high boron seawater
membranes were made available for use by the membrans vendar.

6.3 Pilot Plant Operations

After startup and shaka down of individuzl units, the pilot plant was ready to generate
oparational data. However, changes were requirad as a result of poor Claricone™ offluent
water quality. As a result the study was divided into differant operation phases that are
summarized in Table 6-4. Below is an explanation for these changes.

Tahle 6.4: Summary of Pilot Plant Unit Processss Opearations

Lnits on- Dates of
Case line Objectives Approach Operation
1 Claricone™ Oplimize silica and Fixed Mg Addiion and vary targel pH; Jul- Qct 04
___hardness ramoval Fixed pH with caustic and vary Mg feed
2 Clarlcone™, Determine reduction of Operated codling tower at 15 GPM ard Fab 05
hedidrg temperature and collact a total of 5 sets of data and samples
tanks, ammenia to determine perfarmance
coaling
Tower
3 Claricona™, Characterize brackish Oparale RO in 2X1 array until several CIP - Oct 04 -
holding water membrane ara performed Feb 05.
Lanks, RO
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Units on- Dates of

Case line Ohbjactives Approach Qperation
4 Claricona™, Side-by-side Reconfigure RO 1o two single array units.  Feb - Mar
holding comparison of Install brackish water membranesinone 05
tarks, RO bracklsh water side and boron rejection membrane on the

membrane and horon  gther.
rejection membrane

6.3.1 Background

Initially, the Claricone™ darifier and the cooling tower were operated to ensure proper
turbidity and temperature io protect the RO from early failure. Due to high solids in the
clarifier effluent, two 20,000 holding tanks were added to assist in protecting the RO
membranes from early fouling. After installing the holding tanks and operating the
Claricone ™ clarifier and cooling fower in series, It was determined that the cooling tower
was brezking up the floe, which remainad suspension even after 24 hours of settling. The
rasultant turbidity was taa high to traat this water by RO. As a result, the cooling tower was
taken off-ling as described in Tabla -4, cases 3 and 4.

6.3.2 Case 1, Claricone™

During the construction for adding the two holding tanks, field work coneentrated on
developing operating conditions far this unit process to maximize remaval of hardness and
silica.

6.3.3 Case Z, Claricone™, Holding Tanks and Cooling Tower

To obtain data to determing the performance of the cooling tower, the Claricone™ clarifier
was eperatad in series with the holding tanks and cooling tower at pH 10-11 {Table 6-4,
Case 2). This configuration was operated for a week to characterize the performance of the
cooling tower with respect to ternperaturs and ammonia remaval.

6.3.4 Case 3, Claricone™, Holding Tanks and Brackish Watoer RO

These studies were performed using 12 elements (four housings) in a 2X0 array system.
The intent of these studies was to establish target operating parameters suitabla for a full-
scale process to meet the tréated water quality goals described in Section 2. Ideally, the
pilot RO unit would have been operated 24 hours a day, 7 days a week for the entire period.
However, problems with solids settling and removal in the upstream warm softening process
pravantad such continuaus operation. Tharafore, the unit was generally operated -8 hours
a day, 5 days a week 10 allow monitoring by KennedylJenks onsite staff. Data from the pilot
RO operation was evaluated on a cumulative run time basis.

These operaling parameters include:

* RO Racovery {ratio of permeate flow rate to RO water fead flow expressed as a
percentagel. The target recovery for an RO system dictates the required power,
chemicals, cleaning costs and the capital cost to construct the system. Typical
recoveries for bracklsh water RO systems fall within 50% to 75%. The field evaluation
targeted 67% recovery. A feed rate of 7.5 gpm was maintained. The feed pressure was
adjusted to yield permeate and reject stream flow rates of 5 and 2.5 gpm, respectively.
KOCHTREAT® MAX an inorganic scale inhibitorfantifoulant provided by Koch Membrane
System (KMS), was added to the RO feed water during all test runs at a rate of 5.4 my
dry powder/L feed water to reduce organic and inorganic fouling.

Page 57



o QOperating pH of the Fesdwater. Boron rejection by the brackish water RO mermbranes is
highly dependent on feedwater pH. Pravious pilot investigations (Doran, 1998) indicated
that a pH betwesn 10.5 and 11 was neadad to ionize the boron 5o that it would be
removed by the brackish water membranes, However, the aptimum pH for hardness
and sitica removal in the warm softening unit is about 9.5. The field evaluation of RO
membranes targated an operating pH in this range.

¢ Allowable Run Time. During operation of an RO system various foulants gradually
accumulate on membrane surfaces, leading to progressively increasing operating
prassurs to maintain constant recovery, Typically, the end of an operating run is
reached when the specific flux for the membrane system declines by 15 to 25% from the
specific flux at the start of the operating run. The pilot test evaluated the allowakble run
time based on this pressure increase criteria.

+ Membrane Cleaning Requirements and Frequency. Membrane cleanings are conducted
following the end of an operating run and generally entail the use of a low pH deaning
solution 1o remove inorganic scale and/or a high pH cleaning solution ta remova arganic
foulants. The field evaluation investigated the type of cleaning regimen needead to
address the foulants specific to San Ardo water.

Following the end of the test run, the RO unit was put through a ¢lean-in-place {CIP)
process, which entaled the following ssquence of steps:

» Cleaning RO membranes with a low pH cleaning solution (KOQCHKLEEN® 100}
{0.2-0.3%) for 30 minutes in order fo remove inorganic contaminants scale on the
membrane surface. The system was then flushed with RO parmeate for 15
minutes and the membranes were allowed to relax for nearly two hours,

»  Return of the RO unit to service at the targst racovery established prior 1o the low
pH cleaning. The pressure recavery achisved was observed.

» Clganing RO membranes with a high pH ¢leaning solution (KOCHKLEEN® KLD
I} for 30 minutes to dissolve organic faulant from the membrang, followed by
flushing with RO pemeate for 15 minutes.

+ Return of the RO unit to service at the target recovery established prior to the
high pH cleaning. Observe any additional pressure recovery achieved.

+ Restore operation of the RO unit to the conditions targeted at the start of the pilat
RO test run.

6.3.5 Case 4, Claricone™, Holding Tanks Side-by-Side Brackish
Water and High Boron Rejection Seawater RO Membranes

This portion of the pilot test sought to compare the performance of brackish water
membrane elements to equivalently sized high boron rejection seawater membrane
elements exposad io the same water quality and nperating conditions. Performance data
supplied by Hydranautics for their high boron rejection membranas in seawater applications
suggasted that these elsments could potentially be used to meet the end watsr quality goals
far San Ardo at a lower fesdwater pH. If successful, these membranes would reduce
caustic demand and result in a significant D&M cost reduction for a full-scals system.
However, several tradeoffs do exist that could potentially outweigh the benefits of operating
at a kower fesdwater pH. These include:

» Potentlal increased Operating Pressurg. Seawater membranes may require higher

operating pressure to achieve the same recovery as a brackish water membrane under
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the same conditions. Higher cperating pressurss would result in greater energy usags
and increase electrical O&M costs for a full-scale system,

¢ Potential Decreased Run Times. Seawater membranes may be susceptible o fouling at
a quicker rate than brackish water mambranes. An increased fouling rate would result |
shorter run timas between required ceanings and increase the cleaning O&8M cost for a
full-gcale system.

+» Poiantial Shorter Membrane Life. Ssawater membranss may more susceptible to
parmanent fouling than brackish water membranes, which could potentially reduce the
useful life of the membrane elemernts. Such a decrease in membrane life would
increase the replacement fraquency and associated Q&M cost for a full-scale system.

The pilot test to evaluate the two membrans typss was conducted from 18 February 2005
through 3 March 2005. Time limitations in the overall pilot schedule prevented a longer
evaluation perigd. At the conclusion of the test run, CIP were performed on the membranes
to avaluata fauling/scaling characteristics.

6.4 Summary of Pilot SEampling and Data Collection

A sampling plan, summarized in Tables 65 and 6-6, was formulated to provide guidance
for the: operation of the process train. The sampling plan was intended to provide
information to agsist in making operational decisions. It was not intended to provide
rigorous scientific data to defend or davelop theorstical mechanisms of performance or
removal of unit procsssas within the treatment train,

Table 6.5 Summary of Fleld Data and Sampling Program

Warm Warm Warin Cooling

Water Softenar Softensr Softener Tower RO RG
Paramsters  Influent  Effluent  Sludges  Effluent RO Influent Permeats Concentrate
Field Readings
Flow Rate v v v v
Total Flow
Rate Y Y
Flow v
Calibraticn d d -
Pressure v v v ¢
Temperalure ¥ v v v <
Field Analyses
bH g 7 v v v v
Conductivity + v v < £
Turbidity o ¥ v I
Silt Dansity v
Indax
Alkalinity v v + v v
Total ¥ ¥ v v
Hargdness
Calcium v ¥ v o
Hardness
uy v v

Y
5.
.
<

Si0s
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Table 6.6: Summary of Laboratory Analytical Program

Water PFarameters

Influert Warm
Produced Softaner
YWater Effiuant

Warm
Softener

Sludge

Cooling
Towar RO
Effluent Influent

R
Pemmeats

RO
Concentrate

Gan, Mineralsf(3an.
Physical’

¥ v

e

pH

¥

v
Wy

TDS

Alkalinity

Boron

Silica

R RNRNENEN

Anicns”

Cations®

R I I N

R B B Bt I RN

-
Y

Iren & Manganese

Y

Heterotophic Plate Count

Biochemical Oxygen
Demand

| %

Total Organic Carben

SNES
z

<«

Bagse/NautralfAcid
Exiractable

Wolatile Organic
Compounds

Tritalomethane Formation

Polential

Halpaceiic Acids

.|«

Taoxicly

% Solids

Calfornia Assessment

Marwal Metals

CTR”

Motes

- pH. alkalinity, TDS. TSS, Total Harness. Turbidity, Ammaria, Gonductivity
. Chigride, sulfate, nitraba, bramldea

. Iron, manganese, bardum, sirenlom

1
2
3. Cekcum, magnesium, sodium, potessium
4
L]

. Gallfarmia Tode Ruls Consgivents.

6.5 Summary of Analytical Methods

The field analyses wers performed by KennedylJenks staff. The testing methods are
summarnized in Table 6-7. The laboratory analyses were parformed by Zymax
Envirotechnolagy, Ing. {(San Luis Obispo, CA), Truesdail Laboratorias, Inc, {Irvine, CA),
Zalco Laboratories, Inc (Bakersfield, CAY or Toxscan Laboratories (Waltsonville, CA). The
methods and tha laberatories used for each analysis are summarized in Table 6-8. All
lzboratories are approved by the California Department of Health Services to perform alk the
assigned analyses. The approval requires that each laboratory maintain an extensive
quality assurancs and quality control system to ensure the reliability of the reportable

laboratory findings.
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Table 6.7: Field Analytical Methods

Farameater Method/Description
gH Standard Methods 4500 H+{Meter
L Temp (°F) Standard Methods 2560 B/Meter
Turbyidity {NTU}) Standard Methods 2130/Meter

Conductivity {umho)
UV Absorbance, . 264 nm
Alkalinity {mg/L as CaCOs)

Standard Mathods 2510 B/Meter
Shimadzu UV-1801 Spacirophotometrc
Hach Mathod 8203 Titration

Total Hardness {mg/L as CaCO,) Hach Msthod 8226/Titration

Ca {mg/L as CaC0s) Hach Method §222/Titration

Si02 Hach Method 8185/ Colorimetric, 420 nm
Table 8-8: Summary of Laboratory Analytical Methods

Parameater Meathod/Description Laboratory
pH Standard Mathods 4500 H+Meter Zymax
Temp (°F) Standard Methods 2550 BiMeter 2ymax
Alkalinity [mgfL 33 Cat03) Standard Maethods 23200 Titration Fymane
Tolal Hardness USEPA Method 200.7/Calculated, Ca and Mg frem ICGP-  Zymax/Zalco
{mg/L as CaCpa) AES
Caleium {mgi. as CaC03) USEPA Mathod 200.7/ICP-AES Zymay
Magnasium {mg/lL as CaCtoz) USEPA Method 200 7ACP-AES Zymax
Boron USEPA Mathod 200 HICP-AES ZymaK
Iron USEFA Mathod 200.7ICGP-AES 2ymax
Silica USEFPA Melhod 200 HICP-AES Dymnaw/Zalco
Potassitim USEPA Malhod 200.FACP-AES Zymax
- Sodium USEFA Mathod 200.7ACP-AES Zymriax
Barium USERA Method 200 7ICP-AES Zymax
Strontium USEPA Wethod 200.71CP-AES ZyTax
Chioride USEFA Methad 300.0don Chromatography {1C) 2ymax
Sulfats USEPA Method 30041C Zymax
Bromide USEPA Mathad 300.0/1C 2ymman
Nitrats-MN LSEPA Mathod 3000012 £ymax
Total Crganic Carbon (TOC) USEPA Mathod 415.1 Zyrnax
Ammonla-M 4500 NH3 DfSalactive lon Probs Zymax
Total Suspandsd Solids (TSS) Standard Melhods 2540 DACravimetric 2ymax
Total Dissolved Solids {TDE) Standard Methods 2540 CiGravirmetic Zyrnax
%% Sludge Solids and Speciral USEPA Mathads 3050 8/Sample digestion with Aqua Zymax
Analysas Ragial ard USEPA G010 B
Base Meulral Ackl Extractables USEFA Method 82T0/GC-M3 2yrax
Pumgeable Omganics {Yolatilag) LSEPA Method §24/1GC-MS5 Zymax
BOD LUSEPA Methad 405, 1/Frobe Truesdail
cob LUSEPA Method 410, 4/Spectrophotomalric Truesdai
CAM Matals for Solids USEPA Methods 7.3H25, T.3CH, 418.1, 1010, 13114, 2yrnax
80104, FO61A, 7471A, 77414, and 3045, CA Dept. of Fish
and Gama LCS0
WMetals for CTR analyses Standard methad 200 8245.1 for Hg Toxscan
(50,Be.Cd.CuPEHI. Mo, Sa TLAG)
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Section 7! Pilot Plant Results and Discussion

This section is organized in the sama mannar as Saction § i.e., by individual treaiment units.
The discussion focuses on the performance of the units to meet the water quality geoals and
ensuing implications rathar than a theoretically based explanation of results, The section
discusses the removal of organic and inorganic compaunds in the produced water, the
quality of sludge from the softening proceass, the RO concentrate quality, as well as the

operational findings of impartance by unit process. The raw data is presented in Appendix
B.

7.1  Warm Softening Unit

The Claricone™ warmn softening unit was operated under various caustic and magneasium
fesd conditions to remove silica and hardness from San Arde produced water. The typical
watsr quality characteristics for San Ardo produced water are shown in Table 7-1.

Placerita Canyon water quality is also presented for comparison. The hardness and
alkalinity levels in San Ardo produced water is lower (~70 & 25%., respectively) than those in
Placerita Canyon water. This suggested that the San Ardo water might require a lower
amaunt of caustlc for softening. However, the magnasium concentration of the San Ardo
water (~ 5 mg/l} is significantly lower than that of Placerita Canyon water (~ 75 mgf).
Hence, tha San Ardo water may require 2 higher dose of magnesium for silica pracipitation.

Table T.1: Typical Water Quality Characteristics of San Ardo and
Placerita Canyon Producead Waters

Parameter
(mafl unless Placerita
otherwise noted) Canyan San Ardo
Alkalinity 482 367
Aduminum - 0.2
Ammonia - Nltrogen 15 31.1
Barlum 15 0.41
Bicarhonata - 448
Boron 20 28.8
Calcium 260 111
Chloride 3,180 4050
Fluaride - 1.8
Hardness, Total {mg as
CaCCs) 1100 303
lodkle 3.1
[ron 016 s
Magnesium 97 6.07
Manganese - 0.105
Nilrate - 4
Cil and Grease - 462
pH {units) 7.02 7.54
Patassium 7h 81.86
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Farameter

(mgh unless Placarlta
otherwise noted) Canyon San Ardo

Silica 206 22F
Sodium 1.650 2,540
Sulfata 82 53
Sulfide - 12

TDS 6,000 7.540
Temperaturs {© F} 152 190
TFH - 19
Turbidity (NTU} - 4.3
TOC a1 a8

7.1.1 Sijlica Removal in the Warm Softenar

Figura 7-1 shows the silica levels in the treated water when adding 500 mgfl of caustic and
varylng amounts of magnesium. At a dasing rate of 60 mgfl magnasium, the effluent pH
was 10, and silica leval was about 100 mg/l {(~ 50% remaval). A silica lavel of ~60 mg/l was
achieved at 100 mgd magnesium dose. Figure 7-2 shows the silica levels in the treated
water whan the caustic dosing was increased to 600 mgfl. Silica ramoval in the softener
improved by increasing the caustic dose to 600 mg/. The effluent silica levels were 65, 40
and 20 mg/l at magnesium dosing rates of 75, 100 and 150 mg/, respectively. Figures 7-3
& 7-4 compare effluent pH and silica lavels when adding 500 and 830 mg/ caustic. Whils
caustic addition tends to increase the effluent pH, magneasium chloride reduced the effluent
pH. For the same magnssium dasing, silica removal increased with increase in caustic
addition. The difference was more pronounced at 100 mg/l magnesium dosing {(~ 50%) than

at 75 mg/l (~15%).
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Figure 7-5 further illusirates the relationship between magnesium dosing and effluent silica
levals during raatmeant of San Ardo produced water. Ingeneral, an increase in magnesium
concentration resulted in a decrease in effluent silica level. The silica goal of 60 mg/l was
achiavad at magnssium dosa of 1K) mg/l or higher. Howsver, a wide ranga of silica
concantration far a given magnesium dosing {&.g. 10C mg/l) indicated the role of other
parametars (pH, caustic dosing} in silica ramoval afflciancy.

Figure 7-6 shows the relaticnship between the pH and effluant silica levels. Unlike all the
gariier data that repregant the silica lavels of Claricona™ effluent samples, Figure 7.6 shows
silica levels in the settled water from the 20,000 gallon settling tank downsiream of the
Claricone™ unit. In general, the silica levels in the softened water increased with an
increase in pH. Mujeriego, el al., (1976) reported that maximum silica precipitation by
magnesium addltion occurs at the pH corresponding to the average pKa values for the first
and second dissociation constants {pK; and pl;) of orthosilicic acid. The pK,s. valuas vary
with water temparature during precipitation. |n the current pilot study, the averaga
temperatura of the softensed water in the settling tank was ahout 140 °F. At this
temperaturs, the pH optimum ((pK+pKz2) for sillca rernoval is calculatad to be 9.8, Above
this calculated pH, silica levels increased as pradicted.
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Figure 7-6. Silica Levels in Softenad Settled Water at Various pH Levels

7.1.2 Hardness Removal

The warm softening process effluent hardness concentration is a function of caustic,
magnesium dose and the resulting pH. Selact samples were analyzed during the pilot study
to werify hardness levels achieved in the bench scale evaluations.

Figure 7-7 shows the effluent hardness as a function of pH. The residual hardness of the
clarifier sffluant was bslow 10 mgA whan the affluent pH was between 9.3 and 10.5.
Effluant pH was less than 9.2 (pka of carbonate) at low caustic (<400 mgh) or at high
magnesium dosing ratas (& 125 mg/l). The resldual hardness was higher than the hardness
goal {10 mg/l as CaCO;) under thesa conditions, Also, effluent pH higher than 10,5
otcurred at high caustic (e.g. 700 — 800 mgfl) and low magnesium (O — 70 mg/|) dosing
rates. The effluent hardness was higher than the treatment goal under these conditions,
probably due to ineffective silica removal at the low magnesium dosing (Figure 7-6). A high
residual hardness level (26 mgl as CaCOs) was observed in one sample at pH 9.6. It was
later observed that the magnesium pump was clogged that day and hence, little or no
magnesium was delivered 1o the clarifier.

Page &7



L
=]

+ Total hardnass

o=
(=]
+

| Poly. (Tatal hardness)

Total Hardnegs [my/l az CaCO3)
Il (<]
] ]

-
=

9 9.2 a4 2.8 2.3 10 190.2 10.4 10.6 10.8 11
pH

Figure 7-7. Clarifier Effluent Hardness Concontrations as a Function of
Treated Water pH

7.1.3 Warm Softening Sludge

YWarm softening sludge samples were analyzed for elemental and mineral composition by
spactral analyses. Furtharmors, a Callfornia Assessment Manual (CAM) metals
composition of the samples was also analyzed to avaluate petential California hazardous
characteristics of the sludge. Analysis of the solids indicatad that the sludge primarily
consisted of caldlum carbonate, magnesium hydroxide, and magnesium silicate {Tables 7-2
and 7-3). Sodiun and boron levels in the sludge were high, which may restrict the beneficial
uza of the sludgs as a soil amandment.
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Table 7.2

Elemental Compaosition of Warm Softening Sludge

Parameter Sampla #1 Sampledt2
{mg) (% weight} (% welght)
Calciurm 4.1 15
Magnesium 8.4 495
Sodium 78 83
Potasslum 011 411
Baran 09 12
Silkca 3 2.6
Ircn 0.2 0G
Bromids 004 2035
Strontiurm 0.1 0.08
Carbonate &l (511
Chlorine T8 77
Sulfur 0.12 0.09
Table 7.3: Chemical Composition of Warm Softening Sludgs
Parameler Sample #1 Samplelid
(mgiL} {% weight) {* weaight)
CaQ 16.00 16.04
MayD 327 6.63
gD 15.24 129
Al 017 0.18
5ilky 14 2042
POy 0.006 0.009
e <(.04 (.06
TiO; 0.006 0.009
MnCx 0a15 0012
Fe 0 0.46 0.35
SriD 0.3 0.3
S0 0.49 046
Loss in ignition 50.21 47 65
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7.1.3.1 Hazardous Waste Determination

Analyses of the sludge indicated that it would not be considered a hazardous waste. Table
7-4 is a comparison of the threshald concentration and the concentration found in one
sarnple of the warm scflening sludge and provides inforrnation that makes the sludge a nor-
hazardous waste. All of the CAM metals, except barium, were below the methods detection
fimit in thea sludge samples tested. Barium levels in the samples weare also significantly
helow the requlatory level for the TTLC test. These data indicate that the sludge generated
from the warm softening process during the pilot study is not hazardous. Similar results
were obtained during analyses of warm sofiening sludge in the DCE Placenia Canyon pilot

study (Doran, 1998).

Table 7.4: Summary of Sludge and Hazardous Wasta Criteria

Substance

Antimaony andfor anfimony compounds
Arsenic andfar arsenic compounds

Barium andfor bariurm compounds
(exciuding barita)

Bearylium andior berylium compounds
Cadmium andfor cadmivm compounds

Chromium and/or Chromium (111}
compounds

Cobalt andfor cobalt compounds
Copper and/or copper compounds
Laad andior lead compounds
Mercury andfor mercury compounds

Malybdenum andfor malybdenum
compounds

Nickal andfor nickal compounds
Selenium andfor selenium compounds
Silver andfor silver compounds

Thallium andfor thalllum compounds
Vanadium and/or vanadium compourds

Zinc andfor zinc compounds

San Ardo Sludge Califomia
Hazardous Waste
Critaria
Wet Weight Dry Weight  Total Threshold
{mg/Kg) mg/Kg Limit Conc. TTLC
(mg/Kg)
=5 =5 500
<1 = 500
7.7 295 10000
<5 =<{}.h 75
=1 <1 100
=1 =1 2,500
=1 <1 8.000
=0.5 <0.5 2,500
< <1 1,000
={.1 0.1 20
=1 =1 3.500
=1 < 2000
<5 <h 104
=1 <1 500
<5 <5 700
<1 < 2 A0
=1 =1 5,000
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7.2 Cooling Tower Operation

The high pH and high air to water ratios used in the pilot trials were expected to remove
ammonia by air stripping. During the pilot study, due to seme concerns with solids
carryover, the wamn softening effluent was settled in an equalization tank prior to cooling
lower operations. As a result, the influsnt waler temperaturés to the cooling tower were
lower {58-105 °F) than 1he designed inlet temperature {(~150 °F). Tabke 7-5 summarizes the
operating conditions and results from the cooling tower studies. Approximately 63 and 44 %
of ammonia were removed in the cooling tower at influent pH of 10.8 (104.6 °F} and 10.3 {58
°F), respactively.

Table 7.5: Cooling Tower Operation and Results

Parameter Units Operating Cperating
Condition 1 Condition 2
YWater flow rate gpm 15 15
Air flow rate cfm 23,100 23,100
Air: Water ratio vol: vol 11,800:1 11,800:1
Influent water temperature °F 58.0 104.6
Effluent waler temperature °F 53.4 85.6
Average temperature reduction *F 4.2 39.0
Avarage air temperaturs (wet bulb) °F 42.9 45.2
Influent Ph Std units 10.3 10.8
Influent ammonia-N mg/l 12 17
Effluent ammaonia-N mg/l 6.6 6.3
Ammonia-N removal % 44 64

7.3 Reverse Osmasis

7.3.1 Pilot Studles Using Brackish Water RO Membrane

wost of the pilot evaluations were performed using the Koch Membrans System (KM5} RO
wnit fittee with the conventional brackish water membrane (Fluid Systems)atpH 2.5t 11 1o
remove TDS, boren, TOC, silica and ammonia from the softened, cooled San Ardo
produced water. Because of high turbidities of the unsettled Claricone™ softened water,
water from the holding tanks was used as feed water for the RO studies.

7.3.1.1 TDS Removal

RO is the main unit process that addresses TDS removal from 3an Ardo produced water.
Chemical addifion in the warm softening process increased the TDS of the produced water
glightly. & TDS goal of 400 mgfl was set for the RO process. The TDS removal in the RO
unit at varicus pH s shown in Figure 7-8.
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Figure 7-8. TDS Lavals in RO Influent and Pormeate at Various pH Leveals

The TDS of the RO feed water variad from 7,500 to 9,000 mgA {Figure ). The average
TOS of the permeats was 215 mgfL. The pH of the RO feed did not significantly impact the
permeate TDS. Post treatment operations such as stabilization of permeate for corrosion

control, calcium addition for Sodium Absorption Ratio {SAR} compliance and final

disinfection, If needed, will slightly increasa the treatad water TDS prior to its intended end
use. The validity of the measured TDS and various dissolvad ion cancentrations were
varified by ion balance evaluation. Table 7-6 shows the average concentrations of various

ions measured in the RO effluent.

Table 7.6: Summary of Average Gation, Anions, and Dther

Parameters of Interest in RO Effluant

Cations Average (mg/l) Anions Average Ofher Avarage
fmg/L) Parameaters of {mg/L)
Irilerast

Ma &0 Adkalinity™ 106 =1

K 1.2 Cl a2 Q.78

Ca 0 BO, (B 13.98

Mg 0

TODS by 01.2 152 076

Additicn

“Alkalndly |5 a5 CaG0y

The major calien In the permeate was sodium, and the major anions were chioride,

bicarhonate, and boron. Ammonia nitrogen concentration {4.8-13 mg} was not includad in
the avaluation, since ammania tends to evaporate whan performing a TDS measurameant.
The alkalinity for TDS balance estimatas was adjusted by assuming that ~50% of the BO,

Fage 72



fitrates as alkalinity. The estimated TDS by addition using these adjustments is 211.66
mg/L which is within 10 percent of the average gravimetric TDS {215 mg/l), indicating very
good closure.

The milliequivalents (meq) thus calculated for the cation and anion are 3.85 meg/l and 3.73
megfL, respectively which are close to acceptable limits according to Standard Methods
{1992). The TDS by addition and the meq/L balance are quality assurance checks on
reported avarage values. Both of these checks indicate that these estimales are consistent.

7.3.1.2 Boron Removal

Figure 7-9 summarizes the removal of boron by the RO processes. Anincreass in the feed
water pH decreased the boron concentration in the parmeats. The influsnt boron levels
varied from 20 1o 25 mg/l during the pilot study, The boron goal of <1 mgl in the permeats
was not achieved when the pH of the RO feed was 10.2 or lower, This trend, In general, is
consigtent with the speciation chemistry of boron, In the pH range at which the pilot was
operated, an increase in pH increéases the fraction of the ionic boron species (B{(OH).) which
is amenabie for remaval by the brackish water RO membrane.
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Figura 7-2. Boron Levels in RO Influent and Parmeaate at Various Influant
pH Conditlons
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7.3.1.3 Ammonia Removal

Figures 7-10 and 7-11 provide a summary of ammaonia levels during the pilot treatment
process.

The influent ammonia concentration to the RO varied from & to 13 mg/l ammonia as N.
Approximately 10 to 15% of the ammonia was removed by the membranes at pH $.6 to
10.2. Ne ammonia was removed at pH 11 by the RO process. These trends are consistent
with ammonia speciation chemistry, At pH above 9.2, at which the pilot was operated, a
significant fraction of the ammaonia remains in the unicnized NH; form which is not
conducive for removal by a RO process. AtpH 9.5 to 10, only about 20% of ammaonia
ramaing in the iohized NH," form which is amenable for removal by RO, As the pH
increases to near 11, less than 10 percent of the ammonia is ionized.
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Figure 7-10. Ammonla Levals in RO Influent and Parmeate at Various
Influent pH Conditilons
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7.3.1.4 Reamoval of Organic Compounds

QOrganic removal in the RO process was evaluated by TOC levels in the feed, permeate and
congentrate streams. Figure 7-12 shows the TOC levels in RO influent and permeats.  The
TOC of the RO feed water varied from 60 to 80 mg/l throughout the pilot study. The
permeate TOC was below the detection limit (3 or 1 mg/l}in all samplas. The TOC levels in
concentrate varied from 200 to 290 mg/l. Mass balance indicated that the estimated mass
of TOC in the concentrate variad from 20 to 130% of the feed water, This suggested that
most of the organic compounds from the feed water remnained in the concentrale straam
rather than fouling the membyane
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Figure 7-12, TOC Levels in RO Influent and Permeate at Various Influent
pH Conditlons

7.23.1.5 Silica Remowval in RO Treatment

Figure 7-13 shows silica levels in the RO feed and permeate streams during the pilot
treatrment process. In general, the influent silica level (from the settling tank) increased with
an increase in the pH. The silica levels in RO permeate varied from 0.4 to 1.4 mgd, with the
levels =1 in most cases. Influent water pH did not significantly impact the treated water
silica levels. Mass balance indicated that the estimated mass of silica in the concentrate
varled from &0 to 113% of the feed water. This suggested that most of the silica from the
feed water remained in the concentrate stream during the pilot study.
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Figure 7-13. Silica Lavels in RO Influent and Permaats at Various Influant
PH Condlitions

7.3.1.6 THM Formation Potantial of RO Pormeate

Lsing the RO permeate, this test was paformed o evaluate the potantial for formation of
carcinegenic tnhalomethans compounds upon chigrination for disinfaction. Approximately 5
mg/l of chloring in excass of that required to achisve break point chlorination of the
permeate was added and allowed to react for about 7 days. The bench scale test for
breakpoint chlorination indicated that approximately 7.5 parts of chloring 1s required to
remove each part of ammonia-N in the RO parmsate. The RO permeate used in this study
had an ammaonia concantration of about 12 mg/l. Hencea, approximately 95 mg/ of chlorine
was added to the sample. After seven days the samples were analyzed for varous
trihalomethane constituents. Table 7-7 shows the results from this study.
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TaMe 7.7: Concentration of THM Constituents in RO Permeate

Constituent Conc. in Chlorine Treated
Permeate (ug/l)

Bromodichloromethane 75

Bromofam 14

Chilorofom 2

Dibromochloromethane 16

Total THM 40

Bromoform and dibromochloroethane were the predominant THM constituents in the sample
analyzed. The total THMFP of 40 pgfl was significantty lower than the EPA MCL of 80 pg/l
for drinking water supplies. This suggested that the RO treated San Ardo produced water is

rot likely to exceed the THM MCLs.

7.3.1.7 RO Concentrate

The concentrate stream was approximately 33 percent of the treated flow. Table 7.8
prasents the major anions and cations for the reject siream. The estimated TDS by addition
of these constituents is 26,893 mgil, which is within 2. 7 percent of the measured average
gravimetric TDS (27,668 mgl) . Assuming the alkalinity is as carbonate/borate as previousty
described, the milliequivalents {maq) for the anions and cation are 513 meg/L and 408
meg/L, respectively. The average TOS of 27,686 mg/L is approximately four times the TDS
of currently injected produced water, Howsver, when comparning the measurad dissolved
ions in the RO concentrate with the produced water currently injected at the San Ardo field,
the only potential problem that can be identified is the high pH. The pH of the concantrate
can be appropriaisly adjusted by acid or carbon dioxide addition, prior to disposal by deep

well injection.
Table 7.8: Summary of Average Cation, Anlons, and Othar
Parameaters of Interast in RO Concentrate
Cations Average {mgl) Anions Average MHher Average
{mg} Paramatars  {mg/l)
o Intareat
Sadiom 11,700 Alkalinity* 2,580 TOC 254
Potassium 210 Chigride 12,700 i, 269
Calcium 0 Bromate (B*) 425
Magnesium 4
TDS by 11,914 14,451 H2e
Addition

- Alkalinity as mgl CaGls
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7.3.1.8 Membrana Fouling Evaluations

The Q&M cost for RO treatment ¢an be significant dug to membrane replacement required
because of scaling or fouling by produced water constituents, Hence, during this pilot study,
the following were performed to charscterize the impact of organic and inorganics on the RO
membrane:
» Evaluation of transmembrane prassure recovery of tha memhbrans during low and
high pH CIP
« Analyses of low and high pH CIP cleaning solufions before and after membrane CIP

Tran r THMP I n IP Pr

A typical RO CIP is a two step process consisting of i} cleaning with an acidic solution
designed to remove inorganic scalents (8.g. Ca, Mg, SiC2}, followed by it) cleaning with an
alkaling solution designed to remove organic foulants. In this siudy the impact of organics
and inorganics on the membrane was evaluated by operating the RO unit under normal

conditions after each step of the cleaning process and measuring the pressure recovery
oblainad.

Table 7-9 shows the fesd pressurs required for produced water treatmsnt befors, during and
after the CIP process, The pressurs required 1o obtain the design yisld (67.5%) using 2
virgin membrang was — 379.5 psi, After about 100 hours of oparation, dus to an increass in
prassurg drop acress the membrang, the pemeate yield reduced io 40%, The
comresponding feed pressure was 283 psi. Membrane cleaning using an acidic solution
{KOCHKLEEWN 100, KMS} was performed at this time to remove inorganic scalents.
Subsequently, the membranes were rinsed with clean water and allowed to relax for about
two hours (Section 6.3.4). The RO was then operated to ireat the produced water (warm
saftenar efiluent from equalization tank). The feed pressure required for operation
decreased 10 222.5 psi. This suggestad that a significant fraction of the pressure drop
across the membrane was caused by scaling of inorganic materials. The membranes were
then cleaned using alkaline sclution 1o remove organic foulants. The feed pressure required
for 404 viseld, howevar, did not changs significantly after cleaning with the alkaline solution.
Approximately 228 psi was still required for aperation. This suggested that only a small
armeunt of grganic compounds fouled the membrane during treatment of olifield produced
water,

Following the low and high pH cleaning procedure, the pilot RO unit was restored to
operating at ~65% yield, similar to that establishad at the start of the initial test run. Upon
restoring these operating conditions, the TMP required 1o maintain the originzl vield was
higher than the average TMP observed during the initial 20 hours of the test run (Table 7-9).
This suggested that some permanent fouling of membrane may have occlirred during the
produced water treatmant.

Page 79



Table 7.9 RO Transmembrane Pressure Before, During and After

CIP

Operafion Phase Fead Flow {GIFM) Yield {%) Transmembrana
Frassure {psl)

Stan of Test Run 7.5 67.5 379.5

Crperation Prior to GIP T.6 40.8 283

Afler Low pH CIP 15 40 222.5

After High pH CIP 7.5 40 228

At Dasign Yield Afler 5.8 a65.5 387

CIP

Analyses of CIP solutions

In addition 1o evaluation of operating feed pressure, acidic and alkaline CIP solutions were
collectad before and after the cleaning process, and analyzed for inorganic and organic
congtituents. Table 7-10 shows the concentrations of inorganic {Ca, Mg and Si0,} and
organic (TOC) sonstituerts in the acidic and alkaling cleaning solutions. Calcium,
magnesium, silica and hardness level in the acidic selution increased significantly after
membrane cleganing. However, the TOG of the alkatine solution did not increase after
cleaning; indicating that organic constituents did not significantly foul the membrane during
treatmeant ar that the high pH was inaffectiva in removing membrane bound organics. These
findings further supported the pravious observation that the majority of the pressure drop
across the membrane was dug to inorganic scallng.

Table T.10: Inorganic and Organic Constituents In San Ardo
Produced Water Fouling the Brackish Water RO

Membrane
Parameater Bafora After Cleaning  Estimated Cone. from
Cleaning RO Feed
Low pH Solution
Calciurm {mgfl} &1 110 0.03
Magnasium {mgyl} 33 240 .24
Silica (mgfl) 53 200 01y
Hardness {mafl as CaCly) 340 1,200 1.13
High pH Solution
TOC {mgl) 160 a4 -

7.3.1.9 Specific Flux Evaluation

Specific flux iz a standard measure of the performance of an RO process and is defined as
the membrans flux {permeats flow per squars foot of membrane area per day, or gfd)
generated per unit net driving pressurg {psi) normalized to a2 reference temperature of 25°C.
Cnce established over the course of an operation condition, the specific fiux can provide the
following information necessary for the development a full-scale systern design:

s Eslimation of allowable cperating run length based on decline in specific flux over time,
which deterrnines membrane clearing frequency.
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* Projection of electrical power usage based on the pressure needed to achigve a given
flux and, in turn, the net permeate flow rate for a full-scale process.

The specific flux of the pilot RO unit for the initiat test run using the brackish water
membranes is shown in Table 7-11, zlong with average cperating conditions for the tast run,
The average recovery achieved for the tast was approximataly 7% which yielded an
average spacific flux of 0.035 gfd/psi. Figure 7-14 shows the specific flux decline through
the course of the test run. The data show a high degree of variability in the spesific flux (R*
= 0.01734 for best fit ine), which is likely due to inconsistent performance of the upstream
warm softening process. Based on the exponential best fit curve derived from these data,
the estimated allowabla run time between membrane cleanings, using the 15% speacific flux
decline criteria, is 89.6 hours. Ingreasing the spacific flux dadine criteria to 25% extends the
estimated allowable run time batween cleanings to 155.5 hours.
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Table 7.11: Summary of Average Operation Conditions During RO Operation Using Brackish Water {Fluid Systems)

Membrane
Parameter Value
Membrane Manufacturer Koch Membrane Systemns {KMS)
Model Number A820XR
Mo. Elements 12
Total Membrane Area {(SF) 238 _
Array Configuration 2x0
Aggregate Bun Time {he} 100.2
Feedwater Flow Rate {(gpm} 7.0
Fermeate Flow Bate {gpm) 4.5
Concentrate Flow Rate (gpm) 2.5
Recovery (%) §4.5
Feedwatar Temperature {(*C) 169
Temperatura Notmalized Flux [gfd ) 2.3
Trans-Membrane Pressure (TMP, psi) 3803
Qemotic Prassura (psi} 115.6
Mat Drriving Prassure {psi) 265.3
Epacific Flux (gidipsi) 00352
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Figure 7-14. Specific Flux of Brackish Water {Fluid Systems) Membrane

7.3.2 Eneargy Usage Evaluations

The energy required for RO treatment was estimated assuming a single pass array
cenfiguration and a dasign flux of 10 gfd. This design flux is consistent with the findings of
the pilot test (9.3 average gfd) and typical design fluxes recommendead by the membrane
manufacturer. The net driving pressure thus estimated for RO treatment is 284 psi.
However, this doas not include the additional power requirad to overcomea osmotic pressure
across the membrane. Osmotic pressure is a function of the water tempsrature and the
legarithmic averags of feed and concentrate siream TDS. Bassed on a corrslation developsd
by Dow-Filmtec (2006) osmotic pressure required for treatment of San Ardo produced water
is about 122.7 psi. Hence, the estimated trans-membrane pressure requirement for RO
treatment is about 407 psi. Assuming a pumping efficiency of 67.5% (80% motor efliciency;
75% pump head efficiency) resulied in an estimated power requirement of 1,025 HP or 765
kW. Further, assuming that the system was online 80% of the time, an estimated 6.37
millicn kWW-hr per year of electrical power would be required. The summary of projected
operating conditions for a full-scale system using brackish water RO membrane elements
and the projected elecirical power usage for such a system (s indicated In Table 7-12. This
astimate, however, dees not include energy required for the conveyance of untreated
produced water to the systerm and the transfer of permeate to storage or end-use..
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Table 7.12: Projected Energy Use for Systems with Brackish Water

RO Membrane Elemants

Parameter Valua

Membrane Type Brackish Water RG
Feedwater Flow Rate {bbliday) 100,000
Ragovery {%) 7%
Feedwaler pH 105
Feedwaler TDS (mg/l) 7.000
Feedwater Temperature ["C) 25
Target Membrang Flux (gid) 10.0
Average Specific Flux from Data (gfd/psi} 00352
Nei Driving Pressure {psi) 2841
Estimated Osmaotic Prassura {psi) 1227
Estimatsd Required TMP {psi) 408 .8
Base Pumping Fowsr Regulred (HF) G921
Average Efficiency for System Pumps 67.5%
Estimated Pumping Power Required (HP) 1,025
Estimaled Electrical Energy Required for Fumping (kW) 65
Estimated Annual Energy Use (k) 6,365,640

7.3.3 Comparison of Brackish Water and Boron Rejection
Membrane Performance

The conventional brackish water membrane {Fluidsystems) effectively remowved all of the
water quality constituents of concarn (e.g. TDS, TOG, Si0.), except boron (and ammonia) at
a pH of sbout 9.5, The pH has to be elevated to above 10,5 to facilitate boron removal,

Recently, a special boron rejection seawater membrane has besn developed (SWC4 by
Hydranautics) to remove boron more effectively than comnvantional membranes at all pH
levels. To date, most the performance of this membrane has bean evaluated for
desalination of seawater containing about 5 to 8 mg/l of boron. The estimated boron
rejection uging this membrane from a water containing 32,000 mg/l TDS and 5 my/l boron is
about 92, 88 and 99% at pH 7, 8.5 and 1.5, respectively {Hydranautics, 2005). However,
these membranes have not baen evaluated for treatment of brackish waters such as San
Ardo produced waters containing higher levels of boron (20 = 25 mgA).

The perdormance of this boron rejection membkrane at pH of about 9.5 was evaluated.
Effective boron rejection at this pH can significantly reducs the cost of chamical addition and
other oparational issues related to operating the RO at pH 10.5 {(or higher} using
conventional brackish water membrane systems. The pilot was opearated in 2 1X0 mode
using thres four-inch diameter elemants. Furthermore, a 1X0 array consisting of three
brackish water membrane elements were also operated 1o obtain a side-by-side
performancs ¢comparison |

Table 7-13 shows the spaciflcations of the boron rejection membrane and Table 7-14 shows
the operating conditions for the study. In summary, each of the membrans systems was
opserated in parallel for approximately 50 hours. The influent pH was about 8.5. The feed
and permeaate flow rate were approximatsly 2.5 and 1.5 gpm (~50% yield). Feed, parmeate
and concantrate samples were collectad and analyzed periodically.
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Tahle 7.13: Spaclfications of the Boron Rajaction Membrane (SWC4)

Parameter Data
Configuration Spiral Wound
Membrane Polymer Composite Polyamide

Mominal Membrane Area
Maximum Applied Pressure
Maximum Feedflow

85 ft*
1000 pst {47) & 1,200 psi {87)
16 gpm (47), 76 gpm (&)

Maximum Operating Temp 113°F
tMaximum Feedwater SDI (15 min) 4]
fdaximum Pressure Drop for Each Element 14 psi

Tabile 7.14: RO Operation Conditions for the Brackish Water and the
Boron Rajection Membranes Evaluation

Paramsier Brackish Water Membrane Boron Rejectlon Membrane
Feed water Flow {gpm} 265 24

Parmaale Flow (gpm} 1.65 1.7

Recovery (%) 63 Fi

Feed Pressure {psi) 460 450

pH 9.5 95

Table 7-15 shows the TDS, boron, ammonia; TOC and silica levels in the brackish water
and boron rejection membrane permeate. Results indicated that both the membrane
systems wers able to mast the TDS, silica and TOC goals undsr operational conditions.
The TDS and boron of the boron rejaction membrane parmeate were significantly lower than
In the brackish water membrans permaeate. The permeate boron concentration in the baron
rgjection membrane averaged about 1 mg/l compared with 4.5 mg/l for the brackish water
membrans. At the end of the pilot study {50 hours) the TDS and boron lavels increased by
two and three fold, respectively, in both membrane systems. The reasons for this increase
are not known, however, post-treatment evaluation of the boron rejection membranes
indicated that at lsast one of the elements falled the vacuum test for structural integrity,
indicating a physical break in this element.
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Table 7.15%: Treated Water Quality of Brackish Water and Boron
Rejsctlon Mesmbranes

Parametar {mg/l) Feed Water Brackish Water Boron Specific
Membrane Membrans

TDS BE00 240 ilh

Boron 23 4.3 1

TOC 45 1.1 <1

Anmonia as M 12 B 4.3

7.2.3.1 Transmembrana Pressure Analyses

After abaut 50 hours of operation the RO permeate conductivity increased significantly for
both trains. Furthermore, abnormal recovery and pressure readings were also observed for
both trains. These observations suggested that the integrity of one or more of the membrane
elements may have been compromised. Consequently, & TMP recovery analysis during the
CIP could not be accurately performed to assess any potential differences in fouling
characieristics betweaen the two types of membranes. Therefore, in lieu of conducting a
TMF recovery analysis. a membrane autopsy was perfarmed on the three boron rejection
membranes at Hydranautics’ Oceanside, CA facllity.

7.3.3.2 Boron Rejection Membrane Autopsy Analyses

All the three elements used in 1X¢ array mode were sent to Hydranauties™ laboratory.
Bubble tests, vacuum tests and a standard re-test for flow were performsd on all of the three
elements. Subsequently, the slemeant that had the highest amount of fouling (first glement in
the serias) was dissected for scanning electron microscope {SCM) and Energy Dispersive
X-ray Microanalysis {EDAX) analyses (Appendix F}.

The bubble test data indicated that there were no leaks in any of the membranes. However,
in the vacuum test that followed, one of tha elements {ihe downstream alemeant in tha
saries) falled. The reasons for the failure could not be determined. The standard re-test
parformed to compare the flow rates of the pilot test elemeants with virgin elemants indicated
significant reduction in flow in the two mambranes that passed the vacuum test. However,
the elernent that failed the vacuurn test had higher salt passage than the virgin membrane,
and had the highest flow rate and lowest dalta P among the three slements tested {Table 7-
18}. These cbservations, in general, are in agreement with the increased TDS and boron
levels observed during the later part of the pilot study.
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Tahle 7.16: Standard Re-test Performance Data for the Boron
Rejection Msmbrane

Elemant MNeminal Re-Test % Change
% Flow % Flow DeltaP Sal Flow
Rejection (gpd) | Rejection {gpd}  (psi) Passage  (ap)
Upstream 9.8 1,150 99.% 871 5.2 - 60 -24
Middle 938 1,150 05.9 245 5.1 - 50 -18
Downstream | 99.8 1,150 o993 1.003 48 + 248 -13

After these Initial tests, the element that had the lowest flow rate during the re-test (this is
the elernent that was first in the seres doring the pilot study) was selecied for dissestion and
subsequant SCM and EDAX study. The SCM study indicated that most of the membrane
was covered with a thin layer of foulants. EDAX analyses of the foutant layer indicated that
the layer primanly consisted of silica, magnesium and iron. A small amount of phosphorus
was also found. However, no carbonates or organic constituents wera detected in the layer.
These results suggested that most of the membrane fouling occurred due to inorganic
constifuents (silica and magnesium).

7.3.13.3 Evaluation of CIP Solutions

Tabls 7.17: Inorganic and Organlc Constituents In $an Ardo
Produced Water Fouling the Fluidsystems and SWC4 RO

Msmhbranes
Parametar Brackish Watar Mernbrane Boron Rejaction Membrane
Bafore CIP After CIP Bafore CIP ARear CIF
Lo bH Solution
Calcium (mgfl} a1 85 84 9z
Magnesium {mg) 33 49 33 92
Silica (mgfl) 43 Fil 58 110
Hardrmss (mgfl as 30 4140 350 810
CaCOy)
High gH Schution
TOC [mgl) I Fifs] 79 rid

The acidic and atkaline cleaning sclutions wera collected before and after the CIP, and
analyzed for organic and inorganic constituents (Table 7-17). As cbserved with the brackish
water mambranas in the sarlier rlals, most of the membrang fouling oceurred due to
inorganic scaling. However, fouling on the boron rejection membrane was significantly
higher than that on the brackish water membrang. The boron rejection mambrans
contained 125% more silica and 270 % more magnesium fouling than the brackish water
membrane. It s possible that the fouling across the boron rejection membrane was higher
dus to operatlon of this membrane at a slightly high recovery (70%) than the brackish water
membrane (63%). Further investigation is required to understand the fouling characteristics
of this membrans.
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7.3.3.4 Specific Flux Evaluation

Table 7-18 summarizes the average operating conditions and astimated fux far the test run
wsing datz from the initial 48 hours of operation. Mambrane inteqrity problems were
encounterad with the boron rejection membrane following the initial 48 hours of oparation.

Table 7.18: Summary of Average Operation Condlitions Puring
Comparison of Brackish Water and Boron Rajoction
Mesmbrane for San Ardo Produced Water Treatment

Paramater Bracklsh Water Mambranea Boron Relection
Membrane
Membrane Manufacturer Koch Membrane Systems Hydranautics
K35
hModal Mumber E-BEU}JIR SWC4 - 4040
Ma. Elements 3 3
Total Merbrane Area {5F} 234 255
Array Configuration 1x0Q 1x0
Aggregate Run Time {hr) 084 48
Feedwater Flow Rate (gpm) 27 2.5
Fermeate Flow Rata (gpm) 1.6 1.5
Concentrate Flow Rata (gpm} 1.1 1.0
Recovery (%) 59.2 538.7
Feadwater Tamparatura (*C) 238 238
Temperature Nomalized Flux {gfd) 10.6 o1
Yrans-Membrane Pressure {TMF, pzl) 4392 39938
Dsmotic Pressura {psi) 106.7 741
Net Driving Pressure (psi) 332.5 3257
Specific Flux (gfd/psi) 0.0320 (0.0280

Assuming an avaerage recovery for aach of about 60% yielded average specific fluxes of
0.0320 gld/psi and 0.0280 gdfipsi, respectively, for the two membxane systems. Figure 7-15
shows the specific flux decline for each of the membrane trains through the course of the
test run, The findings from this chart suggest the following:

+ Under similar operating conditions, the boron rejection membrane appears to require
rmore trans-membrane pressure (TMP) to generate the same penneate as the brackish
water membrane, At the start of the test run, the specific flux for the brackish water
membrane train was 14.8% greater than for the boron rejection membrane train, At the
end of the test run, the spedific flux difference narrowed 1o 14.0%, with the brackish
water membrana train still outperforming the boran rejection membrane train.

« The allowable run time betwaan membrane cleanings is very similar. Using the 15%
speclfic lux decline criteria, the allowabls run times are 15.6 and 15.8 hours for the
brackish water membrane train and the boren rejection membrane trains, respectively.
Increasing the specific lux decling critena to 25% extands the run times out to 25.5 and

25,7 hours respectively.
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Figure 7-15. Comparison of Speclfic Flux During Side-By-Side Evaluation
of KMS and Hydranautics Reverse Osmosis Elements.

Note that the aperating conditions used during the side-by-side comparison studies yielded
a significantly shorter RO aperation befween cleanings (15.6 and 15.8 hours vs, 90 hours),
and a lowsr recovery than the conditions used in earlier tests with the brackish water
membrane alone. It is possible that the lower operating pH allowed for higher silica and
magnesium precipitation on the membrane surface during the side-by-side study.

7.3.4.5 Energy Usage

As in the previous case, for a full-scaie single array system with a design flux of 10 gfd the
net driving pressure for the boron rejection membrane systern is about 357. psi. The
estimated additional osmotic pressura is about 123 pst. Hence, the total trans-membrane
prassura esiimate for the boron rejection membrane system is about 480 psi. At a pumping
efficiency of 67.5% the estimated power requiremeant is 1,210 HP or 800 kW, If the system
were to be operated for 90% of the time, about 7.50 mitlicn KW-hr of electrical power would
be required per yaar. Additional energy is required for the conveyance of untreated
produced water to the system and the transfer of parmeats to storage or end-use. The
summary of projected operating conditions and electrical power usage for a full-scale
systermn using high boron rejection mermbrane elements is shown in Table 7-19.
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Table 7.18: Projected Energy Use for Systems with Boron Rejection

Membrane Elements

Parameter Value
Membrana Type High Boron Rejection Seawater RO
Feedwater Flow Rate (hbliday) 1 00,000
Feedwater Ph 05
Eecovary {4 F08%
Feedwaler TDS (mo/l} 7,000
Feadwaler Temperature {°C) 25
Target Membrana Flux (gfd) 10.0
Average Specific Flux from Data (gfifpsi) 00280
Mel Driving Prassure (pail 3571
Estimated Osmotic Prassure {psi] 122.7
Estimated Reguired TP (psi) 479 5
Base Pumptng Powar Reguired {HP} §16.4
Average Efficiency for Syslem Pumps 67.5%
Estimated Pumping Power Required {(HF) 1,209
Estimated Electrical Energy Required for Purnping (5¥) anz2
Estimated Annual Energy Use (k¥-hr) 7508677
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Section 8: Recommended Deslign Criterla and Estimated
Cost

This Section presents the preliminary design criteria and cost estimates for corceptual
70,000 barrel per day San Ardo produced water treatment facility {-30,000 bpd treated
water} for potential offsite use. Aera Energy LLC currenily generates about 140,000 bpd
produced water. However, a design capacity of 70,000 bpd, (50,000 bpd treated water) is
salacted since Asra Energy LLC, through separate avaluations, detarmined this to provide
the optimum benefit for San Ards olllisld operations. As discussed in Chapter 2, the water
quality criteria for the treated produced water varies with the type of end use selected. Asin
the pilot studies, in this seclion a full-scale design and cost estimate is developed using the
treatmant goals (Table 8-1) adapted from California Central Coast Basin Plan. It should be
noled that ireatment o the water quality in Tatde 8-1 does not guarantee the water wili
meet all required specifications for any specific and use or groundwater recharge. The
design criteria are based on the results of the pilot study described in Section 7, augmented
by engineenng judament where necessary. Prellminary cost estimates are developad
based on information obtained from equipmant manufacturers, pilot plant operating
experience, recent Kennady/Jenks water treatment facilitiss projecis, and professional
judgment.

Table 8.1: Treatment Goal for Full-Scala Design

Parameter Treatment Goal
TOS 400 mg/)
Temperature 90 °F

TOC 1 mgil

Boron 0.5 mgd
Ammonia Nitrogean 5 mofl

Silica 40 mg/l

Total Hardness 10 mg/l as CaCO,

8.1 Evaluation of Process Alternatives for San Ardo
Produced Water Treatment

The primary water quality goals of the San Ardo produced water treatment facilities are to
cool the produced water and remove hardness, silica, TDS, boron, ammonia, and TOC. The
pilot plant testing, discussed in Section 7, provided insights inta the performance of 2
number of potential treatment processes and their limitations. This section discusses
process alternatives for the key water quality parameters that must be addressed by the
treatment facilitios.

8.1.1 Hardness and Silica Removal

The inorganic chermistry of the raw produced water suggests that, for the existing produced
water temperature (around 160 “F), removal of hardness {primarily calcium? and silica can
ke optimized at a pH around 9.5. The pilot testing suggests that the addition of about 600
mg/L of NaOH and 100 mgil of magnesium would achieve this pH and meet hardness and
silica goals by removing calcium as calcium carbonate, and magnesium and silica as
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magnesium silicates, with some magnesium hydroxide precipitation. This operating made
would provide excellent pretreatment for the operation of the downstream reverse osmosis
unit, While the warrn softening process substantially reduces the hardness constituents and
silica, it will slightly increase the total dissolved solids (TDS) in the softaned water.

8.1.2 Cooling Using Fin Fan

The ambient produced waler temperature of about 160 — 190 °F is ideal for warm softaning
but would be detrimantal to the ravarse osmosis process. A cooling tower, designed to
lowsr the produced water temperatura from 195 °F to 90 °F wag usad in the pilot study.
However, since the softened effluent from the warm softening unit had to be storad in a
settling tank for solids removal, the influent temperature to the cooling tower was always
below 105 °F during the pilot study. Furthermore, while a cocling tower could be used for
affactively lowering the softaned waler temperature, uss of this unit will involve polential air
permitling problems due lo possible air emissions of volatile organic chemicals (VOCs) and
ammania.

Another cooling alternative for the freatment of San Ardo produced water is the use of a fin
fan haat exchanger. The heat exchanger utillzes fans to drive air at ambient temperature
across A serias of parallel tubes containing the process water. Attached to the axierior of
the tubes are spiral wound metal fing designed to increase avsailabls surface arga in contact
with the passing air. This increased area allows for a greater rate of heat transfer per unit
volurme of air passing across the tubes. Unlike cooling towers, the use of fin fan cooling wilk
nat invalve air permitting issues, Alse, this unit has been used succassfully for lowering
produced water temperatures in other studies (Doran, et al., 1998).

8.1.3 TDS Ramoval

TDS removal would occur after the softening process, where most of the hardness and silica
have been removed. Because of low hardness, tofal incrganic carbon, and silica levels, the

RO progess can be oparated over a wide pH range (pilot tested RO feed pH from 9.5 10 11)

1o effectively remove TDS. This operating range allows different strategies to be considered
for the removal of boron, ammaonia, and organice, as discussad below.

8.1.4 Boron Removal

During the pilet study a brackish water membraneg at high pH {>1(.5) and a boron rejaction
membrane at relatively low pH {8.5) were effective in removing boron. Although the boron
rejection membrane was effective during the 2 week pilot evaluation, more studies are
requirad to evaluate the long term performance of this membrane. To date, full-scale
installation of this membrane system has baen used primarily for sea water desalination with
5 to ¥ mgA of boron. During the San Ardo pilot study, some structural damage to the
membrane cccurred, and the RO was operated for less than 50 hours.

Ancther altermative for boron removal is the use of a boron selective ion exchange process.
However, this process is not economical due to resin costs of around $800 - $1,000 per
cubic foot.
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2.1.5 Ammonia Removal

The pilat RO unit, at the pH range operated {9.5 — 11} did not remove ammania,
Furthermore, ammonia speciation chamistry suggest that acceptable ammaonia removal may
be achigved only when the RO system is operated at pH lower than 9.0. Thus, there is a
fundamental operational conflict in removing both boren and ammenia simultanacusty by
RO.

Breakpoint chiorination studies using RO permeate indicated that chlorine to ammonia ratic
of 7.5:1 is optimum for ammonia removal from the RO permeate. However, addition of
chioring will Increase the TDS of the treated water.

Other patential ammaonia ramoval processes include air stripping, ammaonium salective ion
exchange, biglogical traatment and wetlands. The air stripping process may involvs
potential permitting problems with air emissions of produced water ¢onstiluents. The typs of
end use identilied for the treated produced water and avallability of land will dictate the use
of biclogical treatment and wetlands oplions.

Ths ammonium selective ion exchangs, using clinoptilolite or strong cation resins, appears
1o be the bast cheice for San Ardo produced water treatment becausa it neither increass the
TDS nor involves emission of prodused water constituents.

8.1.6 Organics Removal

The organics in the preduced water wers effactively removed by the RO unit during the pilot
study. The TOC In the permeate was balow the detection limit {1 or 3 mgfl} in most of the
samples analyzed. Bench scale studies to svaluate biodegradation of the arganics
indicated that only about 30% of the organics was bicdegradable. Oxidation using ¢hloring
dioxide only partially converted (~ 20%) the non-biodegradable organics to a biodegradable
form. Pretreatment using advanced oxidation processes (UV/Ozone) may enhance
biodegradation of the organic compounds in the produced water. However, ozong treatment
is not a viabig opfion dus 1o ths high concantration of bromide (~ 25 mg/i) in the producsd
water. Also, pratreatment using UY may be ensrgy intansive, and the oxidation byproducts
may polentially form carsinogenic THMs during disinfaction. In addition, the hiological
procass for organic degradation would increase the microbial concantration, as many as a
million bacteria par mi, as shown in other studies {Doran, st al., 1992} and create 2 potantial
biofouling problem fer the RO membranes. Hence, removal of organics by the RO process
appears to be the best option for freatment of San Ardo prodused water.

8.2 Design Basls for San Ardo Produced Water Treatment
Facilities

The recommended process for the treatrment of San Ardo produced water includes warm
pracipitative softening (at pH 9.5), cooling, equalization storage, booster pumping, multi-
media filtbeation, increase of pH to 10.5 using caustic, cartridge filtration, raverse osmaosis, pH
adjustment to about 7.5 with sulfuric acid, and ammonium salective jon exchangs.

Flow and process schematic diagrams for a proposad 70,000 bpd (2,100 gpm) producsd
water reclamation facifity, illustrating the functional relationship of the various water
treatment processes, chemical addition points, sludge handling, wash water recovery and
storage facilities are shown in Figure 8-1. Table 8-2 prasents the design criteria for vanous
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process units. Pumpling that may be required for delivery of water to the warm softening unit
and pumplng required after the ammonia polishing saction has not been included.

8.2.1 Warm Precipitative Softening

Warm precipitative softening will be carried out in a 70,000 bpd DenszaDeq clarifier. The
Densabeg unit consists of three components; namely, a rapid mix chamber, a reaction tank,
and a thickener/clarifiar, The rapid mix chamber ¢onsiste of 3 7.5-ft, diameter draft tube in
which a turbing mixer provides initial mixing of precipitation chamicals. The rapid mix
chamber is inside a 18-ft. x 17.5 ft. deep reaction tank. The retention time at design flow
would be 13 minutes. The thickener/clarifier has a 22-ft. diameter, a 17-ft. water depth, and
a Z24-minute retenticn time at design flow. The clanfied water then exits the clarifier through
plate settlers with a loading rate of 308 bpd/zq ft (2 gpmisq.ft).

The operating temparature is estimated to be 150-170 *F. Chamical additions will include
sodium hydroxide to control pH 1o about 9.5 (average of 600 mgil), with an anionic polymer
{average of 3.5 mg/L) added in both cases to azsist with setiling of the precipitate. The
precess will produce approximately 25,300 Ib/day of sludge (dry sclids {DS), basis) ar 1,100
bpd at 7.5 percent DS, The sludge will be dewatered to 20 percent DS with a centrifuge and
hauled to a landfill. The filtrate frorm the centrifuge will be retumed to the warm clarifier via
the filter washwater tank.

8.2.1.1 Cooling

Six closed systam fin fan coolers, each with two 32 HP fans, will be incorporated to reduce
the tamperatura in the carifier effluant to slightly above ambient air conditions (maximum
temperature of 115°F). This will make the water more amenable to reverse osmosis
separation, which operates more sfficiently at warmer water termperatures.

8.2.1.2 Equalization Storage and Booster Pumping

The cooled water will be routed to an 11,700 bamrel equalization tank which will allow 1he
temperature of the softened water to be equalized over the course of the day, Water from
the sterage tank will be pumped to prassure filters.

8.2.1.3 Filtration

The pumped water will ba filterad by polishing multi-media filters consisting of layers of
anthracite, sand, and garmet media. There will be four 9-ft diameter prassure filter units in
parallel. The filter units will be plumbed so that one unit can be backwashed with the filtrate
being generated by the other three units. The spent washwater will be routed to the head
end of the DensaDeg so that hackwash water is reclaimed.

8.2.1.4 Reverse Osmaosis Dasalting

The filtered water will be routed to the reverse asmosis (RO) units, which will include pre-
cariridge filtration and chemical pratreatment consisting of pH adjustment to 10.5 with NaCH
(100 mg/L average doga), scale inhibition {1 mg/L average), and organic fouling control (5
mg/L average). The RO units will be run in a 2x2 array, with 75 percent recovery and a 50
percent (based on fead flow) racycle ratio. The array will consist of 312 (8-in. diamsetar)} thin
film RO elements. The membranss will be cleaned in-place every two weeks.
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8.2.1.5 Water Stabilization

Tha pH of the RO permeate will be adjusted to about 7.5 with sulfuric acid (50 mg/L
averags) so that the water Is stable with respedt to scaling and suitable for armmonia

removal by selective ion sxchange.

2.2.1.6 Ammonium Selective Cation Exchange

Ammonia will be removed by selactive ion sxchange using a strong cation resin, which will
be regenerated by a 2% salt solution, The treéatment goal will be o reduce the ammoenia

concentration from 10 mg/L to 4 mgiL.

Three 10-ft diamster x 5-ft tall, pressure contactors will be used. Each contactor will be fillked
with 300 cubic feat of strong cation rasin. Two of the three resin contactors will be capable
of treating the entire 50,000 bpd permeate flow at a loading of 19 bad volumes par hour.

One contactor will be regeneratad each day while the cther two are in the operational mode.
This will be accomplished by using 10 bed volumes of RO cencentrate (adjusted to 2
percent sodium chloride strength, as necessary) followed by rinsing with 30 bed volumes of
RO treated water at a rate of 6.5 bed volumas/hr, The regensrant, upon exhaustion, and
the first 10 bad volumes of the rinse water will be dispossd in the Aera Energy LLC injection
facility. Tha remaining rinse watar will ba sant to the head works of the treatment plant.
Regeneration of sach vessel can be accomplished in about six hours,

Table 8.2: Produced Water Treatment Plant Design Criteria

Procass Paramater Uniits Value
Plart flow rate: produced water bpd 70,000
Production flow rate: reclaimed water bpd 80,0040
Crhveral| water recovery Fercent 713
WARM PRECIPITATIVE SOFTENING
Operating pH std. units 9.5¢
Densalreg Clanfier {1 unit)
Flow rate bpd 70,000
Skdewater deplh ft. 17
Raaction Yassal
Dz eder ft. 18
Yolume harrals 609
Detention time min. 13
Thickeningfclarification
Diameier ft. 22
Yalume barrels 1150
Datention tims min, 24
Seitling zome surface area zq.ft. 227
Surface loading rate bbl/sq.ft. 308
Cheinical Systems
Sodium hydroxide (50% solution)
Daosage, ava. mgl 50
Use, avg. Ibiday 13,450
Storage Tanks
Nurmbsar - 3
Chemical conceniration &bl 269
Capacity, ea. bbi 254
Supply, &t avg, dose days 17
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Magnesiurm Chloride {(27% solution}

Dosage, avg. mq 100
Magnesium/L
Use, avg. Ibvday 2445
Storage tank
Chemical concentration igal o83
Capacity bkl 286
Supply, at avg. dose days 7
Anianic Polymer
Desage, avg, mo/L a5
Use, avg. Ibiday 86
Storage Tote
Concantration bbbl 350
Capacity {2} bhi 6.5
Sledge volume bnd 1, 100
Percent solids Yo 7B
Sludge Filter Press
Type - Cenltrifuge
Capadity dry kb 1000
Fead Solids Content b
&0
Main Drive HP 50
COOLING
Cooling Heat Exchangers
Typa - fin fan
Inlat waler temperature °F 170
Oulled water termperature uF 100
Tolal Cooling capacity tons of cooling 4,200
Dresign air temperature {D5th *F ot
percantile)
Number af heal exchangers - 6
Unit &l2e fi xft 13 % 40
Number of fans per unit - 2
Fan Molor size, ach HP 40
EQUALIZATION STORAGE
Mo, of Tanks Mo 2
Yolume bbl 5800
Caplh ft. 17
Diame&ter ft. 50
BOQSTER PUMPING (2 pumps)
Pumping capacity, aach hpd 70,000
Discharge pressure psig 1GG
Supply, at avg. dose 53 days
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PRESSURE FILTRATION
Mumber of units
Diameter
Surface loading rale

Media Dapths
0.85-0.95 mm anthracita
Mo, 20 sand
No.30 - No.40 garnet

Support Gravel depths
No.4 guartz
1fd=ir.x 1/8-in. quarz
1/2-in.x 1/d-in. quartz

Polymer System

Dosage, avg,

Use, avg.

Slorage Tole
Concenlralion
Capaclty
Supply, at avg. dose

r 1 M
Equalization tank
Return pumps {2) capacily, each

CARTRIDGE FILTRATION
Number of bags
Nominal sized particle removed
Capacity per bag

REVERSE DENMOSIS
Opsrating RO feed pH
Flow rateg

feed flow rale
recyche flow rate
permeate flow rate
reject flow rate
Llements
Number
Arvay schame
Effactive surface area, each
Flux rate

Sodium hydroxida (50% solution}
Dasage, avg.
Lze, avg.
Storage Tanks
Scale |nhibitor
Dosage, avg,
LUse, avg.max.
Storage tark
Concantration
Capacity
Supply, at avg. dosa
Antifoulant
Dosage, avyg.
Use, avy.
Storage Tank {2)
Concentration
Capacity

ft.
bpdfsg.ft.

inches
inches
inches

inches
inches

mafl
Ibiday

Ib/bbd
kbl

days

bbl
bpd

Hm
bpd

std. uhits

bpd
bpd
bpd
bpd

sq.ft.
bpdfsg.ft.

mgi
Ibiday
Mot required™

mgil.
Ibfday

Ib/bid
bEl
days

mg'L
\biday
bl
Ibbl

Bottom fill

3.5
86

360
B3
27

1,500
2,180

Auto Bag Filters
18

5

3,900

1054

70,000
35,000
50,000
20,000

o2
22
400
0.19

140
2445

1.0
24

378
1.3
)

540
122
1.3
378
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RO MEMBEANE CLEANING SOLUTIONS

Dazage, ava. bl s6l'm: bl 14
water
Use, avg./max. {per cleaning} b 12
Storage Tanks (2)
Capagcity, ea. bbd 55
T™ N.A.
Sulfuric Acid {93 %)
Dosage, avo, mg/L 50
Use, avg. 1bfday Br3
Storage Tank
Corcenlration (23%) thbbl 583
Capacity bbl 112
Supply, at avg. dose days BO

AMMONIA SELECTIVE EXCHANGE

Mumber of contactors - 3

Contactor type - Pressure

Contactor diameter f 10

ontactor length fi &

lon Exghange Medium - Sitrong Cation
Exchange

Mediurn i2e -

Mediurn depth ft 4.0
Surface loading rate bpdieq.f. 318
Volume lcading rate BWfhr 8
Empty Bed Contact Tima minutes 1
Run fength hours 24
Regenerant salt solution percent 2
Regenerant volume (40 Bys) bl 1,100

8.3 PRELIMINARY COS3T ESTIMATES

Preliminary capital, annual operations and maintenance, and unit treatment cost estimates
wera prepared based on experience gained with the pilot plant oparations, budgetary cost
input from agquipment manufacturers, cost estimating information from recent
Kennedy/Janks projects and professional judgment.

The preliminary design criteria and dimensions of treatment process units, chemical feeding
and storags facilities, storage tanks, and booster pumping are shown in Table 8-2. Kt is
assumed that the area required for construction of full-scale facility {— 4 acres) is available in
the project location. A 5,400 sq.ft. building is proposed to house the RO system and sludge
handling fadiities, and to provide office and laboratory space.

The costs ars in 1* quarter 2006 dollars. Table 8-3 summarizes the cost factors used in the
conceptual treatment facility.
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Table 8.3: Cost Factors aml Assigned Values

Parameter Vaiue Unit
Daollar 1= Citr 2006 index year
Interest rats 7 % p&r annum
Capital recovery perod 20 years
Camtal
Electncal and nstrumantation 15 % of process train costs
Site work 10 % of process train ¢osts
Contractor's overhead and profit 12 % of direct construction cost
Matihization and bonding 2 % of direct consirclion cost
Contingancy 10 % of direct consirochon cost
Indiregt construction ¢osts a8 % of construchon “tnd" cost
O&M
Sodium hydroxde 025 $perlb
Magresium chlonde 081 $ per b
Palymer 240 b per b
RO anhiscalant 223 § perlb
RO antfoulant 322 $ per lb
RO chemwal cleaning solution 357 %perlb
Sulfunic acid 0.046 b perlb
Elechicity 010 % per kW-hr
Labor rate 32 $perhr
Replacemenl RO mambrane glements 550 ¥ per element (24 month |fe)
Mizo mainienance matenals 1 % of procass ran costs
Sludge disposal 28 $ per ton wat
Brine disposal 11 ¢ per barrel
Conbngencies 14 % of diract annual O&M

8.3.1 Construction and Total Capital Costs

Capital cost estimates include both the actual construction {"bid") costs and the indirect
costs associated with implementing the project. Capital costinclude costs related to
purchase and installation of process and residuals handling equipment, site preparation,
building and structural work, and other construction costs a contractor indudes in a "id
cost” for 2 treatment fadility such as mobilization and bonding, overhead and profit, and
eontingencies to account for uncertainties and unforesasn expeanses. Indirect capital cost
include such expenses as engineering design and construction management, financial,
legal, and administrative services, Intarest during construction, utlity connection fees,
smvronmental impact reports and permits. These costs have been estimated at 38 parcent
of the construction *bid” costs in this report. The capital cost estimatas assume a levs| site
and are believed to have an accuracy of approximately -15 to +30 percent.

Table 8-4 summarizes the capital cost estimate for the conceptual 70,000 bpd produced
water trestment facility that would reclaim approximately 50,000 bpd (2,000 acre ftfyr) of
water. The estimated construction “id” costis $12.5 million, with indirect capital cost of
$4.8 million, for a total project capital cost of $17.3 milllon. The unit construction and total
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capital costs are $179Mpd and $247/bpd produced water treated, respectrvely. Note the
capital cost estimates given above are only for the traatment facility as shown in Figura 8.1;
additional capital requirad fer squipment upsiream and downstream of the treatment facihty
is not included.  Significant additional capital expendituras for trace oil removal and filiration
upstream of the ireatment process as wall as expanditures for post-treatrnent storage and

handling of the treated water are axcluded from thess figures,

Table 8.4: Total Project Capital Cost Estimate for 70,000 Barrel Per Day

Cost Component Cost (3,000s)*
1 Direct Process Costs
Warm me softering + Sludge Thickeming 2,300
Cooling 500
Equahzed storages 270
Boosksr pumping 283
Granular media ilirabon 1.000
Reverse Osmosis 2. 5H)
Stabihzatran (pH ad) ) 20
Ammomum selechve ion exchangs 390
Subtotal 7480
2  Treament Bulding 690
3 Process + Bulding Subitolal 8,200
4 Qther Direct Constructon
Elecincal + Instrumentation & 15% of ltem 1 Sublotal 1100
Site work @ 10% of Hem 3 Sublotal 20
5. Direct Conslruchon Subtoial 10,000
6  Conlrecior Markups
Conbractor's overhead & profil @12% of ltem § Subictal 1,200
Mobihzabon @ 2% of tem 5 Subtotal 200
Conbngency & 10% of ltem & subtotal 1,000
7. Taolal Construchon Cost Estmate {Bid Caost) 12, 500
8. Indirect Capital Cost Esbmale & 38% of bid cost 4, 500
&  Total Capial Cost Esimate 17,300
1. Unit Construchan Costs
Sibpd produced water Ireated 180
Sibpd water reclarmed 250
11 Urnit Total Capital Costs
$/bpd produced waler regted 250
$Mpd waler reclaimed 350

"“Values roundsd 10 two Significant figures or nearest $100,000.
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8.3.2 Annual Operations and Maintenance (O:M} Cost

Annual cost includes operations and maintenance costs and amodized capital costs. Oai
cost includes chemicals, energy {electric power), labor, maintenance materials, and
residuals disposal. n addition, a 10 percent contingency wags added for administrative and
unforeseen maintenance costs.

Table 85 summarizes the estimated annual QeM cost. Total annual OsM cost is estimated
to be $6.5 million, which is equivalent fo 26 ¢/bbl of produced water treated. The QaM cost
consists of $2.6 millionfyr for chemicals, $0.98 millionfyr for energy. $0.65 milliontyr for labor,
$0.30 millionfyr for maintenance materials, $1.4 million for residuals management, and
$0.57 millionvyr for contingencies.

The QM cost is dominated by the costs for chemicals and residuals disposal. The
chemicals and rasiduals management costs represent 62 percent of the OgM cost. The
energy cost {14%)} and lakor cost (10%} are the other major O&M cost constituents. Tha
largest cost reduction benefit for San Ardo produced water treatrmant will come from
reducing chemical costs or finding a beneficial use for the sludge. For example, the use of
waste caustic from refinervfindustrial facilitles might further reduce the caustic cost.

Table B.5: Annual and Unit Treatmant Costs

Cost Componsnt Cost (§1000s4)*
1. Chamicals
Sodlum hydroxice 1,480
Magnagium chionde 560
Polymears a1
Anfacalant 24
Antlfoulant 164
RO cleganing solution 24
Sulfuric acid 17
Suhtztal 2,576
2. Elacriciy
Wam softaning 414,
Cooling 292
Bostar pump 124
Reverse osmosls 447
pH 1
Subtotal 870
2 Labor
Operations 655
Subiotal Bs53
4, Maintsnanca Malerials
RO mambranas 250
Oiher materizds 53
Subtotal 03

5. Residuals Disposal
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Sludge 590

RO concentrate H03
Subtotal 1,383

&. Diract Arnual 05k 5,825
7. Gantingancy E10% of ltam € 583
8. Total Annual Q&M 6,513
9. Unil Annual O&M Cost

¢ ¢ bbl produced water treatsd 24

¢ | bbl water reclalimad 34

8.4 Unit Treatment Costs From Water Utllity Perspective

If the treated water were to ba used for an offsite use, Water Utilities that procure the water
often evaluate the total treatment cost which is the sum of the annual O&M cost and
amortized capital cost per acre-foot of water treated.  Accordingly, amontized capital cost for
this project was estimated using a 20 year loan period, at an annual interast rate of 7
parcent, which is a typical secanario for municipal projects that are financad through bonds.

The total annual cost thus estimated for the 70,000 bpd (3 MGD) facllity is $8.15 Million
{Table 8-8). The unlt treatment cost estimats iz approximately 46 ¢/bbl {$3,600/acre-ft or
$111000 gallons) of water reclaimed. The annual amortized capital payment is about 20
parcent of the total annual cost. This suggests that potential savings should be investigated
in O&M expenses, as discussed previcusly.

Table 8.6: Summary of Water Reclaimad and Unit Treatment Costs

Parameter Cosgt
Produced Water Treated

bbla/day 70,000

atre fthyr 3,300
Water reclaimed

bhis/day 50,000

acre-ftiyear 2, 380
Overall Water Recovery 715
Total Capital Cosl($1,000s) 17,290
Annual O8M Cost {$1,000s#7) 6,515
Annual amoarlized capital costs ($1,000s/y) 1,630
Total annual cosls ($1,000s/yr} 2150
Urit treaiment costs

¢/bbl. praduced water treated 32

¢/ bbl. reclaimed 44

%acre-fit. reclaimed 3470
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8.5 Sensitivity Analysis of Key OEM Cost Components

In order to evaluate the potential to minimize the O&M cost for treating San Arde produced
water, a sensitivity analysis was performed using the following changes from the base cass
cost assumptions:

+ Changing the labor rate from $32Mour to $28hour

s Changing the electric rate from $0. 10/kw-hr to $0.08/kw-hr

» Changing the dewatered sludge concentration from 20 percent to 50 percent
¢  Changing the NaOH ¢ost from $0.25/b. to $0.15/b

=« Cpmbined impact of making afl four changes simultaneously {best case)

Table 87 compares the impact of these constituents on San Ardo produced water
treatmant. The cost of caustic has the biggest impact on annual O&M costs (~2.5 ¢fbbl. of
produced water traated). Increasing the dewatered sludge concentration to 50 percent
solids reduces annual O&M costs of produced water by about 1.5 ¢fbbl of praduced water
treated. The labor and elsctric rate changes have a smaller impact on annual O&M costs, of
about 0.3 and 0.8 ¢/bbl, respectively.

Table 8.7: Annual 08M Cost Comparison

Cost Componant Base Labor Elactricity Siudge NaQH Cumulative
Case {328/hr} {8/ KWH) {50%) {15 &) Case
Annual D&M Casts $1.000s 51,0003 $1.000s £1,000s $1,000a $1,000s
Unit irsabment cost g/hbt &Dbl. gbbl. &rbbi, /bt &b,
1. Warm softening 3,316 3.292 3,293 2927 2604 2,228
13 129 12.9 11.5 10.4 8.7
2. Fin Fan Cooler 418 405 353 HE 416 342
1.6 1.6 1.4 1.6 1.6 1.3
2. Equalized Storage 29 25 20 29 2 25
a1 a7 QT aqd Q1 .1
3. Baostar Pumping 190 184 163 190 190 156
av a.7 0.6 a7 a7 0.6
4. Pressure Filters 113 103 113 113 113 103
0.4 a4 04 a4 0.4 04
5. Reverse Jsmosis 2347 2,321 2,243 2347 2,347 2,223
8.2 a1 4.8 9.2 8z 8.7
6. Stahilizatlon 45 44 44 46 44 44
{ipH Adjustment) 0.2 a.2 a9.2 2.2 0.2 &2
7. Ammonium lon B85 58 863 65 85 57
Exchange 0.25 0.2 0.2 0.25 .25 0.z
Arnual D&M 6,521 6,432 6,309 8,132 5,869 8,178
255 a5 2 Ly 24.0 23.0 2.3
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Section 9: Technology Transfer Activities

The objective of this task is to publicize the findings of this DOE funded project so that
others can adopt the technology. Table 8-1 shows the list of project presentations and
papers. A total of gight presentations were proposed n the initial scope of work., Abstractls
ware submitted to eleven conferences {of meatings), and presentations were eventually
made in nine conferences {or meelings). The abstracts and manuscripts from these
presantalions are includad in Appandix 8.
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Table 9.1 Summary of Technology Transfer Activities.

Ne  Conference/Meeting Industry Focus  Presentation Title Date/Commenis

1 Santa Maria Section Society of GCil Industry Trealment and Possible Reuse of San Arde Produced June 2005
Pelroleurn Engineers Section Water
Mesting, Santz Maria, CA

2 Bakersfield Section Sociaty of Cil Industry Treatmen] and Possible Reuse of San Ardo Produced July 2005
Petroleum Engineers Section Water
Meating, Bakersfield, CA

3 20™ Annual WateReose Symposium,  Water Industry Evaluating the Patential for Beneficial Use of Qilfield September, 2005
Denver, SO Produced Water for Agriculiurgl Irrigation in San Ardo,

CA

4 West Coast Petroleum Technology Oil Indusiry Treatment and Possible Reuse of San Ardo Produced Seplember, 2005
Transfer Council Mesting, Yalencla, Water
CA

= Channel Counties Water UtillHes Water Industry Traatment and Possibie Reuse of San Ardo Produced Qctober, 2005
Associglion, Ventura, CA Waler

8 12" Annual International Petroleurn Ol Industry Qverview of Regulzations for Polential Beneficial Use of  November, 2005
Envirenment Conderence, Houston, Qitfiald Preduced Walers in California
T

7 Denver Section Society of Petroleumn  Gil Industry Treatmeant and Pogsible Reuse of San Ardo Produced December 2005
Engineers Section Meeting, Denver, Water
GO

] San Joaquin Valley Gepdogical Oil Ingdustry Investigating the Potential for Treatmen! And Beneficia!  January 2004
Society Meeling, San Joagquin, CA Reuse of San Ardo Produced Waler

B American Water Works Association,  Water Indusatry Filot Sludy for Desalination of Qilheld Produced Waler  Aprl, 2006, Absiract was
California — Nevada Spring Containing High Levels of Boron and Ammonia submitled but not acceptec
Conference, Burlingame, CA for presentation.

10 Society of Petraleum Engineers, Qil Industry Filot Study Results to Evaluate Membrane Treatmeant November, 2006, Abstrac
Annual Technical Conference and Optimization for Polential Oilfield Froduced Water was submitted but not
Exhibition (ATCEDE), San Antonio, Reuse in San Ardo, CA accepled for presentation.
TX

11 Water Environmant Federation Water Industry Evaluation of Potential Beneficial Reuse of San Ardo QOctobar, 2006,

Annual Conference (WEFTECHG),
Callas, TX

Produced Waler
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List of Acronyms and Abbraviations

A/C
AF
AFY
Al
AWWA
bpd

bbl

BOD
BY
Ca*
CaCO,
Ca(OH),
CAM
CCRWQCB
CDFG
CDNR
CDOGGR
CECA
CFR
cfs
CIp
10,
COE
CPVC
CSIP
CTR
CUPA
CWA
CWRCEB
WG
DEPs
DOE
DS
ospD
OTSC
DWR
EDAX
EDR
EIR
ENR

F

gfd
GIS
gpem
hp
H&SC
IND
IPEC

Authaority to Construct

acre-faot

acre-foot per year

Agricultural Water Supply

American Water Works Assoclation

barrels per day

barral

biochemical oxygen demand

bed volume

Calcium

calcium carbonate

calciom hydrozide

California Assessment Manual

Central Coast Regional Watsr Quality Board
California Department of Fish and Game
California Department of Natural Resources
Califormia Division of Qil, Gas, and Geothermal Rssources
Californla Ervironmental Quality Act

Code of Federal Regulations

cubic feat per second

clean-in-placa

chlorine dioxide

Corps of Engineers

chlgrinated polyvinyl chlerida

Castroville Seawater Intrusion Project
California Toxlcs Rule

Certified Unified Program Agency

Clean Water Act

California YWater Resources Control Board
California YWater Code

disinfection by-products

Department af Energy

dry solids

Civision of Safety and Dams

California Departrment of Toxic Substance Contrel
Division of Water Bights

enargy disperslve X-ray micreanalysis
electrodialysis reversal

Environmental Impact Report

Engineering News Raport

degrees Fahrenhelt

gallon flux per day

Geographical Information System

gallons per minute

Horsepower

Health and Safety Code

Industrial Water Supply

International Petroleurn Envronment Conference
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KMS Koch Membrane System

KWhr Kilewatthour

MER Membrane Bio Reactor

MBULAPCD Maonterey Bay Unifiad Air Pollution Contrel District
MCAPCB Monterey County Alr Pellution Control Board
MCL Maximum Contaminant Level

MCWRA Monterey County Water Resources Agency
MED multiple effect distilation

meogy/| milliequivalents/liter

Mg Magresium

MGD million gallons per day

mg/l milligram per liter

ml Milliliter

mM Millimole

MSF multi-stage flash distillation

MUN Municipal And Domestic Water Supply
NazCOs sodium carbonate

NaOH sodium hydroxide

MNH; Ammonia

MNHs-N ammaonia nitrogen

NFDES Mational Pollution Discharge Elimination System
NTR National Taxics Rule

NTU nephalomatric turtidity unit

Q&M operation and maintenance

P&ID precess and instrumentation diagram
PO Permit to Operate

PEM parts per million

p5i pounds force per Square Inch

QAQC Quality Assurance/Quality Control

RO reverse osmosis

rpim rotations per minute

S5AP Sampling and Analyses Plan

5CHM scanning electron microscope

S0l silt density index

SiO; Silica

SPE Society of Petrolsum Enginears

=q.ft square fegt

S Salinas Valley Water Project

TDS total dissclved salts

THM Trihalomeathane

THMFP trihalomethane Formation Peotential
TMP transmembrane pressure

TOC total arganic carbon

TTLC total thrashold limit concentration
USEPA United State Environmental Protection Agency
USFWS United States Fish & Wildlifa Services
UsSGS United States Geological Survey

VOO volatile organic compounds

WDRs Waste Discharge Requirements

WEF Water Environment Federation

Wr Year
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Section 1: Introduction

This work plan is intenslad to provide informaticn for the pilot system to treat produced water
from Aera Energy LLC's San Arde Qilfield. This work plan provides a description of the pilot
system, the intended cbjectives of tasting, target operating conditions to be evaluated, the
anticipated test schedule, and information partaining to installation and demabilization of the
pilot system.

1.1 Background

Aera Energy LLC leases and operates an oil preduction field in the region in and around San
Ardo, Califomia. The oil production process there entails steam flooding the geclogic formation
to raduce the viscosity of the crude cil 2o that |t can be pumped to the surface. Asis the casze
for many mature ol production wall fields, the liguid pumped from the formation contains a large
amaount of water (produced water) with the crude oil. In many instances, up to 15 barels of
produced water can be produced for every barrel of oil. Once brought to the surface, the oil is
recovered and the produced water is pumped back intc the formation through the use of deep
well injaction.

Such on-fiekd injection may incroase the preduced water to oil ratio and reservoir pressure
resulting in higher il production costs. A potential altamative 1o the current operating practice
woukd entail treatment of the water 5o that it could be put to baneficial reuse. Reducing Class ||
injection through baneficial reuse of treated produced water can oplimize il production and
increase racoverabla reserves in an cilfield. Recognizing that these potantial benefits to water
reuse exist, Aera Energy LLC has agreed to paricipate in a pilot investigation with
Kennedy/Jenks Consultants (Kennedy/Jenks) along with funding from the U.S Department of
Energy {DOE) to determineg if pursling treatmeant on a ull-scale basis 15 wamanted.

This pilct investigation will lock into the treatment of the produced water threugh the follawing
thres-stage process:

« Warm precipitative clarfication to remove hardness, carbonate alkalinity, and silica:

s Cooling through the use of a cooling tower to remove excaess heat enargy and to possibly
strip ammionia; and

»  Reverse csmosis (RO} 1o remove boron, ammonia, total organic carbon {TOC), and total
dissolved solids (TOS}).

Kennedy/Jenks has previously investigated this treatment process at other il fields and viewed
it kO bé the most svitable process 10 evaluate treatment of the produced water at San Ardo,

1.2 Objectives
The pilct investigation at San Ardo will seek ta meat the following objectives:

+ Determine the optimum range of operating conditions in the precipitative clanfication
procass to remove hardnass, carbonate alkalinity, and silica,
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s+ Determine the best chemical additive(s) for usa in tha precipitativa clarification process.

s Estimate the sludge ganeration rate for the precipitative clanfication process and develop a
characterization of the sludge.

= Determine the capacity of the cooling towar to remeove ammania via air siripping

+ Datarming the oplimum range of operating conditions in the RO process to remove boron,
ammonia, and TOC,

= Estimate the ¢leaning requiremants and lifespan of the RO membranes.

+ Doterming the chemical consumption rates for the RO procass for both operation and
cleaning.

= Determine the impact of envircnmental factors on the entire process through the operating
period {(estimated to be 8 months over a 9 month period).

= Based an the findings of the pilot test, develop planning level estimates of the capital and
cperations and maintenance (O&M} costs for a full-scale facility at San Ardo. These
astimates will include cost scanarias for treatment to meet Califomia Department of Health
Services (DHS) requirements for groundwater recharge as well as treatment to meet
California Regional Water Quality Control Board (RWQCEB) requirements for irdgation use,

1.3 Pllot Schedule

The pilot program wil| e perfonmed in two Phases (LA and 11B), each aver a period of four
months. Itis anficipated that Phase 24 study will be performed from January '04 to April '04.
The data from this study will be evaluated in May '04 and used to refine the work plan for Phase
2B study. Phase 2B will be performed from June Q4 to September 04,

1.4 Organlization of the Work Plan

Saclion 1 of the work plan pravides tha backgraound, abjectives of the pilot study. Section 2
provides the details of pllot system, components and oparating conditions. Section 3 provides
installation and demobilization schedule and Aera Energy LLC and Kennedy/Jenks roles and
responsibilities. Section 4 provides details of test schedule, system operations, equipment
calibraticn and adjustment.
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Section 2: Pilot System and Components

The pilot system will treat & 30 gpm stream of produced water taken from cne of the pipelines
that currently returns produced water from the San Ardo field to the existing desp well injection
process. The system will conslst of 3 main treatment components, with each component
designed to remove specific constituents from the produced water. Thay include 2 wann
precipitative scftening unit, followed by a cooling tower, and finally an RO process, Figure 2-1
shows a schematic process flow diagram for the pilot study. The praduced water is first
introduced to the precipitative softener unit at approximately 190°F. This unit will remove
primarily hardness {calcium and magnasium), alkalinity {as carbonate), and silica, and will
function secondarily to remove some of the boron in the water. The cooling tower is intended to
reduce the temperature from the 199°F range 1o less than 115°F to protect the RO membranes,
The cooling tower will also be evaluated for potential removal of the ammonia and carbon
dioxide present in the water via air stripping. The RO unit will remove the bulk of the dissolved
sclids (TDS), organic compounds, residual hydrocarbons, and boron from the water,

This section provides details on gach of the treatrnent components of the pilot system including
a description of gach unit and how it functions, its treatment mechanismis), the normal
operating conditions for the unit, and information on any ancillary systems associated with the
unit.

2.1 Precipitative Softening

Precipitative softening is a process designed primarily to remave hardness {calcium and
magnesium}, carbonate alkalinity, and silica. It functions on the principle that these constituents
can be precipitated out as insoluble salts. The process generally consists of two steps, with the
first invelving raising the pH of the feed water through the addition of either caustic soda
{sadium hydroxide} or dolomitic lime (lime). Cnce the pH is raised, the hardness and alkalinity
constituents precipitate mainly as calcium carbonate, magnesium hydroxide, and magnesium
carbonate. Silica is simultaneously removed from the feed water through precipitation as
magnesium silicate and through sllica adsorption onto precipitated magnesium hydsoxide. The
second stap in the process Involves separating the solids from the treated water. Separation is
typically accomplishad through the use of an upflow clarification step, in which the water and
solids are infroduced to the bottern of the clarification vessel and flow upwards at a refatively low
lcading rate. Because of their mass, the solids skowly settle ta the bottom as the treated water
flows aver a weir at the top of the unit. The =alids, which form a sludge as thay settle, are
removed from the unit through a pariodic or contnuous blowdown. A polymer is typically added
to increase tha weight percent of solids in the blowdown sludge.

211 Unit Description

The unit to be used in the pilot test is a ClariCone precipitative softening unit, manufactured by
CBl Walker, Plainfield, IL. It consists of a conical steel veszel, with a 2-ft dismeter base that
expands to 8-ft at the top. The total height of the unit is 12-ft, 8-in, and it cccupies a feotprint of
7.5-4t by 12-ft. Figures 2-2 and 2-3 show the plan and elevation views of the unit. The feed
water is introduced at the base of the unit at up te a flow rate of 30 gpm. Caustic, lime, and/or
polymer arg also infreduced at this lecation.  After a short mixing, the treated water and
precipitated solids begin lowing upwards threugh the unit. Because of the conical design of the
vassal, the upflow velocity of the water dacreases as it moves upwards through the unit. The
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decreasing velocity helps prevaent the smaller precipitated particles from baing carried over to
the cooling tower. The =olids are captured in the collection funnels located near the center of
tha unit and are remaved via continuows blowdown, The clarified water spills over a weir into a
collectian box, which then conveys the water to tha cooling tower.

21.2 Operating Conditions

The ClariCone unit is designed to handle the feed water at temperatures up to 190°F at
atmospheric pressure. It is designed to treat a continuous feed water flow rate of 30 gpm
supplied by a separate feed pump.

2.1.3 Chamical Feeds

Four chemicals will be used in the warm softening process ta remove hardness, alkalinity, and
silica. They are:

= Caustic soda {sodium hydroxide}. Technical grade caustic is tha cleanest chemical that can
be used for this process. The higher cost of caustic soda over hydrated lime, and tha
ncraase in sodium levels in the softaned water may pose limitations on tha potential use of
this chemical for warm softening.

= Lime. This chemical is often preferred over caustic soda betause it is legs expensive and
supplements the magnesium concentration ta assist in the silica remoeval. Due to its lower
sclubility, hydrated lime is often used as a slurry in the treatment process. The chemical will
be supplied as slurry by the vendor, Although less expansive than caustic, use of lime
raquiras substantially more operator attention than caustic because it is prone te frequent
plugging and dogging n conveyance and chemical feed systemns.

= Magnesium. This chemical is used in conjunction with either caustic soda or hydrated lime
to increase the precipitation of silica as magnesium silicate. This chemical will be added
directly as magnesium chloride solution or through the use of dolomitic lime, depending on
cost and availability.

« Anicnic polymer. This chemical will be added to increase the settleability of the sludge
solids. Jar tests may be performed as needed to determine the oplimum dosing rate range.

The chemicals will be stored separately ina storage container and will have Individual metering
pumps and feed systems. Caustic soda, lime and magnesium chlonde storage and feed
systems will be housed in secondary containment,

214 Solids Management

The =solids generated in the process will consist mostly of cakium carbonate, magnesium
carbonate, and magnesium hydroxide with smaller quantities of magnesium silicate, calcium
sulfate, and borate salts. Basad on this makeup, the solids from the process ars not anticipated
to ba classified as a hazardous matsnal. Tha sclids will be separatad from the watar as a3
sludgs in a blowdown stream and are anticipated to be anywhere from 2 percent to 20 percent
sclids by weight, depanding on tha chamicals added at the front end of the unit. The sludge
blowdown will be captured in a watertight mud tank. Once in the tank, tha sludge will be
allowed stand so that the solids can further settle from the water. The excess water will be
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decanted from the mud tenk and returned to the San Ardo produced water conyveyance system.
Thae settled solids will be removed for affsite disposal.

2.2 Cooling Tower

It is anticipated that the temperature of the softaned water from the clarifier will be abaut 190°F,
Coaling this water below 115°F is assantial to protect the RO mambranes. Cooling could be
achieved through the use of sither a heat exchanger or cooling tower. The cooling tower option
wa3s chosen for the pllot system due to the potential to strip the ammonia from the water,

221 Unit Description

The cooling process consisis of two components: an equalization tank that capiures the effluant
from the precipitative softener, followed by the cooling tower. The equalizatien tank is a 8,500
gallan tank with a fixed overflow nozzla and a suction discharge at tha base of the tank. The
overflow drains the excess fiow volume from the precipitative softener to the pilot system waste
line, This configuration allows the tank to maintain a fixed water level and a fixed amount of
total dynamic head for the feed pump to the codling tower.

The cooling towsr to be used in tha pilot system is a 55-inch diameter by 111-inch tall single-
pass unit. Itis a2 countercurrent design with an appreximate 56-inch depth of packing material
and provides up to 25 tons of cooling. Efluent from the precipitative softener is fed to the
cogling tower through a 2-34 Hinch inlet at the base of the unit. Air to cool the water is provided
through a %4 HP blower. The cooled water, collected in a sump, is pumped to the membrane
treatment process via a 2 Y-inch cutiet st the base of the cooling tower. Schematics of the
cooling tower will be included upon receipt from the vendor.

2.2.2 Operating Conditions

The aqualizaton tank ls expected 1o capture a 30 gpm affluent stream from the precipitative
softener. 25 gpm is expected to flow throwgh the cooling tower, with the 5 gpm balance to spill
into the overflow line. Tha cooling tower is designed 1o reduca the water temperature from
190°F to 115°F at a flow rate of up to 50 gpm. Since the unit is oversized, it should be able to
achiava the same temparature raduction for the anticipated 25 gpm stream.

2.3 Reverse Osmosis (RO)

RO functions on the principle that water Gan be separated from colloidal meaterial and/for
dissolved constituents by forcing the water through a semi-permeable membrane. !n a typical
cperation, the untreated water is intfroduced on the feed side of the membrane where it is
subjected to high pressure. Once the prassure of the fead water s increased beyond tha
asmotlc pressure of the mambrana, water will begin to pass or “filter” through leaving behind the
collokal material andfor dissolvad constituents. The materials originally present in the feed are
then left to concentrate in the remaining water on the feed side of the membrane. The water
that passes through the membrane, or permeate, is collected as reated water. The watar
remaining on the feed side of the membrane, containing the now concentrated colloidal and
dissolved constituents, is disposed of as brina.

This pilct system will utilize RO membranes as the primary freatment mechanism to remove
boron, ammonia, organic compounds and TDS. Other membrane types, such as nanoiiltration

Work Plarn ]
Aera Damonstration Plant



or ultrafiliration mambranes, may also patentially be avaluated depanding on the findings from
tha initial test runs with RO.

231 Unit Description

The pilet RO unit to be used in the piket will be a VINTAGE™ V series system (VGOB) from US
Filter. The system consists of a § ricron cartrikdge filter, six 47X40" brackish water spiral bound
membrane housed in six pressure vessels arranged in a five stage (2:1:1:1:1) array, a
submersible pump, and a recycle line to retum a portion of the reject stream inte the incoming
feed. The dimensions of RO unit are 727(H)X38"(W)X34"(L). The unit requires a 480V power
supply. The mambranes to be used will be Fluid Systems XR "extra high rejection™ polyamide
membranas. Tabk 2-1 provides the design ctileria for the system. Figure 2-3 shows the
schematlc and process flow diagram for the RO process.

2.3.2 Operating Conditions

The RO unit will be operated with 75 percent water recovery. At a feed rate of 1C gpm, the RD
unit will produce about 7.5 gpm of parmeate and 2.5 gpm of RO concentrate (brine). The fux
rate would be about 25 gpd/sf of membrane area. The faed water pressurs at the suction side
of the booster pump must be between 15 and 25 psig. The unit will be operated approximately
at a fead pressure of about 320 psi.

2.3.3 Chemical Feads

PreTreat Plus 3100, an inorganic scala inhibitor/antifoulant manufactured by King Lae
Tachnologies, will be added to the RO feed water during all test runse at a rate of 1 mg dry
powder/L feed water to reduce the prospect for inorganic fouling. During pH < 2.6 and all
following trials, Protec RO, an organic antifoulant manufactured by King Lee Technologies, will
also be added to the RO feed water at a rate of 5 myg dry powderiL feed water to minimize
potential residual oil fouling. Cleaning will be parformed using DIAMITE AFT manufactured by
King Lee Technologies when aither a pressura drop of 20 percant is observed between stagas
or a 20 parcant pressure increase is observed across tha membrane at the inlet to the first
stage. Ninaty gallons of cleaner will ba mads by diluting 1 part concentrated cleaning solution
to 40 parts water. For each cleaning, the solution will be circulated through the RO unit at 20
gpm and B0 psi for 1 hour.
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2.3.4 Clean In Place

USFitter CIP-30 Clean-in-plate systam [CIP) will be used for cleaning the RO unlt. This unlt
gunsists of a solution tank {90 gallens), centrifugal recir¢ulation pump (20 gpm, 70 psig, 5 HP)
and a filter housing. The overall dimensions of the unit are 72" {L)X41"(W)X41"(H}. During the
cleaning cycle, the RO unit will be taken offine and the valving recenfigured so that the CIP
systern can pump cleaning solution through the RQ in a closed recirculation loop.

TABLE 21
Dasign Paramaters for RO Process During Phasg 2A Study
Aera Energy LLC-D0OE Produced Water Pliot Study

Cesign Parameter Units Yalue

Cartridge Filter

Number of Units 1
Fecd Rate Gpm 10
Filter Rating HM 5
Size {diameter x length) inch x inch 25 x10r
RO LISFilter Membrane Systems
Mumber of Stages 5§
Number of Vessals B
Elements per Vessel 1
Membrane Elements Fluid Systams xR
Number of Elements - 6
Size (diameter x length) inch x inch 4 x 40
Effective Surface Area StElament T2
Flux Rate gpdfsf 15.7
Permeate Flow Rate Gpm 7.5
RO Concentrate Flow Rate Gpm 2.5
Percent water recovery % 75
Feed Pressure P=i asg

Cleaning will be performead using DIAMITE AFT manufactured by King Lee Technalogies when
gither & pressura drop of 20 parcent is abservad betwsen stages or a 20 percent pressure
increasa is observed across the membrans at the inlst to the first stage. In addition, the RO unil
wilt be purged threugh a cleaning cycle prior io changing test conditions. Nineky gallons of
cleaner will be made by diluting 1 part concentrated cleaning selution to 40 parts waler, For
each cleaning, the sclution will be circulated through the RO unit at 7 gpm and 60 psi for 1 hour,
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Section 3: Installation and Demobilization

Installation is anficipated to take two to four weeks, depending on the arrival of vendor ranted
aquipment, availability of contract construction personnel, and availability of facilities/aquipment
supplied by Aera Enargy LLC. Delineation of responsibilities during installation is as follows:

Aara Energy LLC will provide ulilities {potable water as available, power, disposal facilities
for sludge and spent chemicals. etc), large storage tankage for chemicals. and secondary
containment for chemlcal storage.

Aera Energy LLC will supply contract personnel and construction equipment for system
sonstruction.

Aera Energy LLC will supply all piping, metars, gauges, valves, and associated fitting
nacessary for construction of the pilot system.

Kennady/Janks will supply construction oversight.

Kennedy/Jenks will supply chemical feed equipment, chemical storage tanks not available
thraugh Aera Energy LLC, and chemicals.

Kennedy/Jenks will subcontract equipment vendors for rental of pilot units.

Demobllization is anticipated to take two weeks. Delineation of regponsibilites during
demobilization is as follows:

Aeara Energy LLC will supply contract personnel and construction equipment for system
disassambly.

Aera Energy LLC will dispose of all residual materials from the pilot system (plpes, fitings,
atc.)

Kennedy/Jenks will coordinate dispaosal of all residual chemicals at the end of the pilot test.
Kennedy/Jenks will supply field oversight during demobilization activiies.

Kennedy/Jenks will coordinate with vendors tor return shipping of rantal pilot units.
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Section 4: Test Schedule and System Operations

4.1 Test Schedule

The pilot investigation is scheduled o run for a 9-month test period during which a number of
aperating conditions will be evaluated. Because the later stages of testing will depend on the
findings of the initial test runs, the pilot investigation has been divided into twoe phases (2A &
2B}. The first phase (2A) will run for four months and is intended to establish the optimum
baseline conditions for the various chemicals that are to be evaluated. Table 4-1 summarizes
the test conditions during the initial four-month operating period.

TABLE 4-1
Phase 2A Tests
Aera Energy LLC-D:OE Produced Wator Pilot Study
Pracipltathve Clarifter Reverse Osmosis
Week | Chemical{s) Added | Target Effluent pH Target Feed pH

1 Caugtic Sods 9.7 o7

2 Caalic Sods a7 a7

3 Caistlc Sods a.7 4.7

4 Caustic Soda 9.7 a.7
Magnesium Chicride

5 Caustic Soda a9y 97
Magresiurm Chionlde

& Caustk Soda a7 9.7
Magnasium Chioride

7 Causti: Soda a7 10.75
Magnesiurm Chioride

8 Caustic Soda a7 10.78
Magnesium Chioride

2 Causfic Soda o7 11
Magnaslum Chioride

10 | Cansfic Soda T 11
Magresium Chikoride

11 | Dolomitic [ima 8.7 o.7

12 | Dolomltic lime 9.7 9.7

12 | Dolomilic lime 9.7 9.7

14 | Dolomitc lime 87 a7

15 | Dolomitic lime o7 9.7

16 | Dolomitic lima a7 0.7
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The scope and schadule of Phase 2B will ke defined based on the resulis from Phase 2A study.
However, the tentative scopa of the work and schedule {Table 4-2) during this phasa ara

provided below:

« Evaluation of a biocatalyst/surfactant system developed by Advanced Blocatalytics
Corporation, Irving, CA for the cleaning of RO membrané to enhance membrana life,
Tha catalyst may be added continuously or at the end of each cycle,

» Evaluation of a membrane developed by Osmoanics (DS-3} to compare with the
performance of USFIiter XR membrane. This duraslick thin film element is designed to
traat high fouling brackish walers. Membrane life and effectiveness of freating oil field
produced water of this membrane will be compared with those of the USFilter DX

membrane.

+ Evaluation of warm praclpitation using spant caustic from refinery operations usiry

banch scale studies

TABLE 4-2
Phase 2B Tests
Aera Energy LLC-DOE Produced Water Pilot Study

Precipitative Reverses
Clarlfler Target Clarifler Osmosis
Week | Chomicalis) Added Effuem pH Target Fesd pH Commanis

1 Caustic Soda 9.7 497 Caontiruous Blocatalyst Feed
2 Caustic Soda 8.7 9.7 -ontinuous Biocatalyst Feed
3 Caustic Soda Q.7 9.7 Cantinuus Blocatalyst Feed
4 Caustic Soda Q.7 9.7 Biocatalyst cleaning at the end
5 Caustic Soda a7 9.7 Biocatalyst cleaning st the and
& Caustic Soda 8.7 a7 Biocatalyst cleaning at the and
7 Caustic Soda 07 a7 Osmonics DS-3 Membranag’
8 Caustic Soda a.7 9.7 Osmonics DS-3 Membrane
) Cauatic Soda a7 9.7 Osmonics DS-2 Membrane
10 | Dolomitic lime 97 9.7 Osmonics DS-3 Membrane
11 Dolomitic lime a7 9.7 Osmonics D3-3 Membrane
12 Dlomitls limea Q7 1 Osmonics DS-3 Membrane
12 Dolomitic lime 97 1 Osmonics DS5-3 Membrane
14 Dolomitic lime 9.7 11 Osmanics D5-3 Mambrang
15 Dolomitic lime 8.7 1 Ozmanics DS-3 Membraneg
16 Diolomitic lime 9.7 11 Ozmonics DS-3 Mambrang

4.2 System Monitoring

The Kennady/Jenks staff will oparate the piiot treatment units during business week days.
During the evenings and on weekends, when ther i3 no demonstration stafT at the site, Aera staft will
respond to any alarms and shut the plant down. Demonstration plant staff will fix the problems and
restart the plant the following weekday except on Friday. [f 1t is a Friday, the plant will be restarted
the following Monday for routine cperations.. Operators will use log sheets to record pilot plant
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operating data. Kannedy/Jenks staff will also parform fiekl water quality analyses and collect
gamples for outsida laboratory analyses, consistant with the Sampling and Analysis Plan.

4.2.1 Warm Softening Process

Log sheets will be set up to record producad water flow rate to the clarlfler, effluent redreulation
fiow rate, and net operating flow rate through each of the unit inlets. We will moniter these
parameters, adjust the flow meters to the target rate as necessary, and record the results every
3 hours until we get operating history on the unit. We will alsz recerd the fraquency and duration
of the autematic sludge blowdown. We should also make a visual inspection of the unit and the
sludge blanket from the bridge at least twice a day.

4,22 Cooling Tower

Log sheets will be set up to record flow rates 1o the influent and tempearature at the influent and
sffluent of the cooling tower. Operating staff should monitor and record the readings every
threa hours.

4.2.3 RO Process

Log sheets will be set up to record flow rates (RO feed, permeate, and RO concentrate),
pressures (carridge flliter fead, post cartridge filter, boosted RO feed, permeate — as provided
by vendor). Stalff should monitar these instruments and record these values once every 3-hours.
Staff should also record temperature, pH, and electrical conductivity from the meters provided
on the units at least daily.

4.2.4 Chemical Feed Systems

The oparators need to determing the chamical feed rate for sach chamical fed b sach provess
unit s¢ that the chemical desage being used is documanted. During the each menitoring round
pesformed by the operator, data on the chemical feed rate {ml/min) to each pracess unit will be
recorded on the log sheet. Additicnally, the chemical feeds will be adjusted if the dosing rate is
observed to have drfted from the dosing target.

4.3 Equipment Callbration/Adjustment

The pilot plant is not automated and most of the treatment processes will require perlodic
adjustment or calibration of key Row rates, operating pressures, chemical feed ratas, and
residuals production rates, Each of these items for each process unit is addressed below.

4.3.1 Pressure/Flow Rate Adjustment

The sactions balow addrass the requirarnents to adjust the pressure and flow for each treatment
processes in the pilet system.

4.3.1.1 Warm Softening Procass

Produced water from the walnut shell filter is discharged to a 6,500 gallon storage tank, which
supplies the feed for the warm scftening process. The produced water is pumped from the tank

Work Flan 11
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to the clarifier unit with a centrifugal pumgp. The pump is controlled via start’stop pushbutions
mauntad locally an panel adjacent to the pump. Flow from the tank to the clarifier unit is
contrallad with a 27 butterfly valve located just downstream of the pump and a 0 - 50 gpm
rotametar, Downstraam of the valve and rotameter, the produced water faed is combined with a
recirculation stream that relntraduces treatad effluant from the process back to the influent of
the unit. A separate centrifugal purmp is used to recirculate the treated efiluent back to the
infuent and is controlled with Iocaily mounted on/off pushbuttons. The racirculation flow |5
controlled thraugh the use of a 17 ball valva and 8 0 — 20 gom rotameater, both located on tha
discharge ling of the recirculation pump. The combined influant is infrocduced st the bass of the
clarifier unit through two pairs of tangentially oriented inlet pipas (four total). Flow through sach
pipa is controlled with a ball valve. A 0 - 30 gpm ratametar is located upstream of each pair of
inlet pipes to indicate the flow.

To adjust the flow into the clarifier unit, the produced water feed is first set. Then, the
racirculation flow rate s adjusted. Once these flows are set, the combined snfluant is balanced
betwaan the two pairs of Inlet pipas at the basa of the clarifier unit. The clarifier unit does not
operate undear pressure (water level controlled by an overflow weir) and, consequently, does not
have any controls for pressura.

4.31.2 RO Unit

In the RO operating configuration, the feed water is supplied to an RO booster pump that, in
tm, increases the pressure to the level required for the membrane process to achieve the
desired recovery. As part of such a configuration, the operating criteria spacified by the RO
vandor must be maintainad, Thase inchudea the following:

s Raw Water Supply Prassure — The pressure on the suction side to the RO booster pump
must be maintained between 15 and 50 psig. A pressure gauge for this purpose s located
just upstream of the RO booster pump.

s RO Feed Water Temperatura — The total faad temparature to tha RO must not exceed
113°F.

+ RO Feed Walar Tomperature - The total feed flow must be maintained approximately at 10
gpm. Flow metars for the permeate and concantrata linas are used t0 determing the total

flow thraugh the unit.

While maintaining these operating requirements, the RO unit must also be maintained at the
target racavery for the pilot test pariod. The following valves are usaed to balance thesa three
operating paramsters:

s Concentrate Contrgl Valva - This valve Is located on the concentrate line of the RO skid and
is used ta set the recovery of tha unit.

» Influant Water Throttling Valva — This gate valva is located on discharge pipa from the wamm
softening unit. Itis intendad to provide control ovar the total flow output from the softener.

= Softened Watar Bleed-off Yalya - This gate valve controls the volume of water from softener
unit that Is allowed to discharga directly to the waste discharge lina as excess flow. This
valve is usad to halp control the Fead prassure o the RO unit on the suction side of the RO
boostar pump,
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# RO Booster Pump Throttling Valve — This gate valve is located immediately downstream of
the RD booster pump and is used te contral the membrane feed pressure and total feed
watar flow through the RO unit.

Adjustrnents to any of these valves may impact the fead prassure o the RO boozter pump, the
total feed flow to the RO unit, and the recovery to shift. Therefare, adjustments Lo maintain the
RO at the desirad operating conditions will generally require balancing of all four valves.

4.3.2 Chemical Fead Systems

This section lists the chamical feads and the chemical feed pump typas used for each treatment
process. Note that Section 4.3.3 immediately following this section provides the procedura to
adjust the chemical feed rates,

+» Reverse Osmosis:

8 Antiscalant (King Lee Pretreat Flus 0100) — diaphragm metaring pump.

» Antifoulant (King Lae Protec RO} - diaphragm metaring pump.

n  Cleaning Solution (King Lee DIAMITE AFT) — USFilter CIP36 with centrifugal pump.
+ Warm Softener.

m Dolomitic Lime (45 percent hydroxide) — pragressive cavity matering pum.

a Caustic Soda {20 percent sodium hydroxide) — diaphragm meterng pump.

m  RMagnesium Chiaride (27 percant solution) - diaghragm metering pump.

m Chemtreal P-813E, (King Lee - a 35 parcent by weight anionic polyacryamide polymer) -
diaphragm metering pump

4.3.3 Chemical Fead Systom Adjustment

All chamical feed systoms exgapt the CIP arg manually conirglled and utllize calibration
colurming 1o make adjustrments to the chemigal dosing ratas.  The following is the procedurs

used to perform a chemical feed system calibration for any of the systems listed in Sechion
4.3.2;

1. Open the valve at the base of the calibration oolumn while the chemical feed systom is in
cperafion. The column is located an the suction side of the chemical feed pump at an
elevation near the base of the chemical storage tank. The static head provided by the
chermical level in the tank will alkow the colurnn to fill.

2. Dnca the column fills abova the "0 mi® mark, close the valve on the suction line that allows
the chemical feed pump to draw chemical from the storage tank. The pomp will begin
drawing chamical from the calibration calumn.
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3. When the liquid level in the column drops to the *D mi™ mark, cbserve the volume of
chemical drawn down in 60 seconds. This is the actual dosing rate. Time |5 monitorad with
a stopwatch.

4. Opan the valve on the pump suction line allowing the chamiczl fead pump to draw from the
storags tank. Close the valve at the base of the calibration column. The chemical feed
purng is now reconfigured for normal dosing operation.

E. If chemical is not being dosed at the target level, adjust the local speed ard stroke controls
{diaphragm metering pumps} or the local speed the speed control (peristaltic pumps).
Repeat steps 1 — 4 until the target dosing rate is achievesd,

4.3.4 Residuals

The unit processes will generate residual streams as part of their normal oparation. They
include the following;

» Wanm Softening Process — Residuals from this process will include sludge, consisting
mostly of calcium carbonats, calclum hydroxide, magnesium hydroside, and magnesium
carbonate, These materials are anticipated 10 be removed from the clarifier unit via a
blowdown line as a 10 10 20 parcent solids sludge stream.  Sludge blowdowns will be
controlled through a timer and a metarized valve. Sludge blowdowns will initially be set for
20 second durations at 30 minute intervals, per recommendations from the equipment
manufacturer. The blowdown durations and frequencles wlll ke adjusted as needed based
on the findings of each test run.

» RO Process — Tha RO unit will be operated with 75 percent water recovery. At a feed rate of
10 gpm, the unit will generate a reject stream aof 2.5 gpm. The reject stream will have a TDS
of sbout 24,000 mg/l and a temperature of about 110°F. A portion of the reject stream will
be recirculated to tha feed water stream to the RC process. The remaining flow will be
discharged back into Aera Energy LLC produced water disposal system.  Tha recirgulation
and waste stream flows are contralled by twe 34" throttling valves.
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Figure 2-4. USFilter VANTAGE™ RO Process Flow Diagram
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Hazardous Substance Plan

Project Title:

Recovery of Morse Oil-in-Place at Lower Production Costs While Creating a Baneficial
Watar Rasource

COOPERATIVE AGREEMENT
INSTRUMENT NO.: DE-FC26-02NT15463

November 19, 2002

RECIPIENT: Aera Energy LLC
10000 Ming Avenue
P.C. Bax 1164
Bakersfield, CA 93385-1164



This plan identifies each hazardous substance as defined under 40 CFR 261, subpart D
anticipated t¢ be purchased, ulilized or generated in the perfformance of this Cooperative
Agresrment.

There are no hazardous substances anticipated to be purchased, utilized or generatad in the
perfermance of this Cooperative Agreament as defined under 40 CFR 261 subpant D.

Information Type Information
Deascription of Substance/Chemical None

EPA Hazardous Waste Number None

EPA Hazard Code Naone
Anticipated Quantity to be purchased, ulilized or generated None
Anticipated Hazardous YWaste Transporter None
Anticipated Hazardous Waste Disposal Facility Nane
Participant and Location Not Applicable
Anticinated Treatment Method Nona




Kennedy/Jenks Consultants

N
2151 Micheison Drive, Suite 100
Irvine, California 92612-1311
949-261-1577

949-261-2134 (Fax)

Draft Site Health and Safety Plan
Aera Demonstration Plant
San Ardo Oilfleld, San Ardo, California

4 Juna 2003

Appendix A

Prepared for

Aera Energy LLC

86893 Sargent Canyon Road
San Ardo, Ca 93450

KA Project Na, Q0000000
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Site Haealth and Safety Flan Summary

Site Name:

Address:

Slte Telephone:

Project Start Date:

KiJ Job Number:

Site Safety Officer (SS0):

Project Manager:

Typa of Invastigation:
Sampling Investigation;
[0 Hard Auger
[ Drilling
[] Trenching
[] well Installation
[] Soil 3ampling

Aera Demonstration Plant
San Arda Gilfield
Ta Be Determined
To Be Determined
034
Sunny Huang
Larry Leanq
Site Remediation:
[] Excavation

] Treatment System Installation
] UST Remaval

[0 Groundwater Sampling
4 Other:  Treatment Plant Speration

L Site Walk-through

Potentlal Hazards:
[ Organics
L] Inorganics

O Metals O Acids [ Other:

O Other:

] Saolventz [X] Bases
[] Pesticides [] Fire/Explosian

Personal Protective Equipment:

[] Level ©
B Level
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Section 1: Introduction

This Site Health and Safety Plan establishes general health and safety protocols for
Kennedy/Jenks Consultants (KennedylJenks} perscnnel at the Aera Energy Produced Water
Pilct Study Treatment Plan located at the San Ardo Oilfield, Monterey County, Callfornia. As
needed, addenda contaning activity-speaciic health and safety protocols will be prepared and
attached to this Site Health and Safety Plan prier to the initiation of each additional field activity.
The Site Health and Safety Plan and activity-specific addenda, as a minimum, contain the
following information:

=  Names of key parsennel and altarmatos responsibla for sita health and safety and
appeintment of a Site Safety Officer,

» A haalth and safety risk avaluation for each site task and oparation.

» Parsonal protective equipment to be used by employess for each site task and
operations baing conducted,

& Madical surveillance requirsments.

« Frequency and lypes of air manitoring, personal monitoring and envirenmental sampling
techniques and instrumentation to be used. Methods of maintenance and calibration of
monitoring and sampling equipment to be used.

s Site control measures.

+ Decontamination procedurses.

= Site's standard operating procedures.

* An Emergancy Response Plan that addresses affective site responss o emargeancias.

For informational purposes only, this plan may be provided © subcontractors of Kennedy/Jenis
involved in activities at the Site, interested reguiatory agencies, or others. However, entities and
personng| other than Kennaedy/Jenks shall be solely responsible for thair own health and safaty
and shall independently assess onsite conditions and devetop their own health and safety
protocols. Entities or parsonnel that anticipate using health and safety measures which are leas
stringant than Kannedy/lenks’ measures sheuld immediately contact the KennedyfJenks Site
Safety Officer (SS0).

Kannedy/Janks has developed a corporata health and safaty program {Kennady/Jenks
Consultants, Industrial Services Group, Corporate Health and Safety Program, June 1921), The
corporate program complies with current health and safety regulations, including OSHA 29 CFR
1910.120, Hazardous Waste Operations and Emergency Response, and CalOSHA Standards
{8 CCR 5192). Many of the protccols of the corporate program are conducted on a routing basis
{general training, respirator fit testing, general madical record keeping, etc. } and are not
repeated herein. The corporate program is available to Kennedy/Janks amployass. Questions
regarding the corporata program are raferred to the Kennedy/Jenks Regknal Safety Supervisor.

Sffe Health and Safely Plan Paga 1
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A copy of the Site Health and Safety Flan along with any addenda containing activity specific
health and safety information will be kept in a conspicuous [ocation at all times while work is
being conducted at tha site.
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Section 2: Key Health and Safety Personnel

The KennadyfJenks S50 is Sunny Huang. In the absence of the S50 during field activitios, a
member of the site operators team will be designated as the Kennedy/lenks Field Site Safety
Officer (FES0O). The S50 or FSS0 is responsible for the following.

Observing field activias for compliance with this Site Health and Safety Plan, applicable
addenda, and Kennedy/Jenks” Corporate Health and Safety Program,

Maintaining the onsite medical survelllance, if required, and amergency medical
treatment programs, and assisting in onsite emargencies.

Modifying health and safety protocels or terminating field work when unsafe work
conditions exist.

Familiarizing personnel with health and safety protocols.
Observing that field parsonnal wear appropriate parsonal protactive aguipmant.
Evaluating potential hazards.

Recording the occumence of any site injury or iliness.

If unsafe conditions are encounterad, if illness or injury aceurs, or if the kevel of protaction neads
to be changed, the S8Q or FS50 will consult in a timaly manner with the Project Manager,

Larry Leong, or the Corporate Industrial Hygienist, Bert Drews,

Site Health and Safely Pfan Fage 3
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Section 3: Site Description and History

Kennedyllenks Consultants will conduct a pilot study at the San Ardo Qilfield to assess
treatrnent technolagies for produced water from the oil praduction process. The goal of this
praject is to evaluate the potential of eliminating or reducing the volume of produced water
reinjected into the formation following oil recovery activities. The benefits from eliminating the
reinjection of produced water may be an increase the oll yield from the formation, reduction in
energy costs assoclated with reheating the reinjected produced water, and providing an
alternative saurce of potable water ¢ nearby users.

The San Ardo Gilfield is located in Montersy County in central California, approximately 45
miles north of the city of San Luls Obispo, There are two dllfield operators in the San Ardo
Qilfiled, Asa Energy and Chevron Texaco. Asra’s portion of the San Ardo Fiekl covers an area
of over 2,600 acres. The field consists of two main oil reservoirs, the Aurignac and the
Lombardi. Both reservoirs are currently being produced using continuous steam injection. Field
volumes for March 2002 were 8,294 Barrels of ol per day, 44,015 barrals of steam per day, and
£9,800 barrels of water disposal per day. Monterey County is the fifth largest crude oil
producing county in California (Department of Conservation, 2001).

In order to stop Class M injestion of the excess produced waler, it is necessary to identify an
appropriate alternative method for managing produced water. Alternatives include treatment for
MPDES discharge into streams far groundwater recharge andfor treatment for beneficial use.
This project is intended 1o show potential water users and ragulatory agaenclas that produced
water can be reliably treated to a quality acceptable for NPDES discharge, agricultural, or non-
flange to flange municipal beneficial reuse.

After construction of the demaonsiration plant and system starup, it is estimated that the pilot
study will be completed in two phases and bea conducted over an sight manth operating period
to demansirate that produced water can be treated to meet the following: 1) thosea criteria
required by Aera; 2) thosa criteria required by the regulatory agencies, and 3) those criteria
required by the end users of the treated water.

The first phasa of operation will pravide operational data on the technokgies ard operating
procadures outlined by the Work Plan. Based on the information gathered from the first phasa
of operation the tests and operational scheme may be adjusted for additional testing in the
second phase, which is also scheduled for approximately 4 months of operation.
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Section 4: Planned Site Activities

The goal of this project is to design, construct, and operate 2 demonstraticn plant at Aera’a San
Ardo Qilfield to demonstrate that produced water can be treated to meet the project goals. The
darmonstration plant design will build on the DCE funded project that was completed at the
Placerita Canyon oilfield. The demonstration plant will include warm softening to remove silica
and hardness. Several chemicals will be used for this portion of the test. They include; virgin
caustic, waste caustic, magnesium chloride, sedium hydroxide, dolomitic lime, and polymer
chemicals. A claricon separation unit will be used to remove the precipitated solids from the
produced water stream. The treated effluent will then be cooled from approximately 180 F Inlet
temperature to less than 115 F via a cooling tower. After which, sodium hydroxide and
antiscalants are mixed into the stream befare filtration through 5 micron cartridge filters. The
stream is then traated by reverse osmosis before dischargse of the permeate and reject back tc
the produce watar reinjecticn stream.

The facillty is anticipated to be constructed on a %2 acre of the San Arde Qilfield. Construction
will include installation of concrete pads and electrical service to be provided by Aera. Aera will
be responsible for construction of the demonstration plant per Kennedy/Jenks designs and
engineering suppart.

Following construction of the demonstration plant. Kennedy!Jenks and Aera will work together
to test the systam and complete the startup and shakedown phase of tha project. Once the
dernonstration plant is deemed operational the system will be operated 24 hours a day, Monday
through Friday. The plant will not operate on the weekends. Kennadyldenks will provide an
onsite cperator for approximately § hours each Monday through Friday, This work plan is
intended to addrass safety issues related to the oparation of the demonstration plant. Field staff
will be familiar with this document and undergo all training reguired by Aera to be eligible to
work ¢n the demonstration plant site,
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Section 5: Health and Safety Hazard Assessment

5.1 Potential Physical Hazards

Field parsonnal should be cognizant of potential physical hazards associated with use of heavy
equipment and electrical aguipment during field operations. Appropriate precautions include the
following:

» ANSl-approvad hardhats, safaty glasses or goggles, and steal-los boots will be wom.
& Looze clothing that rmay catch in moving parts will not be wom,

Prior to installation of equipment, a utility survey shall be conducted to identify ovarhead
alsctrical hazards and potential ground hazards, such as underground storage tanks or
underground utilities.

5.1.1 Excavation

Field personnel should not enter any excavations axceeding S feet indepth unless the
excavations are properly shored, braced or sloped and a safety ladder is pravided for ready
accass or egrass. Twenty-four hours prior to any excavation activity urderground service alart
should be notified.

51.2 Confilnad Space Entry

Kennedy/Jenks persannel will not enter any confined space without advanced specific
preparstion, planning, training, and supervisian by the Regional Safety Supervisor. A confined
space is defined by O5HA as the concurrent existence of the following conditions.

& |5 large enough and =0 configured that an employes can bodily enter and perform
assigned work; and

» Has limitad or restricted means for entry or axit (for example, tanks, vesssls, silos,
storage bins, hoppers, vaults, and pits are spaces that may have limited maans of entry),;
and

+ |5 not dasigned for continuaus emplayes occupancy.

8.1.3 Tripping and Falling Hazards

Piping, hoses and other equipment may pose a ripping hazard at the site. Since most of the
equipment will be installed atove ground care should be taken when moving around the site.
Obstacles that are obvious tripping hazards will be markad with caution tape to alert site
employees and visitors.
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51.4 Hoat Stross

At timers site conditions may pose a threat frorn a heat stress standpolnt. The reported normal
seasonal temperatures at the site range to approximately 90 degrees F. However, maximum
temperafures historically have reached temperatures exceeding 110 degreas F at the site. In
addition the heat from the operating aquipment and heaat radiating from the inlet piping with
produced water at temperatures of approxdmately 180 degrees F may also contribute to heat
strass. Preventative measures should include the following:

+» Water andfor commercial electrolyte solutions will be available and drinking of these
fluids will be encouraged. The water will be kept reasonably cool

Personnel exhibiting symptoms of heat stress (nausea, cramps, dizziness, clammy skiny will bg
removed from the work area, cooled, fluids will be administerad, and the personnel will be
obsearved. Personnel exhibiting symptoms of heat stroke {(hot dry skin, mental confusion,
unconscicusness) will be immediately cooled and taken te the hospital.

5.2 Hazardous Substances and Other Onsite Chemicals

It is anticipated that several hazardous chemlcals will be used as part of the eatment process
at the demonstration plant. These chermicals are 20% to 40% virgin and waste causic and
sodium hydroxide. In addition to these hazardous chemicals addltional chemicals will be onsite.
Thesa include; magnesivm chloride, dolomitic lime, Claricone polymer, and
antiscalantfantifoulant.  Field personnel will minimize potential chemical hazards by (1) avoiding
direct contact with any chemical and feed water,

3.2.1 Virgin'Waste Caustic

Virgin amd waste caustic at between 20% to 40% concantrations will be used o remove
hardness from the influent water. it will be stored in polyethylene tank with secondary
contalnment. i will be delivered using a metaring purmp by direct feed into tha Clariconea mixing
unil. Worker exposure during notmal oparations is expacted 1o be minimal. Appropriate
precations include the following:

The storage tank will be labeled appropriately,

All work and operating ad|ustments related 1o the caustic storage tank, metering pump,
and associated feed lines will be conducted using a face shield over safety glasses and
rubber gloves,

Eya wash station will be located in close proximity o the caustic storage tank.
The caustic storage tank will b located in a wall-ventilated area.

a  Adsorbent material will be stored nearby in casa of a spill. Site parsonnel will famifiarize
themnselves with the appropnate spill containment procedures for caustic that are
described in the MSDS.

5.22 Sodlum hydroxide

Sodium hydroxide will added to at the Claricong mixing unit and the cooling tower effluent. It
will be stored in a polyethylene tank with secondary containment and delivered to the process
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stream wsing two metering pumps. Worker exposure is expected to be minimal, Appropriate
pracautions include the following;

s The starage tank will be labeled appropriatety,
All work and oparating adjustmants related to the sodium hydroxide storage tank,
metaring pump, and associated faed (ines will be conducted using a face shield aver
safety plasses and rubber gloves.
Eye wash station will be located in close proximiky to the sodium hydroxide storage tank,
The sodium hydroxide storage tank will be located in a wall-ventilated area.
Adsorbent matearial will be stored nearby in case of a spill.  Site personned will familiarize

themsehes with the appropriate spill containment procedures for sodium hydraxide that
are described in the MSDS.

5.2.3 Dolomitic Lime

Cclomitic lime will be stored in polyethylene tank with secondary containment. i will be
delivered using & mataring pump by direct fead into the Claricone mixing unit. Warker exposura
during nomal operations is axpected 1o be minimal. Appropriate precautions includea the
fallowing:

» The storage tank will be labeled approprlately,

»  Allwork and cperating ad|ustments rélated to the caustic starage tank, metening pump,
and associated feed lines will be conducted using a face shield over safety glasses and
rubber gloves.

+ Eye wash station will be located in close proximity to the sioraga tank.

The caustic storage tank will be located in a well-ventilated area.
Adsorbent material will be stored naarby in case of a spill. Sita persannel will familiarize

themselves with the appropriate spill containment procedures for dolomitic lime that are
described in the MSDS,

5.2.4 Other Chamicals

A proprietary polymer as well as antiscalant/antifoulant will be stored In polyethylene tanks with
secondary containment. These chemicals will be delivered using a metering pumps by direct
feed into the process system. Worker exposure duning normal oparations is expected to be
minimal. Appropriate pracautions include the following:

s The storage tank will be |labeled appropriately,

o Allwark and operating adjustmznis related to these tanks, metering pumps, and
associated feed lines will ba conducted using safety glasses and protective gloves.

s  Eye wagh station will be located in close proximity ko these storage areas.,

»  Adsorbent materal will be stored neartyy in case of a spill. Site persannel will familiarize

themselves with the appropriate spill containmant proceduraes for these chemicals that
are described in the MSDSs.
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3.3 Hot Equipment

It is anticipated that piping and procass units for the inlet producad water may reach
temperatures up to 180 degrees F. Slte staff and visitors will be alerted about the hot
aquipment upon their first amival op site. In additional the access|ble hot plping or process
equipment will be marked with labels or signs to mark them as hot and potentlal bum hazards.
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Section 62 Protective Actions

6.1 Personnel Protective Equipment

Fleld personnel will wear equipment to protect against the potential physical and chemical
hazards, which have been identifisd harain, and those that bacoeme appatant in the fiald,

Laval D protection will ba required at a minimum For field activitias at tha site. Leval D parsonal
pretactive equipment to be usad will inciuda:

s ANSI-approved hard hat

Chemical resistant gloves - disposable PVC or nilrile when exposed to chemicals or
rocess water
Boois, steel toe and shank

Work clothes or Tyvek

ANSl-approved safaty glasses

Safetly goggles or a fage shield should be used when a foreseeable splash hazard exists
Disposabls hearing protection during high-noisse aclivities

> 8 & B B

The level of protaction employsd may be upgraded, as deemed necessary by tha S50 or
FSSO0.

If non-routine fleld activities are iniiated, the laval of protection will be specified in the activity-
spacific haalth and safsty addenda.

6.2 Site Control

Site cantrol reasuras will ba astablishad with Asra site personnal. Site security maasuras will
include rasirictive fencing arcund tha facility. The sita will ba secured be a lockable gate when
project persannel are not onsite. A visltors and employaes log wlll be kept to document onsite
personnel, Everyone that comeas on site will be required 1o sign in and out Lpon arrival and
departura. No unauthorized visiicrs will be allowed on site.

6.3 Training

Kennedy/Jenks parscnnel participating In fiald activifles will have completed tha a site spacific
health and safety training that covers tha information presented in this Health and Safety Plan.
In addition, all parsonnal will be required to complete the necessary raining required by Area for
workers in the San Arde Qilfield. Routing safety meetings will be hald to reitarate the site safaty
concerns and to identify addifional safely issues.

6.4 Sanitation and lllymination

The site will have drinking water, washing water, arxd restroom facilities available. Operaticnal
activities will take place during daylight hours, Because natural illumination {approxdimately
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50 to 200 foct candles) will be sufficient 1o meet the 5-foot candla requiremant for general site
araas, no additional illurnination will be required.
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Section 7: Emergency Response Plan

Hazard recognition is an essential part of the Emergancy Response Plan. Initiation of the
contingancy plan relies on the emplayee’s ability to recognize an emergency or potentlal for an
amargancy. The following is a list of avents, which will immediately initiate amergency
proceduras:

Explasion

Firg

Relaase of organic vapors or particulate above the action levels
Personal injury

Failure or expactad faillure of non/runeff contral measuras
Natural occurrences {i.e, lightning, tomado, high winds, et.)
Spills

" & & 5 & B ¥

7.1 Emergency Communications
Emeargency communications will consist of two methods.

T.1.1 Verbal Communication

Verbal communkication will be the primary method of emeargency communication between onsita
personnel, distanca permitting.

T.1.2 Telephonas

Telephanas are used for rautine communicatian and to notify offsite agencles of incidents and
raqueast assistance. Emergency telephone numbers are given in Table 1.

7.2 Emergency Protocol

When an event recognized as an emergency occurs, the alarm system will be usad o natify
persannal. As s00n as the alarm system is activated, the 580 or FSS0 will be notified.

The S350 or FSS0O will taka into account the following information:

Nature of emergency

Wind diraction

Locaton of personnel
Emergency eguipment available

Based on this information, the S50 or FSS50 will direct appropriate emergancy action and
agency notification. After the emergency has been controlled and the site is considered safe to
re-enter, the S50 ar F350 will direct remeadial action to rastora the sita to full operating
condition.

a & & &
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The 530 ar FS50 will investgate the nature and cause of the incident so that work procadures
can be modifiad to minimiza the likelihood of the inclident's recurrenca. All incidents must be
reported in a timely, appropriate manner. An inckident is any unplannad event resulting in injury,
damage, kss of assets, adverse publicity, or which requires natification of a regulatory agency,
regardless of severity. All KennedyfJenks personnel should report an incident to the S30 ar
F35Q. The 350 and F350 will repart to the project manager. Each incident will be investigated
and a written report shoul be recsivad by the project manager and the regiona)l safaty
supervisor within five days of the incident.

7.3 Emergency Supplies

Onsite emergency equipment will includs equipment used during gperations. The following is a
list of emergency aquipment available to take to the site.

» Portable emergancy eve wash

Tarps/space blankets to reduce contamination potential while transpaorting injured
parsonnel to madical facilitias.

Twenty-pound ABC fire extinguishers
First-aid supplies

Absorbent-spill contral

Extra batieries for radios, cell phones, stc.

" & & &

All personnel will have a thorough understanding of the Emergency Response Plan before
starting work. It will be reviewed periodically to keep it current with new or changing site
conditions ar informaticn,

1.4 Injury Response

in the avent of personal injury, first-aid personnel must decide If the vicim®s injurias are
patentialy the typa that would be aggravated by movernent. If there Is any doubt, or the victim Is
unconsckus and cannot respond, no atternipt 2hould be made to mave the victim to the
decontamination area. Only offsile paramedics may move such victims. Rouling and
emergency communication will be provided by the site telephane.

Site Health and Safsly Plan FPaga 13
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Section 8: Signatures

Site Safety Officer: Date:
Regional Safety Supervisor; Date:
Project Manager: Date:
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Section 1: Introduction

This document provides the Sarnpling and Analysis Plan (SAP) for the Aera Energy LLC
Demwonstration Plant focated at the San Ardo Qilfield, Monterey County, California {66583
Seargent Canyon Rd, San Arda, CA 93450). The SAP provides a guide for collacting, handling,
and analyzing water quality samples during the demonstration study.

1.1 Background

Kennedy/Jenks Consultants will construct and operate a demonstration plant at the San Ardo
Oilfigld to assess traatment technologies for treating produced water gengrated during ol
production. The goal of this project Is to evaluate the potential of eliminating or reducing the
volume of preduced water reinjected inta the fomation following oll recovery activities. The
benefits from eliminating the reinjection of produced water may be an increase tha ail yield from
the formation, reduction in energy costs associated with reheating the reinjected produced
water, and providing an alternative source of potable water to nearby users.

The San Ardo Qilfiekl is locatad in Monterey County in central California, approximately 45
miles narth of the city of San Luis Obispo. There are two oillfield operators in the San Ardo
Qilfield, Aera Energy LLC and Chevron Texace. Aera Energy LLC 's portion of the San Ardo
Field covers an area of over 2,800 acres. The field consists of two main ol resarvairs, the
Aurignac and the Lombardi. Both reservoirs are currently being produced using tontinuous
steam injection. Field volumes for March 2002 wera 8,294 barrels of ol per day, 44,015 barrels
of steam per day, and 89,800 barreis of water disposal per day. Monterey County is the fifth
largest crude ol producing county in California {Department of Conservation, 2001},

In order to stop Class Il injection of the excess produced water, it is necessary to idenlify an
appropriate attemative method for managing produced water. Alternatives include treatment for
NPDES discharge into streams for groundwater recharge andfor treatment for beneficial use.
This project is intended to show potential water users and regulatary agensies that produced
watar can be reliably treated to a quality acceptable for NPDES discharge, agriculfural, or non-
flangs to flange municipal beneficial reuse.

After constructicn of the demonstration plant and system startup, it is estimated that the pilot
study will be completed in two phases and be conducted over an eight month ¢perating period
to demonstrate that produced water can be treated to meet the following: 1) thosa criteria
required by Aera Energy LLC, 2) those criteria raquired by the regulatory agencies; and 3) those
criteria required by the end users of the treated waler.

The first phaza of operation will previde operational data on the technologies and cperating
procedures outlined by the Work Plan. Basad on the information gathered from the first phase
of operation the tests and operational scheme may be adjusted for additional testing In the
second phase, which s also scheduled for approximately 4 months of eperation
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1.2 Objectives

The primary ohjectiva of tha SAP is to identify the sample locations, describe sample collection
procedures, and provide guidelines for the water quality analyses. The SAP will also discuss tha

laboratones invalved in the water quality analyses and describe the established QA/QC
procedures,

Draft Sampling and Analysis Plan
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Section 2: Pilot System Sampling Requirements

Figure 2-1 shows the sampling lacations for the overall test set-up. Table 2-1 provides a
summary of the identification codas and descriptions of the sample locations.

The source water for the demonstration study will be frem the produced water reinjection
pipeline. A slipstream will be installed off of the pipeline to supply the water for treatmendt.

2.1 Sample Locations

The goal of this project is to design, construct, and oparate a demonstration plant at Area's San
Ardo Oilfield to dernonstrate that produced water can be treated to meet the project goals. The
demonstration plant dasign will buik] on the DOE furdled project that was completed at the
Placerta Canyon cilfield. The demonstration plant will inglude warm softening to remove silica
and hardness. & ClariCone separation unit will be used to remove the precipitated sclids from
the produced water stream. The treated effluent will then ba cooled from approximately 190°F
inlet temparature to less than 115°F via s cooling tower. Then, sodium hydroxide and
antiscalants are mixed into the stream before filtration through S-micron carridge filters. The
stream |s then treated by reverse osmosis before discharge of the permeate and reject back to
the produce water reinjection siream.

The following describes sample locations for the demonstration plant.

2.1.1 Sourca Watar

Source water for the demonstration plant will be from a slipstraam that is tapped into the
existing Aara Energy LLC ol figld reinjection pipeline, Sample location SFO10 will provide data
to ilentify tha characteristics of the uniraated produced water.

2.1.2 Warm Precipitative Softenar

The raw produced water will first be treated to remove sllica and hardness. Sample location
SF020 will be after the ClariConeg unit that is designed to remove the solkls {silica and
hardness) precipitated out from the chemical addition.  Silica needs to be reduced in the inlet
stream as it reduces the performance of the reverse osmosis system. Sample location SF0A0
and SFG40 will be of the ClariCone sludge. SF030 will be a sample of the dewatered solids and
SF040 will be a sample of the decanted water from the solids sludge.

21.3 Cooling Tower

The =oftened water will be cocled using a cocling tower to bring the water temperature from 190
F to below 115 F {acceptable temperature for the reverse osmosis unitl. Sample location
CT010 will be at the effluent of the cooling tower to identify changes in the water characteristics
due to reduction of temperature.
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2.1.4 Cartridge Filter

Sodium hydroxide and antiscalants will be added fo the coaling tower effiuent before i is filkered
using S-micron cartridge filters. Sample location CF010 will be located at the effluent side of the
cartrklge filters.

2.1.5 Reverse Osmaosis Inlet

Sampls location RO010 will be of the combined reversa osmosis inlet, which includes the
cartridge filter sffluant and the racirculation stream from the reverse osmosis unit. Sample
location RO0Q20 will ba of the system pearmeate. Sample location RO030 will be of the raverse
osmosis systom concantrate. ROQ4D will be of the wastewater from periodic cleaning of the
revarse osmosis membrane. In addition to the metals analysis, some additional analyses may
be conducted on the membrane cleaning wastewater in accordance with membrane vendors’
recommendations.

Drafl Sampling and Analysls Plan 4
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Section 3: Sample Handling, Analytical Methods, and
Laboratory

Samples will be collected from the demonstration plant processas 10 characterize the raw
produced water and treated water at the vanious iocations through the treatment process. Flald
measurements will be made to benchmark the daily performance of the freatment processes
and o assist in determining if adjusiments are needed 1o process units. The following contract
laboratories will parform more detailed laboratory analyses. Trusdail Laboratory at Tusting CA
and TOXSCAN Laboratory at Watsonville, CA to document the effectivenass of the treatment
processes and the anicipated quality of the reated water and resldual streams. Table 3-1
provides a summary of the sampla analyses and sample frequency for 2ach sample location.

3.1 Field Measurements

Table 3-1 provides a summary of the water quality parameters to be measured in the fiekd a2t
various sampling kxcations on a daily basis. Demonsiration plant staff will take samplas during
plant opearations and perform the fisld analyses using onsite equipmeani located at the Asra
Energy LLC facility.

3.1.1 Sample Containers

Field samples will be callected inlabeled plastic 1-L battles. There s no preservative redquired,
but the sarmples will be chilled if analyses are not conducted immediately following the sampling
event.

3.1.2 Sampling and Sample Handling

Sample collection will occur in the moming and aftemoon svery day by plani personnel, Thesa
botiles will be rinsed with fresh sample water prior o collection. Once the analyses are
compleia, thase samples will be dispased of inko the onsite storage tank for praduced water to
be reinjected into the Area oil field. The battles will be rinsed with distillad water for use at the
next sampling event.

3.1.3 Field QA/QC

Where appropriate {a.9., ance per treatment condition), field maasurements will be taken from
split samples collectad for both field analysis and analysis by a fixed analytical laboratory. A
comparison batween the operators’ and a cerifled laboratary analyst will also be conducted at
the start of sampling to verify proper analytical technlque, Al instruments will be properly
calibrated and maintained according w manufacturer instructions. Equipment calibration results
will be recorded 2nd maintained onsite with the appropriate instrument,

3.2 Contract Laboratory Analyses

Table 3-1 also provides a summary of the laboratory water quality analyses to be performed on
a waekly or less frequent basis. The contract laboratory, Trusdail Laboratories, will perform the
analyses. Some spedializad analyses 10 evaluate compliance with California Toxics Rule will be
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conducted by TOXSCAN Laborataries, due to the low detection limik requirements for these
analyses.

Table 3-2 provides a summary of the method deteciion limiis and reporting limits for each of the
analyses parformed by the associated laboratory (most of the California Toxic Rule requirad
analyses information is presented in Appendix A).

3.2.1 Sample Containers/Praservation

Samples to be seni to the contract laboratory will be collected in botlles provided by the contract
laboratory. The number and type of bottles provided may vary depending on analyses ic be
conducted that week, These botlles should be sorted and |abeled prior to collection. When
required, the samples bottles will already contain the necessary preservative for the analyses,
Table 3-3 provides a summary of the required container, volurmes, and preservative requirad for
each of the analyses.

3.2.2 Sampling and Sample Handling

The plant operator will collect samples in accordance with the fraquency presented in Table 3.1.
Samples that do not contain presenvative will be rinsed with sample prior to collection. During
sample collection the sampla ports will be openad for a short period of time to purge potential
stagnant water and debris from the sample port.  Samples for CTR analyses will be collecked
basad on the EPA Mathod 1669 (Sampling Ambient Water For Trace Meatals at EFA Water
Quaiity Critaria Levels).

Samples collected for offsite analysis will be [abeled with a unique sample, sample date and
time, appropriate analysis and sample praservative.  An sxample of the sample ideniification
sysiem used is as follow: sample collectad from location ROD10 on 20 October 2003 at 4:00 pm
would ba ROO10-102603-1600 (imea fn 24-hours).

Following sample collection, the sample information will e recorded on a chain of custody form.,
The samples will then be placed in a rafrigerator or cooler filled with Ice. Prior to shipiment,
samples will b packaged in an ice filled cooler. Packaging will includa protacting all giass
bottles with bubble wrap or foam packing matarial. The cooler will ba iaped clesad with the
chain of custody inside the cooler and the outside of the cooler labaled with tha appropriate
project information using the overmight camiers shipping label.

3.2.3 Laboratory QGA/QC

The Califormia Departmant of Health Services has cerified the coniract l[aboraicries, TOXSCAN
and Trusdail. QAMQC data will be provided with the analytical raports.
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TABLE 2-1

SAMPLE LOCATIONS AND DESCRIPTIONS

Sampls Mdantification Sample Description
Source Waler
SFO10 Produced water from reinjection pipaline
Watar Softener
SFG20 Softened produced water
SF030 Sludge solids
SFC40 Decanted sludge water
Coolfing Tower
CTC10 Cooling tower water effluent
Cariridge Filter
CFO10 Cartrilge fiitered water
Revarse Osmosis Unit
ROO10 Combined Inlat water to the RO unit
ROO20 Combined system permeatea
RQO30 Concentrate stream
ROO40 Membrane cleaning wastewater

Draft Sarmpling and Analysis Plan
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TABLE 3-1

SAMPLE ANALYSES, LOCATION, AND FREQUENCY

SFO10  SFX SFO30 SFa1 o) CFo10 ROO1( RO020 ROG3D RO04D
Water influant Scfisner Warm Warm Cooling GCariridpe Gombined  Sysiem Systam Mambrans
Paramaters EMusnt Lime Lime Towes Fllter R Inlet Permants Concentraie  Wasta Waxier
Feed Feed Effluent Effluent
Fiatd Readings
Flow Rate ) D (&) C
Total Flow Rale D
Flow Calibraticn o D
Pressure 0 ) n) o O
Terperabng D (5] n] D
Fiaki Anglysac
pH 0 D ¥} 0O 0 B D
Conductivity o D ] o
Turbidiy o C )
Silt Densily o
Index
Alicalinity o o ac ac
Total Hardress D D ac
Calgium b g
uy ] D D
Sy 3] 1] D s
Ol & Greaza D 3 W o
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TABLE 3-1 {CONT)
SAMPLE ANALYSES, LOCATION, AND FREQUENCY

As=ra Demonstr@ation Plant

SFa10 SFo20 SFo3n SFM CcTo10 CFQ RO010 ROO0ZG RDOZ0 ROO40
Watar Paramaters Inflvart  Solener Warm Warm Codding Carridge Combined  System System Meambrane
Effluant Lima Lime Terwar Filter RO Inlst  Pormeate Concentrate Waste
Shadga Sludge Efffuent  Eflusnt Wates
Sulids Water
Laboratory Analyses
pH 3c 3G ac 3c ac ic
Abcalinity 3G 3C 30
Carbon Dioxide [ ac 3C [
Bomwn C o D 3
Iron G il ac 3C -
S0 s} o ac 3 3c
“TOC D 3] c 7
NH3 C v} 3 ¥}
“Total Suepsndad Solds D
Total Disschwad Solds ac ac
Heavy Metals [ G ac T (& c <
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TABLE 3-1 (CONT)
SAMPLE ANALYSES, LOCATION, AND FREQUENCY

3F010 SF020 SFO3N0 SF040 CTo10 CFOi0 ROQ10 ROD2A ROO3I0 ROMA0
Water Paramustaers Influent Softener Warmn Warm Codding Canridge Combined  System Systsm Membrans
Efflusnt Lirnm Lime Towar Filtes RO Inlet  Permeate Concortrata Waste
Sludge Sludgs Efflsant  Eflusni Watar
Solids Water
Laboroinry Analysss
California Toxic Rule c c C
Anahtes®
Cationa ac ac ac ac
Anlons iC 3C ac ac
Fercent Solds a5
Holee

D — 2 sanies colechid dally (memmg andd afwmioon)

=1 samyie collected dath Ifement condion

3L - 3 pamphex colleched por Ingabrenl conddion

& — Lt of Calbomnis Towe Rule Analyes.

Samnrailizs (methed updaked tiom USERA 8270w B2 F0C), Melels, Cyande, PestdesTCRE, Vokakies (mathod USEPS 524 2), Asbesiog, 1.4 Cioasns, © e (gl Cwor (il congerens phat furansk
Totel Peirolgum Hydmocarhone, and Perchiarade  See Appendn &
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TABLE 3-2
METHOD DETEGTION LIMITS AND REPQRTING LIMITS FOR LABORATORY ANALYSES®

Method Minimum
Detectian Reporting
WQ Parameters Method Limit* Limit!* Laboratory'™
1. Genaral Physical
Alkalinity, Total (as CaCO,) SM 2320B 10 10 Field + TL
Dizsolved Solids, Total (TDS) SM 2540 40 40 TL
Hardnass, Calcium Hach 8222 2.0 2.0 Flald
Hardness, Total Hach 8226 240 2.0 Field
Organic Carbon, Tatal (TOC) Sha 53100 0.5 0.5 TL
pH SMASOH 0.1 Unit 0.1 Unit Fiald + TL
Silt Density Indax ASTM D-
418895 Field
Solids, Parcant SM2540G 01 percent 0.1 percent TL
Specific (Electric) Conductance 1 1 pmhasicm
SM2510B  pmhosicm Field
Suspended Solids, Total EPA 160.2 4 4 TL
Temperalure 8M 25508 05° C 0.5° C Field
Turbidity EFa 180.1 0.05 NTU Q.05 NTL Field
UV Absorbance {at 254nm) 5M 55108 0009 e 0,002 lem Field
2. Genaeral Minerals
___ Calcium EPA 200.7 1.0 1.0 Field + TL
Chloride EPA 300.8 1.0 1.0 TL
Magnesium EPA 2007/ 1.4 1.0
EPA GO0 TL
HNitrate {as NO3) EFA 300.0 0.4 0.4 T
Fotassium EPA 200.7 10 1.0 TL
Sodium EPA 200.7 1.0 1.0 TL
Silica ASTM D-
8594 Field + TL
_  Sulfate EPA 300.0 1.0 1.0 TL
3. Additlonal Inorganics
Alumlinum ERA 200.8f 0.05 0.05
EPA 610 TL
Antimany EFA 200.8f 0.008 0.006
EFA 6010 TS
Arsenic EPA 2008/ 0.002 0.002
EPA 8010 TS
Barium ERA 2008/ 0.01 0.01
EPA 8010 TL+TS
Baryllium EPA 200.8/ 0.001 0.001
EPA GO0 T8
Cadmium cPA 200.8/ 0.001 0.001
EPA G010 TS
Chromium, fotal EFPA 200.8¢ 0.01 0.0 TL+TS

Draft Sampling and Analysis Plan
Asra Demanstration Plart

11



Method Minimum
Dataction  Reporting
WQ Parameters Meathod Limkt™ Limi¢t® Laboratory®™

EPA 6010
Chromium (M EPA 200.8 10 10 TS
Chromium I EPA 21536 .3 0.3 TL
Cobalt EPA 200.8/ 0.020 (.020

EPA B0Q10D TS
Copper EPA 200.9/ 0.05 .05

ERPA 8010 TS
lron EPA 200.7¢ 0.05 a.05

EPA 6010 TL
Lead EPA 200.9¢ 0.005 0.008

EPA G010 TS
Manganese EPA 200.7/ 0.0 0.1

EPA GD1G Field + TL
Mercury EPA 245.1f 0.001 0.0Mm

EPA 68010 TS
Moalybdenum EFA 6010 0.005 0.005 TL+TS
Mickeal EFRA 200 .8/ 0.01 a.o1

EPA 8010 TS
Selanium EFA 200.8/ 0.005 .05

EFA E010 TS
Silver EPA 200.8f 0.01 0.0

EPA 6010 5
Thallium EPA 200.8/ 0.001 0.001

EPA 6010 T3
Yanadium EPA 6010 3.0 a0 TLL+TS
Zinc EPA 200.8f 0.05 0.05

EPA G010 TS5

{a) Units =mg unlese otherwise noted,
(b} KJ= Kannadylflenks, TS = TOXSCAN Laboratorles, TL = Trugdall Analytical Laboratorias
(¢} Appendix A contains a list of analytes for the analyses conducted in accordance with Cakfornia Toxic Rule

Craft Sampling and Analysis Plan 12
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TABLE 3-3

SAMPLE HANDLING GUIDE FOR LABORATORY ANALYSES

5 Preservative  Haolding
WQ Pararmeters Method Container® Volume Agent!™ Tane
1. Ganwral Physical
Alkalinity. Total (as CaCOy) S 23208 PE 500 mi 4°C 14 Days
Chiorine Residual, Total SM 4500C1 & PE 10 m| e Immediale
Color _ SM 2120 C PE 500 m C __ 2Days
Diszctvad Solidz, Total
(TDS} SMI540 C PE 500 mi a'c 7 Days
Hardress, Calciurn Hach 8222 BE 500 m HzS0, & Manths
Hardnasz, Total Hach 226 PE 500 mi H:S0. & Months
Organic Carbon, Total {TOC) sy 5310C VOA 2% 40 m| H;50, 26 Days
pH SM 4500 H PE 250 ml Nooe immediale
Saturation Index calculation NA MA MA NA
Silt Densily Index ASTM D-2189-85 NA MA None Inrneschiate
Solids, Parcant SMI540 G G § oz ¢ 7 Days
_ Solide, Totel SM 2540 B G 8oz 4°C 7 Days
Spacific {Elechic)
Conductance SM 2510 B PE 1L £c 28 Days
Suspanded Sofids. Trdal EPA 160.2 PE 500 mi £ 7 Days
Temparaiure &M 25508 PE 1L Mone Immediate
THM Formation Potantial AG T P
- St 57100 YOA 2a250mifZXN40ml AscorbicAcid T Days
Turbidity EPA 180.1 PE 500 mi N 2 Days
UV Absorbance (at 254nm) S 53108 PE 250 mi 4°C 24 hours
2. Garraral Mimarals
Calcium EPA 200.7 FE 500 ml HNOY & Moniths
Chloride EPA A0 PE 100 mi Nong 4 Yaeks
Magnasium EFA 2007
EPA G010 FE 500 i HNC, & Mariths
Mitrais (a3 NO3) EPA 300.0 FE 100 ml Hz S0, 2 Days
Potassium EPA 200.7 PE 500 mi HMC: 6 Months
Sodium EPA 200.7 FE 500 m) HNO; 8 Months
Silica ASTM D-B594 FE 250 m Mong 28 Days
Sullate EFA 300.0 PE 1L Mone 4 Waeks
3. Aidditional inprganics
Aluminum EPA 200.8/
EPA G010 PE 500 mi HND; 6 Months
Antimany EPA 200.8/
EFA 6010 PE 500 mi HNO, 6 Months
Arsenic EPA 2008
EFA GR10 PE S0 ml HNO, 6 Months
Barum EPA 200.8
EPA 8010 PE 500 ml HNOs & Moniths
Berylium EFA 200.8
EPA 6010 PE 500 mi HND; 6 Months
Cadmium EPA_200.8/5010 PE 500 ml HNO; 6 Monthe
Chromium, frtal EFA 2008/
EPA G010 PE 5010 ml HNO; & Months
Draft Sampling and Analysls Flan 13
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Notes:

Suggestad

Presoervativa  Holding

WQ Parameters Method Contalnec™ Valume Agont!™ Tima
Chromum il EPA 2008 PE 500 mil HNO 6 Months
Chramium ¥ EPA 218.6 PE 500 mi Mo 24 Hours
Cobak EPA 200.8/

EPA G010 PE 500 i HNO; & Months
Copper EFA 200.8/
EPA 6010 PE 500 m! HNG; 8 Mantha
Iron EPA 20077
EPA 6010 PE 500 mi HNCh 6 Months
Lead EFA 2005/
EPA 6016 PE 500 mt HNG, 6 Mariths
Manganess EPA 200.7!
EPA 8010 PE 500 m HNCh § Months
Mercury EPA 2451/
EPA BEO10 YO, 80 ml HHN 28 Days
Mclybdenum EPA B0 FE S04 mi HMCY, § Months
Nickel EPA 2008/
EFA 6010 PE 500 mi HNCH & Months
Selenium EFA 2008
EPA 010 PE 500 ml HNO; & Months
Silvar EFA 2008/
ER4 6010 PE 500 mi HNO, & Manlhs
Thatlium EPA 200 &
EFA 6010 PE S00 mi HHO;3 6 Months
Vanadium EPA 6010 PE _ 500 mi HNG: 6 Months
Zing EPA 2005/
EPA 8010 PE 500 mil HNG; 6 Months
{a) AG = Amber-Glass; YOA = glass VOA-vial, PE = polyelnylene
{b) HNO; = ritne acid; H;S04 = sulphuric acid.
Draft Sampling and Analysis Plan 14
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Appondix B: Pilot Study Data




Raw Water Laboratory Data

Constitusnt Unit AHMI2000 | 101212004 | 17302005 | 20212005
Total Atkalinity mgd as CaC03 367 360 420 ¥ 1]
Hydroxide Akalinity mg/l as CaCO3 ND
Carbonata Allcalinity myl ag CeC03 ND
Bicarbonate Akalinity | mo/l as CaCO3 448 360 370
Hardnese rmall a5 CaCO3 302 250 240 220
pH it V.54 75 752 7.1
Cakium mg/) 111 BB aa
Magnesium gl ] G4 ND
Silica mgf 227 230 180 190
Specific Conductance | umhosicm 10700 13000
Total Dissclved Sclids | mgi 7540 7700 7300
Bromide mgil 12
Chlorde gl 4050 3200
Ammonia-Nitrogen mi n 9
Nitrate as Mitrogen mgi <4 ND
Sulfate mgA 63 63 63
Potassium mgi 81.6 62
Manganese mg/l 0.1 ND
Sodium migil 2540 2500
Boron mg 26.8 25
TOGC mg/l an.7? 62
il & Grease mgil 46.2
Clarifier Effluent Data
Date Caugtle Mg pH Sllica Hardness {mg/ as
{mgiL} {mgiL) {mgiL) CaCo,)
6272004 40K) 0 92

S 1072004 375 9.08 404

B1172004 500 0 9.65 188 28

6711,2004 F00 a 1078 185 r.h

6232004 800 70 10.9 134 a4

Fi2172004 10036 10

712142004 130 mail | 10.81 74

T4 1500 160 10.75 40

7r22{2004 10.68 75

712242004 10.76 449

22004 1500 160 1075 40

7123/2004 1550 175 10.5 27

712342004 1300 155 10.56 32

7123/2004 1550 175 10.5 27

7123/2004 1300 155 10.56 32

&/11/2004 GO0 150 9.33 24

8/11/2004 GO0 100 54

Bf 1172004 500 100 56

871172004 500 100 9.47 65




112004
B11/2004
B 152004
871172004
Br1172004
8112004
21112004
8111/2004
BM172004
BHA2004
B11/2004
8/11/2004
/1172004
a1 142004
&11/2004
81172004
81172004
SMTI2004
BAT 2004
BI172004
8172004
BM15/2004
BB 2004
81872004
811942004
B¢19/2004
B20/2004
B4 20{2004
B0/ 2004
212042004
er20f2004
B/23/2004
Bf24/201x
Br24f2004
82442004
8252004
8262004
872672004
BI2TI2004
5312004
51/2004
WZ{2004
grz2i2004
10M 52004
117372004
117442004
11#9/2004
114/2004
111242004
1142972004

800
&00

500
500

S0

Tog

700

580

100
v

100
150
100
100
100
100

100
100
75

100

&
120
100
114
135
136
120
100

0.32
95
9.81
1003
9.8
99
1"
0.93
9.4y
9,32
8.5
9.81
10,03
a.8
86
56
ag
10
8.96
9,56
9.44
111
069
1.1
"
11
10.75
10.75
10.83
a7
0.7
9.1
10.11
10.11
6.54
97
0.65
10.08
9.73
10.04
10.041
10.26
.06

10.2
10.2
10.6
10.4
10
o587

865

78
108

24

b6
85
B3

78
106

149
117

104
S0
&3
46
132
45

71
71

128
T35
794

33

Fil)

114
81

129
109
106
135
139

1.3

5.7




11/269/2004 480 100 9.31 120 6.5
1143042004 B30 140 86 90
11/30/2004 €50 140 2.6 118
121342004 €10 144} Q 112
12/2/2004 640 140 93 113
1272172004 680 125 93 102
1202172004 705 125 114
11372005 700 125 0.4 &5
UIH2005 700 125 84 78
17412005 700 125 9.2 H 55
17182005 a0 115 8.7 83 =10
112112005 875 100 9.97 48.5 <10
142412005 8650 100 10.1 97
11242005 590 100 4.9 87
212442005 500 100 ar ao
212417005 80 100 a7 5%
212812005 Sco 100 6.6 53
11972005 650 115 10.06 114
12/ 1742005 f80 127 9.56 113
12120/20085 GRO 100 9.3 103
RO Flow/Recovery Data
Date Time Flow (gpm) %
Feed Parmeate Flow | Concantrate Flow Recovary
Flow gy gpm)
1111004 250 7 5 2 T142%
1171004 11:30 7 & 2 71.43%
11111704 11:156 7.5 5 2.5 B6.87%
117111104 13:00 75 S 25 65.67%
11111704 14:30 7.5 5 2.5 66.67%
1112104 11:00 7.5 5 25 65 67%
111204 1215 75 5 25 65.67%
1M 2004 14:30 7.5 5 2.5 86.67%
1115/04 | 10:00 7.5 5 2.5 66.67%
11504 | 13:40 75 5 25 66.67%
11174 | 12015 7.5 5 25 G5.67%
11704 | 1504 7.5 g 2.5 §6.67%
11115884 | 10145 7.5 5 2.5 66.67%
11116/04 12:00 7.9 9 2.9 686.67%
11113004 14:00 7.5 7] 2.5 66 67%
11719404 10045 ¥ 4.5 25 64.29%
11419404 11:45 [ 4.5 2.3 B4.28%
11419404 1310 6.5 4 2.5 61.54%
12/08/04 [ 11115 76 5 26 65.79%
12/08/04 131 75 3 25 B6.67%
1270804 1505 7.5 5 25 BE.67 %
12/09/04 13:45 6.4 4 2.4 62.50%
1241084 10:10 75 5 25 B86.67%




1210104
12{14/04
1241444
12715404
1211504
12M16/04
12/18/04
12/22404
12722/04
12722/04
12123104
1272304
12727004
1227104
12130¢04
12430104
01705105
0110505
0107405
01/07/05
140715
M5
01110/05
011108
0111705
01/12/03
0105
0114005
01/14/05
0114/05
Q120405
12005
01124/05
0124105
Q124155
0142505
0112505
01128105
01/28/05

13.37
11:07
13:30
11:52
15:00
11:00
14:40
11:20
13:00
15:00
10:35
13:00
1330
1515
12405
14:50
14:00
12:30
12:00
14:25
17:00
11:20
1315
1:25
13:30
12210
11:45
10:35
12:23
18:00
12:00
13:00
13:00
18:00
1715
10:20
13:35
12:00
1440

75
74
E5
85
6.6
6.5
75
74
7.3
73
7.3

BE5
5.5
6.4
G4
7.5
5.5
6.5
62
6.1
6.5
6.4
4.3

7B

7.5
7.5
15
75
7.5
5.8
3.7
4.5
£.2
5.3

F-5
mf.l'l

o
w

s
bﬂl-ﬁ-h-hh

4.8
48

4.5
4.5

L La
-h;_‘lh-hhm-hhh-h

349

3.8
3.1

rRPorowwew

3.2
a5
3.5

25
25
25
25
23
26
2.5
25
2.5
2.5
2.5
2.5
2.5
25
2.5
2.9
2.4
2.4
2.5
23
25
24
2.4
25
25
1.2
35
4.5

4.5
4.5
4.5
4.5
4.5

1.7
1.3
1.7
1.8

64.29%
66.67%
B6 22%
61.54%
61.54%
B6.81%
61.54%
B6.67%
66.22%
65.75%
65.75%
65.75%
64.25%
B4.29%
61.54%
6154%
52.50%
62.50%
GE6.67%
81.54%
61.54%
61.29%
60.66%
61.64%
B0.94%,
71.43%
50.00%
40.70%,
37.50%
40.00%
40.00%:
40.00%
40,00%
40.00%:
65.52%
T0.18%
T1.11%
BT.3%
66.04%




RO FlowiRecovery Data

Date Time Koch - Flow {gpm) Hydranautics - Flow (gpm}
Feed Pammeats Flow Concentrats | % Racavary | Fead Permeate Concentrate | %
Flow {gpm Flow (gpm) Flow Flow (gpm Flow {gysn) Recovery

2117005 13:45 265 1.65 1 62 .26% 24 1.4 1 88.33%
218405 11:30 28 18 1 64.29% 2.5 1.5 1 60_00%
0211855 14:45 2.55 1.78 0.8 68.63% 2.2 14 08 63 .64%
02121105 11:30 2.85 1.45 1 64.91% 25 1.5 1 &0.00%
02/21/05 1515 24 14 1 58.33% 2.1 1.1 1 52.28%
DE22105 11:50 2.25 1.26 1 55.56% 2 1 1 S0.00%
0222005 14:35 225 1.25 1 h5.56% 2 1 1 50.00%
21245 13:30 24 15 0.9 62 505 245 1.55 o.e 63.27%
D2128/0)5 16:00 255 1.55 1 60.75% 2.6 1.5 1 81.54%
0301105 10:50 2.65 1.85 1 62 26% 28 1.8 1 64.20%
(03/01/05 15:00 2.85 1.65 1 62.26% 27 1.7 1 B82.96%
Q3R2/06 1315 2.6 1.8 1 61.54% 2.7 1.7 1 &2 08%
03102105 16:00 2.55 1.586 1 60.78% 2.8 1.6 1 81.54%
03/03/05 1415 4.35 255 1.8 58.62%

030305 16:15 3T 2 1.7 54.05%

030405 10:35 2.0 1.8 i1 62.07%

(330405 14:00 7.6 4.6 3 £0.51%

OXO7105 11:30 3z 24 0.8 75.00% 5.05 4.2 0.85 83.17%
00705 12:30 25 0.8 1.7 32.00% 3.3 16 17 48.48%
0X0HIS 14:10 33 23 1 o

D305 15:00 3.25 2.20 1 69.23%




RO Operational Data

Cartridge Pressure {psi) Systam Pressure (psi)

Date Time % Recovery | In Out RO Feed | 15t Intor stage | Cone. | T1 Booater Discharge
11710404 9:50 71.43% 28 28 385 385 382 | 375 385
1110/04 11:20 71.43% 27 27 387 a7 385 | 375 398
11111/04 11:15 6E6.57% 27 27 388 ag4 382 34 391
11/11/04 13:.00 68,67 % 26.8 26.8 389 a7 385 3 392
11111/04 14:20 68.67% 27 27 390 289 388 33 292
1112/04 11:00 66.67% 27.2 27 380 are 375 | 315 290
111214 12:15 BE8.67% 27.5 275 380 3ra are 32 200
1112/04 14:30 66.67% 26 26 380 370 KT 33 292
11115/04 10:00 66.67% 27.5 27 380 ars 75 29 292
111304 1340 66.67% 27 26.5 380 379 376 a0 380
11117104 1215 66.67 % 26.5 28.5 380 580 37e 36 3585
11117704 15:04 66.57% 24 24 380 s 375 33 382
11/18/04 10:45 66.57 % 28 27 382 381 380 30 392
11/18/04 12:00 66.67% 27 268.5 382 381 380 | 315 390
11/18/G4 14:00 66.87% 25 26 382 381 380 | 325 398
11118104 10:45 64.29% 28 28 390 389 389 28 385
11719404 11:45 54.20% 28 275 390 3p0 388 27.5 383
11/19/04 13:10 61.54% 275 26 389 335 agz2 29 o2
12/08/04 11:15 65.79% 25 26 382 380 B0 | 265 390
1240804 1211 66 67% 28 255 385 381 380 27 380
12/08/04 15:05 86.67% 25 21 ags 3580 380 27 390
12/09/04 13:45 62.50% 2715 27 361 360 359 28 385
1210404 10:10 66.67% 28 27 390 385 380 27 395
1210104 13:37 84.29% 27 26 389 3885 Lt 28 380
1214104 11:07 86.67% 28 25.5 385 k] 350 32 350
12/14/04 12:30 66.22% 27 22 387 380 3r9 38 388
121156/04 11:52 61.54% a5 8.5 ago 385 385 26 390
12115/04 15:00 61.54% 26 24 28 383 381 26 390
12/16/04 11:0K) 60.61% 29.5 29 31 390 259 23 395




12116104
12422404
12122104
12122104
12423104
12423704
12127104
12127104
12/30/04
12130104
010605
01 JO505
0107105
010705
NATI05
MANDE
A0S
¢1/11/05
171105
011205
M/1405
MA405
011405
0111405
01420005
01720005
01/24/05
01424405
01/24/05
01125105
01/25f05
0128105
01/28105

14.40
1120
13:00
1500
1035
12:00
13:20
158:15
12:05
14:50
14:00
15:30
12:04)
14:25
1700
11:20
1315
1125
1330
1210
11;45
10:35
12:23
15:00
12,00
13:00
1200
1600
1715
10:20
1235
12:00
14:40

61.54%
B6.67%
66.22%
65.75%
65 75%
B65.75%
64, 29%
64, 28%
£1.54%
61.54%
62.50%
62.50%
66.67%
61.54%
61.54%
61,29%
60.66%
61.54%
60.94%
71.43%
S0.00%
40.79%
37.50%
40.00%
A0.00%
40, 1%
40,00%
40.00%
65 52%
¥0.15%
7111%
67. 1%
66.04%

s

28

28
28
28
28.2
286
28
28
285
282
28.0

20
28.5
28.1

24

29
285

24
26.5
275

27

27

27
27.9

28.2

23
26
24
21
28
a7
27
g
28.1
28
27
5
28
275
27.9
27
27
28
271
28
28
25
275
21
27
27
27
26
27
278
ar
ar
272

s4

g5
385
280
300
34}
380
350
392
385
388
388
380
3m
380
380
380
391
395
ars
291
210
230
350
210
235
235
300
300
3o
290
300

382
381
381
are
385
383

470

230
230
388
389
389
388
388

352

378

82
380
375
282

280
381

381
385
381
382
82
383
385
365
279
199
219

25
33
335

28
205
25

256
255

ar
285

20
28.5

20
26
28
26
22
21
225
23
42
42.5
31
32
31
47
45
3v

380
380
da0

da2
392
395

o5
305
290
g2
390
395

390
a9z
3
400
agm
380
490
389

389

390
392
5L
396
395
208




RO Opsarational Data

Data Time Cartridge Pressurg Syztem Pressura (psi)
{pai)
in Oout Pump ROFesed | T1 Booster Koth - Koch - SWC4 | SWCH -
Pressuna Discharge | Inlet Cong =lnlat | Conc
(psl) ]

Q217705 | 11:40

021705 | 1345 85 il a7 448 26 4EQ 445 460 441 440
02HB05 | 11:30 Gt o7 a8 450 29 470 445 456 440 44
O2M 805 | 14:45 102 100 100 452 30 4749 450 470 5 480
02121705 | 11:30 a2 M 83 435 28 480 438 452 430 422
Q212105 | 15:15 a2 a2 94 3565 28 465 352 Tl 348 3440
0222105 | 11:50 a0 il a1 318 28 455 320 335 310 Ji3
Q2f22/05 | 14:35 =113 785 Az 320 28 455 320 338 Mz an2
02405 | 13.30 100 100 100 490 27 70 445 S0 480 470
0228035 | 16:00 81 Fall] 81 435 34 450 435 430 430 421
0301405 | 10:30 A1 74 a0 430 45 450 43 450 420 4135
03105 | 15:00 &0 F| 75 425 48 4435 425 44 420 410
o¥02/05 | 1315 100 100 100 460 47 590 455 470 450 440
O30S | 1600 100 100 100 460 A7 600 a57 475 450 440
Q30308 | 1415 100 100 100 575 47 LI ATD RA0

o005 | 16815 100 100 100 585 45 610 580 581

D3048 | 10:35 100 1H) 100 550 4 580 545 540

0304405 | 14:00 100 100 100 410 48 540 410 a5

0207105 | 11:30 100 104} 100 460 b3 SE0 4ED) 480 453 430
020705 | 12:30 105 110 105 70 35 490 63 73 B2 10
0308405 | 14410 100 100 100 4495 a5 520 460 510

{30805 | 15:00 100 100 100 405 35 530 495 510




RO Feed Water Fiald Water Quallty Data

Data pH Conductivity | Silica | Hardnesa AlkK Turbbdity Uy

10M9/2004 | 104 14280
10212004 13710
10/22/2004 13260
10/27/2004 | 101 14100
10/26/2004 | 10.36 14020

111172004 | 1015 13610
1111072004 14520 111
1141 142004 110 =10
1111272004 106 <10
1111572004 | 1114 14450 107 1.308
152004 | 1115 14300 105 1.229
/1772004 | 11.52 144680 142 1462
172004 | 11.52 14700 105 1.229
11411 8/2004 143
1161 9F 2004 142
114192004 111

12952004 111 <10 830 1.333
1249/2008 116 1.33
12f1442004 86 <10 G690 1.467
12M 52004 105 16.8
12M6/2004 162 =1G 745 ist 1.38
121672004 9
122242004 10 81 24 TO5
1242372004 10 B2 27 12.2
1243042004 B9
124302004 76

11572005 a.5 12640 46 41 526

1§712005 9.84 12710 28 42

1/7/2005 5.84 12749 41

17712005 9.52 12720 31

1H10/2005 a9 12820 43 45 720

1114/2005 9.9 12570 3B 552

1/11/2005 | 5.54 12210 33

11172005 9.57 12540

1112/2005 10 1259¢ 40 52 586

12020085 | 103 a92 <10

1/24/2005 63

1125/20035 | 1014 13840 73 12 Va0

17252005 | 1012 13830 6%

H2BE005 85 13780 61 =10 BT3

172872005 9.92 13750 59 <10 B85

V2005 102 13820 42 =10 737

212005 11.25 15310 275 <10 240

21812005 14000

2MBR2005 9.84 13830 18 76 520
21182005 9.97 13850 22 T4.4 543

202112005 oM 12480 16 472

212142005 o568 132680 18 86 4854




212210105 a.78 13780 18 68 569

2142212005 947 12480 36 46 472

212412005 95 126890

2/28/2005 g6 13750 29.1

172005 9.28 12530 E1.3

3212005 0.3 13680 46.5

3r2/2005 0.4 13660 405

32005 8.4 13740

2005 9.45 13780 622 592

X005 9.47 13790 29.3 548
RO Permeate Field Water Quality Data

Data pH Conduc Silica Hardness Alk Turkidity U

111072004 oeg

11/15/2004 11.07 474 1.07
11152004 11.27 480 0.6 Q.007
11772004 1.5 1059 0100
11/47/2004 1.6 1237 (137 0.007
11182004 1.9

1111572004 21

12482004 1

12442004 1] =10 220 a.01a
12/54 2004 5 0.021
12/14/2004 3.9 =10 108 0.027
12/15/2004 <10

124162004 1 <10} 77 015 1042
121612004 VS

12/22/2004 1 2 <10 a5

1242312004 111 <10 057

14512005 10.8 571 4 0 12.4

17712005 109 404 2 <10

1/7f2005 11.03 422 0

177F20085 .07 410 2

171072005 11 393 0 <10 135

171142005 10.92 3 1 76

11142005 1102 384 4

171172005 11.04 374

1M 22005 'k 496 p =10 o0

1/25/2005 108 1176 10 <10 166.2

1/25/2005 10,79 1183 &

1/28/2005 1071 728 5 117

172872005 10.77 671 g 120

1121472005 10.96 425 4 S0

2124005 11.2 g35 1.3 o8

21412005 10.562




RO Concentrate Fleld Water Quality

Date pH Condug | Sillica | Hardness Alk Turbidity w
1141072004 50000
11152004 | 1099 42300 2.872
10.79 43400 2,451
1141 7/2004 11.44 46700 2.314
1MATI2004 | 10.85 45700 Z.451
121972004 =300 <10 2200 3.218
124072004 195 2.6
12114420049 200 24§ 1830 3Mm
121512004 200 16.5
121612004 200 17.5 2030 9 3.135
1211672004 17T
122272004 8.7 188 66 1830
12/23/2004 a7 B3.6 12.5
12/30¥2004 137
1243042004 102
1152005 9.4 35400 127 126 1385
17120035 042 26600 21 248
1/7/2005 28 32300 g2
U205 9.58 32000 65 150
171 G203 5.6 32560 120 145 1870
141172005 8.44 25000 a0 905
1711/2005 2.63 31600 80
111172005 9.63 26700
11242005 9.6 42300 118 162 1883
1/25/2005 ar7s 44300 107 28 2280
12512005 9.68 48600 177
1282005 953 42600 161 20.7 2165
1/28/2005 8.56 42700 129 2130
1/2172006 9.95 37300 89 1993
2120005 10.98 3TEND 98 255




RO (Koch Membrane} Field Conductivity and pH Data

Conductivity pH
Date Time Permeate Feed Concentrate 1A A JA 1B 28 38 | Feod | Parmeate | Concentrate

11710/04 | 9:50 965 14520 50000 g0o | soa [ 1005 | 1300 | 1822 | o023 | 11.3 11.15 11
11110/04 | 11:30 064 14400 49700 626 | 602 | 1035 | 1380 | 1051 | 1032 | 11,05 | 11.23 11.36
19711704 | 1118 688 14650 47500 485 | 446 | 727 [ 1036 | 1285 | 744 | 11.2 11.2 11.1
19711704 | 1200 £70 14560 48500 476 | 456 | 701 | 1004 | 1197 | 685 | 11.2 11.2 11.1
19711704 | 14:30 668 14540 46200 450 | 444 | GaB | 687 | 1212 | 677 | 11.2 11.2 11.1
TA204 | 11200 1% 14440 447K) 420 413 | 827 | 915 | 1117 | 82T | 11.3 1.2 11
1MA204 | 1215 G614 14380 44600 425 400 | 6158 | 907 |[10¥3 ) 819 | 113 112 11
1141204 | 13:30 295 8030 27800 230 200 | 285 | 448 | 475 | 288 | 11.2 111 11
11/15/04 | 10:00 474 14450 42000 335| 330 | 455 | 7E3 | Taz | 461 | 114 11.1 1
MASA | 1340 480 14300 43400 45| 3294 | 452 | Y22 | T34 | 460 | 113 1115 10,79
M7 | 12:48 1059 14680 46700 F01 | 679 | 1014 | 1759 | 1802 | 1003 | 115 11.52 11.44
111174 | 15104 1237 14700 45700 ps7 | 828 | 1212 | 2180 | 2110 | 1070 | 116 11.62 11.56
1118/04 | 10:45 856 14580 42700 595 | 578 ¢ 848 | 1367 | 1400 | 841 | 116 1186 1186
1118/04 | 1200 e 14710 4280 608 | 588 | 866 | 1364 | 1463 | 863 | 11.6 11.6 11.6
1118/04 | 1400 025 14680 42300 f20 | 597 | A%0 | 1356 | 1368 | 848 | 116 11.5 1.5
1119104 | 1095 716 14500 41200 517 514 | 735 | 1058 | 1118 | 778 | 1155 1.6 1165
111904 | 11:45 694 14520 41300 Soa | 489 | 683 [ 1030 | 1117 | T4 | 116 1186 116
1171904 | 13:10 683 14530 40700 524 | 510 | 682 [ 1016 | 1004 | 694 | 115 11.5 11.6
120804 | 11:15 453 13860 aT100 asa| 391 | 456 | 626 | 643 | 446 | 1108 1029 10.11
12408/04 | 1211 451 13900 39100 3561 343 | 448 | 616 | 691 | 451 | 111 10.33 1016
12108104 | 15.05 447 13860 38600 355 | 296 | 450 | 5686 | 633 | 448 | 108 10.2 10
12109104 | 1345 466 13780 7500 379 | 274 | 68 [ 624 | T3 | 476 | 1136 | 1049 10.09
12110/04 | 10010 430 13910 38100 337 | 332 | 423 | 803 | 595 | 424 | 115 1083 1057
12110/04 | 13:37 435 13880 38500 346 | 338 | 427 | 575 | 630 | 432 | 1077 | 1008 978
12114104 | 11:07 467 14000 38400 392 | 379 | 480 | 785 | 677 | 481 |1085 | 1004 10.02
12114/04 | 13:30 RER 14000 40000 435 ] 418 | 554 | 795 | 850 | 559 | 108 9.4 G58
1216104 | 1152 422 13750 36100 00| 408 | 423 | 519 | 575 | 420 | 111 10.38 10.1
12M15/04 | 15:00 413 13770 36900 as| 208 | 413 | 507 | 593 | 409 | 11.45] 1022 10.07
12016004 | 11:00 284 13780 34800 75| 297 | 363 | 459 | 475 | 363 | 112 10.42 10.14




T2ME/04
12122104
12122104
12122404
12123104
12123104
1227104
12127704
123004
12/30/04
01/05/05
0170503
/005
0M/07/03
O1/G7/05
1/10/05
01/1G/05
01/11/05
111105
C1/12/05
C1/20/03
120¢05
012405
01/24/05
01/24/05
/25005
01/25/05
01/28/05

14:40
11:20
1500
1500
10:35
13:00
1230
1515
12:05
14:50
14:00
15:30
12:00
14:25
17:00
11:20
1315
11:30
13:30
12:10
12:00
135:00
13:00
16:00
1715
10020
1335
14:40

308
4568
510
545
3ed

379

382
378
283
5N
404
422
410

a1
g4
496
TV
752
522
==
B2
1176
1183
671

13810
12810
12840
12820
12710
12730
12640
12720
126540
12200
12920
12840
12710
12740
12720
12526
12620
12570
12.2710
12,590
13,590
13,620 0
13,940
13,980
14,010
13,540
13,830
13,750

36700
37900
35800
23100
33800
32600
31600
30400
26500
andon
G700
36400
26600
32300
32000
31700
2ot
26,000
31,600
42,300
43,500
23,4000
22,700
22,100
41,400
44,300
48,800
42,700

293
366
3a2
432
324
366
306
305
2
305
457
457
310
328
325
293
315
278
am
34
561
638
434

440

700
49

287
351
374
307
HY
356
332
17

307
453
428
308
320
a Fl
291
306
252
n
339
543
633
475
487

FT0
¥4
477

|
450
4948

450

387
308
394
B0%
s8c
365
413
434
360
390
336
438
433
781
756
548
534
595
1058
1196
683

485
680
04
750

£63

447
465
453
az
748
476
510
497
474
490
402
438
684
1285
L=ln )
557
500
849
2350
1812
1053

BB
B76
724
FiT
519
£30
495
507
458
523

450
579
438
470
543

592
605
1256
978

667
8oz
17498
1908
813

Y
458
457
519

435
3908
401
403
392
583
624
367
421
586
3457
306
334
425
485
733
759
524
545
568
1143
1158

11.22
1"
1"
11

A1
1.1

11.04

11
"2
111
108
108
10.9
11.03
1.1
11
1
2.5

B.4v
10

1G4
6.3
104
104
165

10.14

10.12

992

10.36
10
10
10
10
10

10.1
10
101
10.16
a8
98
5.6
9.84
9.5
10
a8

1082

11.04
1
"

11.1
il
11.2
111
10.8
1079
1077

1015
a8
97
.7
9.8
9.8

0.86
9.9
9.9
099
0.4
9.4

9.42
0.8
95
LN
9.6

9.44

o963
4.6
49

10
10.2
10.2
10,1
a.7a
9RA

956




Cooling Towar Water Quality

Constituant Unit Data Influent Effluent
Total Alkalinity mg/l as CaC03 2f2/20:05 950 1000
Hydroxide Akalinity mgfl s £aCOo3 2212005 210 120
Carbanata Alkalinity mgfl ag CaCO3 24212005 T80 BEO
Bicarbonate Alkalinity mg/l as CaCO3 2212005 ND NDO
Hardness mgfl &5 Cal03 21HF5 ND ND
Specific Conduciance umbos/icm 222005 17000 18000
pH pH Units 21212005 11.5 11.3
Total Dissolved Solids mgA 2/212005 28040 9200
Bromide g/ {2 HH5 24 25
Chloride mg/ 2122005 4700 4500
Amimonia-Nitrogan mgh 2208 19 &5
Nitrate as Nitragen mg/l 2005 ND ND
Mitrite a2 Nitrogan mgf 2122005
Sulfate mgh 2/2/2005 23 g8
Calcium mg/l 212/2005 ND HD
Magnesium gl 222005 ND ND
Manganasa mgf 2f2f 20005 ND MO
Potassium mof 21212005 60 66
Sodium mgfl 2f 212005 3200 F3)
Boron mg/ 21202005 25 26
TOG mgfl 212/ 2005 79 62
Silica g/l 21212005 15 16
Cooling and Ammontz Stripping Field Water Quality Data
Date Time influent | Effluent | Influant | Efluent | Influent | Effluent
pH NH3-N | HH3-N | Temp | Temp
1431/2005 | 10:00 10.32 10.22 9 6 57.5 52.7
173172005 | 11:00 10,32 10.29 57.2 571
113172005 | 12:00 10.32 1027 9 3 57.9 53.2
143142005 | 13:00 10.3 10.24 52.1 53.7
1/31/2005 14:00 1031 10.25 10 b 58.2 554
221405 | 10:45 10.77 11.34 20 5 1052 s
2/2/2005 | 1145 10.76 11.29 21 7 106.6 66.7
2212005 | 12:45 10.78 11.27 18 4 1051 65.3
2/212005 | 13:45 10.81 11.28 17 5 103.8 85.1
2/2/2005 | 14:45 10.82 11.24 16 & 102.3 69.6




RO Feed Water Laboratory Data

g lz (£ % 5 <
¢ |5 |E|% P E‘ g .
3|2 |2 |¢ ) £ = £ | E E|le .=
2 o < - 3 % F |z |= E 3 & | 5 § 3
K| P g 5 g AR RE R i3 |3 4
1 |3 § g g g2 |® Fliz
- o E i E
£ 3 : g =
10T FO04 a0 [T a0 fra] ND 170610 101 it 14] 4000 | BT | ND WD | 120 | MO | MWD | WD | 5% 00 A b4 56
112004 V30 | ND 580 | TEJ [ ND 1300 10 B200 22 4100 6 | HO | ND 120 [ ND | MO | NC 59 3200 | 22 111
TR0 HDO 150080 111 1200 | A0 o W0 10 | KD | HD 110 | ND | KD | NG 53 MO0 | 25 100
11152004 0 | 13| 2N ] 18000 11 BSO0 | 4300 | TS5 | WD | ND 100 | ND | HD | ND B3 3500 | 2T 70| 1i0
117004 1400 | 470 | 880 | ND NO 1904830 115 9000 19 | 4200 12 | WD | ND ITIHD | NO | NDO o5 300 | 25 82| 160
TZE2004 B30 18 | 820 | ND ML 17000 10 2 800 1 4200 12 | HO | NO | ND | HNO | NDO AT 4000 el I
121 402004 70 | MD BA0 130 | ND LR B200 12 g 8BS
1202202004 T80 | N ND 5O B8 15000 10 TEy | &2 380 12 | ND | WD 10 | N 16 | ND 55 | 00| 22 T8 =)
12005 570 | HD a0 | X0 | ND 140600 BT TEOQ 26 3000 13 | D 130 | ND | KO | MWD 0 00 | 20 6d 40
172542005 Tah | ND Bd40 B} | ND 15000 10 3 BoO0 | 23 4300 57 | NO¥ g | HD | ND | ND a4 4100 | 27 ]
1521 (2005 7090 | MHD BEO 100 | MO 15000 | 101 BEOG 1% 4100 | 76| ND B2 | HO | MDY | WD S 200 | 25| 77 B&
et bed o li 1 1000 | 180 | B2% | ND ND 18000 11 o0 | 25 EXM | 58 | MDY A7 | ND | WO | WD 62 3200 | 28 1] 16
27 I200E 550 | HD 200 | 280 | ND 16000 531 BEOD 15 4100 12 A[n] MO | HD | NO | MDD L 200 | 23 45 a4
pedyrd Brlu 1 2 a5 b | 34
AM2005 BED | Mi+ 320 | 230 | HD G060 54 TI00 2l 42000 17 WD 86 | WD | ND | ND B& HOo | 25 50 52
A0S 95 Ta0d 18 24 51 53
32005 98 4500 17 23 e 51




RO Fermeate Laboratory Data

z g |f £ % g g
§|5 (5% & £ E’ & s | &
2 3% (32| izgi;iz%EEé%EEEg.a
B < (g8 8\3 g 5|8 (S8 |3|a3|8|2(2|3 |2\
= g & B & |5 | & a
5 5|2 % o E E E 3|
*lE1818| |3 3 N
= B o @ o2
1WET2004 | 76 58 19 | ND | 41 370 1048 | 200 56 75 |WO | NO | ND |16 | WO | MO WD | 56 | 1.7 | HOx | 04
11112004 a2 43 19 [ ND | MD Ifo | 147 160 | ND il 48| MDD |ND [ ND | MO | WO | KD | KD 58 | Z4 | NI
1112004 WO | 1000 [ 11.3 ] 1200 | HD | 130 11 | MD | ND 1[ND |ND | ND | 23] 140 | 0B 14
111152004 856 | ND 56 3 | ND 400 | 11.3 170 | HD [i74 TAIHD [ ND (MO [ MO | WD | ND | 1.1 G5 |ND |ND | 04
1172004 | 240 | 220 16 | ND | MD | 1300 | 115 Mo | A6 03 12| |NO NG |ND |[ND | NG | 22 ] 140 ) D3| HD | 11
12082004 | 100 T8 | M| ND | MD 440 | 113 160 | ND B3 9B |MD |ND [MD | ND |ND | ND | 1.2 B&| 1.6 ]| ND
121442004 | 120 B | XA ND | ND 10.9 27 10 LY. 183
122242004 [ 100 | HD | KD | 100 | ND 490 11 230 | ND B3 10 |HD |ND | 08 | MDD |[ND [NO | 1.5 120 46| ND | D8
152006 | 120 74| 43| ND | HD 21| 108 280 | ND | 110 10 | ND DA | ND |ND |NOG | 16 ] 100 7TSIND {06
1252005 | 160 | 120 | 40| ND [ ND | 1100 ] 114 510 1] 220 51 | MD 1| MO | ND |ND | 36| 150 | 10| ND
113172005 64 3B 26| ND | HD 4301 109 180 | HD Ird BE | HD BEIND [MD |ND | 12 65| 23|ND | 08&
20212005 Ly T2 1B | ND | ND E30 | 11.4 23| 0.5 a7 5G| HO 06| N |HD |ND (18 | 100 06| 09] 04
H1M2008 G& 37| 1| ND | MD 190 | 106 100 | HD 26 &1 KD |ND | NGO | NGO | NDO | ND 35| 43| WD | HD
22472005 10.7 43 | ND
MRS | 140 | 103 | 40 | ND | ND 444 | 108 240 | HD &8 13 WD |HD (MG NGO | MO | 14 gl 12| 11} 04
HHA2005 108 230 14 | HG | KD 2] i4] 0&
U005 112 190 15 5| 06| 02
Hydrangaics
2N TR205 42 18| 24 | HD | HD g9 104 37 | HD 4 3 HO | ND | NO | HOX | ND | HD 8.3 1 | ND | HD
2242005 10.5 1| KD
152005 a3 55 | 2B | MO | ND 1600 | 107 o0 | HD 76| 140 N | KD | WD | MG | KD | WD 23 | 3.2 | HD | HD
A2EHIS 10,5 56 130 | 28 | HD B ND | ND




RO Concantrate Laboratory Data
F.)
» |5 |E g £ :
£ [s({z |2 4 s | £ . : e | ¢
3 |« |3 |% $ E 2 |2 |22 |5|% € |3 b
§ = 2 z x & " - 3 ! g E =
= % 2 [ i E = 2 = o |2 ] = § 3 ] C
'E 5 = g £ & a m | E .3 E o 3 2 5
"R g | : 3 HEE BE
w -
102772004 | 2500 | ND | 2200 | 270 | ND | 55000 | 88 | 20000 14000 | 10 |ND | ND | 300 | NG | ND | ND | 220 | 11000 | 74 | 250 | 200
11142004 | 2300 |ND | 1800 | 660 | MD | ss000 | o7 | 28000 | 72| 15000 | B2 WD | MWD | 380 | 11| ND | Mo | 220 | 11000 | 70 | 250
1171072004 o | 66000 | 91| 2%000 | 93| omoo| 12 | wo | mMD | 420 [ ND | WD | MO | 250 | 13000 | 8O 350
114152004 | 3400 | 140 ] 3300 [ N0 | D | 57000 | 108 | 20000 | 70 | 14000 | B3 | ND [ ND | 320 [ ND | ND [ Mo | 220 | 21000 | B2 | 270 | 320
1101772004 | 4000 | 790 | 3200 [ND | nD | Se000 | 116 | o000 | 59| 15000 | 3 | Mo [ ND [ NO [ ND | ND MO | 210 1200 | 90| 200 S20
1zp2008 | 2400 [ ND | 2300 ) 110 | 54| s4000 | 101 ) 27000 | 65 ) 100 | 44 J WO [ ND | 200 | ND | MO | ND | 10 | sooo | &7 | 200
1211472004 | 1900 | WO | 1300 | 550 | WD o6 | 25000 16 55 20
12222004 | 2000 | MD [ ND | 2000 | 1| 46000 | e7 | 24000 | 65| 12000 [ 16 |ND |nO [ 200 |wD | 15[ ND | 980 B000| 53| 290 | 100
152005 | 1500 no | B30| 7eo |wo | 47000 | @4 | 24000 | 77| 13000 | 18 | MO auo Mo | 23| no | 80| 9700 | 43| 240 | 140
1262005 | 2600 | NO | 2200 | 460 | WD | B1000 | o5 | 30000 | 84 | 15000 | 55 | WD 200 |ND | MO | ND | 260 | 11000 | 73 | %40
1312005 | 2200 | ND | 1900 | 280 [ND | 45000 | &9 | 25000 | 28 | 7400 | @3 |ND 23 |[ND | WO | WD | 180 | o300 | 89 | 220 | 16D
2/2/2005 | 2800 | 190 | 2200 [ND  [wnp | 4ep00 | 11| 20000 | 73| w0000 | 55| MD 260 Mo | WO [ WD | 00| eroo| 7| 14| 75
21702005 | 1500 | NO | 830 | 500 | es | 47000 | 54| 23000 | a1 | j3000 | 22 Mo | 200 (WO | 21 |wo | 170 Bwo| 57| ea| w7
22412005 42 55 | 140
A4/2005 | 1200 [ NG | 420 | 770 [mp | 2000 | oo | zooon | 2e | spoo | 28 WO | 210 | WD | MWD [ND | 940 | 7200 | 42| 22| 138
Hyetwalntivs
g7ieots | 1200 (Mo | s | voo| 71| 38000 | oz| 20000 | 34| 11000 | 20 ND | 250 | MO | 17 | No | 1a0 | oo | sz s2| @
242005 %3 | @8
w2005 | 1400 [ ND | 70D | 680 | mD | dmoao | sz | 1000 | 53| 000 | 25 NO | 220 [No [ MD | ND | 150 | FEc0 | S8 | o6 | 130
H22005 105 66 130 | z8 | WD 28 | N0 | WD




Laboratory Data for California Toxic Rule Compllance for 10 Metals

Constituent | Unit Raw Koch Permaate
Produced
Wator
{Filtarad)
Data 31520005 22008 | 3272005 | 35,2008
Moy ugfl .44 oz o013 0.026
Silvar uarl ND MND ML ND
Beryllium ughl ND ND ND ND
Cadrmiym ugl ND MO ND HC
Copper ugl 0.82 0.63 ND ND
Molybdsnum | ugi 75 ND ND ND
Lead ugh ND ND ND NC
Antimory ugfl NC MNED ND ND
Selenium ugA NC ND ND ND
Thalllum ug/l ND ND ND ND
Laboratory Data for THM Formation Potentlal
Constituent Unit Date Permeate
Bromodichioremathang | pgf IMEF2005 7.5
Bromoform Lo 341642005 14
Chioroform ot 2162005 2
Dibromochloromethang | pgh A EL2005 16
Total pg/ 3/16/2008 40
THMs(THM S/ TTHM)
% Surtogate Recovery | %, H16/2005 120
Analyses of Acidic CIP Solutions Befora and Aftar Cleaning
Canstituent Unit Die | Befiory After Bafors Alter Befors After
Claaning | Cluaning | Clasming | Gleanng | Chaning | Gleaning
1114103 HEAS ETET
Hardnesg mgA as CaCod ¥ 5] 1300 340 210 I 610
Calcium mgA 1414405 Bi 10 a 85 a o2
Magresium maA 114105 33 240 a3 49 i ol
Sdica mghl 111415 L) 200 48 T se 110

TOC {mgil} Levels in High pH CIP Solutions Before and After Cleaning

Date Before Aftar
Cleaning Cleaning
1724405 160 o4
305 77 73
W brane
305 | 79 77




Solids and CAM Metals Analyses of Softening Sludge

Constituent | Unkt Datx POL Wat Dry Wat Dry
Sample Sampls Sampil= Sample
112012005 21212005

Total Solids | % 1/120/405 2.9 2.5
Antimony mifkq 112072005 ] ND MO MDD ND
Alsenic mafkg V2042005 1 ND MD ND ND
Barium mo/kg 120005 5 82 280 72 MO
Besyllium mgikg | 142002005 | 05 ND ND ND ND
Boron mifkg 12072005 1 ND WD ND
Cadmium mg/kg 12077005 1 ND ND ND NC
Chroamium mgikg V22005 1 ND ND ND NC
Cobalt gk 112042005 1 ND ND ND ND
Copper gy 1120024005 0s ND ND ND ND
Lead mg'kg 1120/, 2005 1 ND ND ND MD
Mercury mokg | 12042005 | 04 ND ND ND ND
Molybdenum | miaky 12072005 1 ND ND [ ND
Nigkel mg/g 1720/2005 1 N ND NC ND
Selanium mghkg | 1/2072005 5 ND ND ND ND
Sihver mgky 17202005 1 ND ND NC ND
Thalfum mgkg 172012005 7 NC- ND NC ND
Tin mg/kg 12012005 1 ND ND ND
Vanadium gk 22005 1 ND ND ND
Znc mgrky 172052005 1 ND ND ND
X-Ray Fluorescent Spectrometry

Constituant Waight %%

172002005 | 24212005

Carbon 80 60

Baoron 99 12

Sodium 7.8 a3

Chlorine 7.8 F.r

Magnesium 6.4 4925

Caldum 4.1 35

Sllicon 3 -

Fotassium .11 011

Suffur 012 09

Sirontium o1 008

Irn 1 0.06

Bromide 004 0.035

X-Ray Fluarescent $Spectromaitry (Igniticn at 1000 oC, followed by fusion with Ithium

metaborats)

Constitwant | Reporting Welght %
Lirnit 112012005 | 212r200
CaQ 16.05 16.04
MNaz20 0.02 327 6.62
MgO 0.02 15.24 129




Al203
SH02
205
w20
T2
WMnO2
Fe2O3
5r0
s03
Loss on
| igniticn

002
0.2

.04

0.1
0.02
on2

0.5

N

017
14
0.006

Q006
0.015
0.46
0.31
0.49
80.81

0.18
2042
0.009

.06
0.009
0.012

.35

031

0.45
47.65




Appendix C: Regulatory Agency Correspondence
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3075 5. RAADLEY ROAD Bakers’ﬁald. CAQESD‘B
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DEPARTMENT OF CONSERVATION
STATE OF CALIFORNTA

msﬂﬁms GONSULTANTS
February 11, 2003 iyt
FEB 1 8 2003
Roger 5. Funston JOB #
Kennedy/Janks Consultants
200 Naw 5tine Rd., Ste. 205

Re: Revarse Osmosls Pliot, San Ardo Fiald

" Diear Mr. Funston: T T T e e

We have reviewed the proposal for the pilot project for treating San Ardo
oilfieid produced water for beneficial reuss. The Division of O, Gas, and
Gacthermal Resources does consider the waste products of the reverse
osmosis process as a Class Il fluid, as long as the constituents are shown
to be non hazardous. Any non hazardous waste produced will be allowed
to be disposed in existing or new Class disposal wedls in San Ardo field or
in the adjacent Moniarey County Class Il disposal wells.

If you have any quastions, please call William E. Brannon or Al Koller at
(805) 937-7246.

Sincerely,

_ Guleglire -

Deputy Eﬁpenrisnr

AK:ho


http://consrv.ca.gov

Froj Cote

L] [ 3 » - "'-Ij:-l; h:. :I-
3 California Regional Water Quality Control Board &%)
wioston H. Hickor Central Coast Region Cray Dok
Secretary for Internet Address: it/ fwww. swich.oa gowirsgch Gorernar
Ervironesmial 895 Asravinla Place, Suitz 101, Sam Luiz Olwgps, Cab bt 94010
Profiction Phine (803) 548-3147 ~ FAX (B05) 5430397
April 8, 2003 HECEIVED
Raymond E. Ouellete, R.E.A., QEP
Kennedy/Jenks Consultants APR 10 2003
2151 Michelson Drive, Suite 100 KENNEDY
lsving, CA 92612 /e, Loy sz
Dear Mr, Cuellette:

REGULATIONS FOR OILFIELD PRODUICED WATER DISCHARGES

On March 18, 2003 my stafi’ met with you and Aera Energy LLC representatives to discuss the
applicability of water regulations for the proposed discharge of reated produced water from the San Ardo
Dilfield. After the meeting we received your March 31, 2003 leter, which summarized your
understanding of the March 18, 2003 mesting’s conclusions. Your letter demonstrates that you properly
interprated our position on water regulations applicability for the proposed mreated produced-water

discharge.
If you have questions, please call Tom Kukal at {305) 549.368% or Eric Gobler at {205) 549-3639,
Sincerely,

- Réger W. Briggs
Executive Officer

TIK: SAWBCentral Watershed\Sulf Temp Files TovAra Eergy - Sam ArdpvApplicability of Wate Ragulatioes.doc
Tagk: [O1-451
Fibe: Texacw San Arde

California Environmental Protection Agency
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Kennedy/Jenks Consultants

Engineers: Scientists
2151 Michalzon Onve, Sule 150
Irving, Calilamia 92612
S49-261-1577

31 March 2003 FAX 9452512134

Mr. Thomas Kukal

Walar Resources Contral Enginear

Central Coast Regional Water Quuality Contral Board
335 Aerovista Suite 101

San Luis Obispo, CA 93401

Subject:  Applicability of 'Water Regulations for the San Arda Project
Aera Energy LLC and Department of Energy Project
KA 024033.01

Dear Mr, Kukal;

Thark you for meeting with representatives of Aera Energy LLC (Aera) ardd KenredyfJenks
Consultants (Kennedy/Jenks) on Tuesday, 18 March 2003 to discuss the applicability of various
water regulations that mighl ba associated with a project being jointly sponsored by the
Depariment of Enargy, Aera and Kennedy/Jenks. As discussed, the project is seeking ways to
improve the recovery of ol from the San Ardo Field, Itis believed that an additional 150 rrllion
barrgls of off might be recovered if an alternative produced water managemant method is found
to the current produced water disposal method, which is injection inte a Class |l disposal well,
The Department of Energy and Aera are working to identify potential alternalive water
management scenarios o agcormplish this objective.

Sevaral alternatives methads have heen devaloped. As pant of the project daliverables, the
Depariment of Enengy requires that each altemnative be reviewed and that all permitting
reqjuirements be identified. The purpose of our meeting was 10 discuss 1hase varicus
altarnativas and ko idantify the specific regulations that mighl be applicable in each of the
scanarios discussed. This letter presents our understanding of how the varicus regulations
rmight ba applicable. We request that you review this kettar and our undersianding lo delermine
whether wa have properly interpreied ihe application of the various regulations. Wae request
that & writtan response be developed concurning of commenting on our understanding.

Alternative 1 - Direct Dischargée to Salinas River

In Lhis alterative, produced water would be treated and then, discharged directly to the Salinas
River. The treated water would need 1 meet the requirements found in the fellowing
requlations andfor policy documents: 40 CFR 435.30 ¢f seq, 40 CFR 435.50 et seq, the
Mational Toxics Rule {(NTR), the Califormia Toxics Rule (CTE), the Stale Water Besources
Control Board Policy for Implementation of Toxics (Resolution 2000-015 a5 amended by
Resalilion 2000-30), the Anti-degradation Policy {Resclution 68-16), and the namalive and
specific nurmeric water quality ohjectives contained in the Central Coast Basin Plan for the
Salinas River and any groundwater that might be impacted by the discharge. ltis our
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undarstanding that the Watar Board would apply these regulations andfor policy documents in
the following manner

Applicability of 40 CFR 435.30 ef Seq.

This is the faderal ragulation promulgated by the Environmental Pratection Agancy (EFA) in
which effluent guidelines for the oil and gas axtraction industry were developed. Specifically,
43530 ef seq. addressas discharges from the "onshore™ subcatagory of the oil and gas
aextraction industry that are kacated landward of the inner boundary of the territorial seas. In
paragraph 435.32, the affluent guideline states, "thers shall be no discharge of waste water
pollutants into navigable waters from any source associated with production, flield expioration,
drilling, well completion, or well treatment™. 1tis our understanding that unless the waste water
dischargs 1o the Salinas Rivar is subject to ather provisions combined in 40 CFR 435, the Watar
Board will not allow any discharge of waste water ta the Salinas River.

Applicability of 40 CFR 435.50 et seq.

This saction of the federal requlations promulgated by the EPA addresses onshore fagilities
“lncated In the continental United States and west of the 98" merdian for which the produced
water has a usg in agriculture or wikdlife propagation when dischargad into navigable waters",
The anshore facilites in the San Ardo Field are located in the continental United States and they
are lxcated west of the 98" meridian. The waste water will be treated before discharge o meet
quality standards for use In agricullural applications, In 435,54, the term “use | agricultural or
wildlife propagation” is defined to include produced water of good enough quality to be used for
agricultural uses. It is our understanding that by treating the waste watar to meet the necassary
water quality slandards for use in agricultural applications. than the Water Board will allow the
discharge of trealed waste water. Tha discharge will be subjact to certain imilations specified in
40 OFR 435.52, namely, that the produced water (after treatimant) will not exceed a daily
maxirum limitation for oil and grease of 35 mgl ard ather limitations as discussed balow.

Applicability of NTR and CTR, Water Board Implementation Policy

These two regulations and the Stale Board policy are intended to kmit the dischargs of "foxics™
into navigable waters. It is our undersianding that the Water Board will require that any
discharge of treated water into the Salinas River meet the requirements contained in each of
these documents. Furdhermaore, if there is any conflict between the documents, it is understood
that the most restrictive requirernant will be imposed on the discharge. The Regional Board will
require that any pilot plant work that &5 undertaken characteriza the treated water by testing for
those paramelars that have a “reasonable probability of being presant’ in the water. Sufficient
samples will need to be analyzed to allow a statistical analysis of the data.

Applicability of Antidagradation Policy

The Water Rasources Contral Baard passad this pollcy in the late 1980s t maintain the quality
of existing water rasources that are better than naw water quality standards to be established at
a later date. Under this policy, the discharge must not cause a dagradation of the axisting
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quality of the recetving water unless it has been demonstratad that the change will be congistent
with maximum benefit to the people of the state, that It will not unreasonably affect the pressnt
and anticipated beneficial use of such water, and that it will not result in water quality less than
that prescribed In the palicies. It is our understanding that the Water Board will allow discharge
of the treated waste water provided the discharge of the freated waste water will meet the
requiremeants under the antidegradation policy.

Applicabllity of Central Goast Basin Plan

As Indicated pravicusly, the produced water will be treated to meet the agriculural water quality
parameters prior to discharging. However, it is our understanding that the Cantral Coast Basin
Flan contalns heneficial use deslgnations for the Salinas River that include Municipal and
Domestic Water Supply (MUN) as well as Agricultural Water Supply (AG) and Industrial Water
Supply (IND) uses among other uses. Therefore, itis our understanding that the Water Board
will require that the treated water be treated to meet the most stringant of the narrative and
specific numerical water quality objectives as identified in the Basin plan prior to discharge.

Alternative 2 - Application of Treated Water for Agricultural Irrigation

As discussed, another altemative is to hard-pipe the treated water directly to end-users. In this
scenario, the end user would apply the treated water for agricultural Irrigation. [t is our
understanding that the Water Board would require a Wasie Discharge Raquirement (WDR) for
this use. However, becausa of the potential benefits of this project for the reuss of a valuable
water resource, the specific monitoring requirements would be limited. The water would need to
be tested to ensure that the water quality objectives of the Basin Plan ara net viclated.

Alternative 3 - Indirect Discharge via Seasonal Storoge of Excoss Troated
Water

As discussed, the treated water may not be constantly needed whereas the treatment process
will be a year-rourdd operation. Therefore, some type of seasonal storage alternative may be
needed. Itis our understanding that the Water Board may waive the requirements of Chapter
15 provided it can be demonstrated that the treated water mests all of the water quality
objectives of the Basin Plan and the Toxics iImplementation Policy for the potentially impacted
waters. Howevar, any containment siructure will need to meet the structural standards of the
rule.

Altoernative 4 - Application of Treated Water for Alternative Beneficial Uses

Lastly, there are & number of other potential alternatives that involve the use of xisting ground
andfor surface waters, .g. the saliwater bamier project. A scenario in which the treated
produced water could be usad as replacement water far this or athear “source watar® is a
possibility. Insuch a casa, the existing groundwater or ather “source water” could be pumped
for agricultural use or some other beneflcial use, either directly or indirectly, via discharge into
the Salinas River. Aera and Kennedy/Jenks are working with various waler agencies and other
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antiies o identify new potential and-users. It is our understanding that the Water Board would
be very interested in participating in thesa discussions and working with the parties in frying to
enhance the beneficial recycling of water resources in the region.

We hope that you find that our understanding of the various water regulations is similar to yours.
We awail your response to this letter.

Vety truly yours,
KENMEDY/JEMKS CONSULTANTS

T b € kit

Raymond E. Ouelstta, RE.A., QEP
Associate Erpvironmental Sclentist

cc: Mr. Robert A, Liske, Aera Energy LLC
M. Ror Chambers, Aera Energy, LLC
Mr. Rager Funsten, K
Mr. Ganesh Rajagopalan, KiJ v~
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Appendix D-1: Abstract Submilted for Various SPE Sections, West Coast Petroleum Techmnikxgy
Conference and Channel County Water Utilities Associaion
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Appendix D-5: Papar Submitted for Watar Environment Federation 2008 Annual Conference
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Appendix A

Abstract Submitted for Varlous SPE Sections, West Coast Petroleum Technology Conference
and Channel County Water Utilltdes Association

Treatment of itfietd-produced water for bensficial reuse is baing evaluated as an aliernative to
disposal by re«injection within the San Ardo dilfield. This project investigates the opportunity to
create a "win-win™ situation of both increasead oll production and increased reclalmed watar supply.
The project was jainily funded in 2002 by the U.S. Departmert of Energy, Aera Energy LLC, and
Kennedy/Jenks Consuliants. The scape of the project includes: i) identifying cpportunities for the
use of treated produced water in the project area, ii) identifying water quaiity goals and regulations
ralated to use of the water, ill) evaluating various water treatment options, iv) performing pilot studias
and, v) developing treatment cost estimates for full scale oparation. A nine-month pilot test was
compdeted in March., This prasantation will discuss the project's results, as wall as some of the
challenges and cbstacles that remain.



Appandix B
Manuscript Submitted for the 20" WateReuse Symposiuom Conference

EVALUATING THE POTENTIAL FOR BENEFICIAL USE OF OILFIELD
PRODUCED WATER FOR AGRICULTURAL IRRIGATION IN

SAN ARDO, CA

Dr. Ralagopalan Ganesh, Kennedy/Jenks Consultants, Indne, CA
Dr. Lawrence Y.C. Leong, Kennedy/Jenks Consuitants, Irvine, GA

BACKGROLUND

Ol production genearates a large amount of by-product water, commaonly known as “produced water”.
As oil is produced from an ol field, the amount of produced water can account for gver 90 pergent of
tha fluids pumped from a well. In fact, California heavy il production typically generatas 101015
bameks (420 to 630 gallons) of water for every barrel of gil. In 2002, approximately 14 billion barrels
(1.5 million acre-feet) of produced water was generated in the United States from anshore oil
production alone (1).

The mast prevaient method of using or disposing of oil field produced water is to inject it
underground. A significant porticn (50 to 65 percent) of produced water from anshore sources 1s
currently reinjacted inta ail producing zonaes where it enhances oil recovary (using water floading and
steam flooding) or for subsidence cantral. The other 35 to 50 parcant is disposed of via deep well
injection. Unfortunately, deap well injection disposal may increasse raservair pressure and lead to
lower Gil recoyery and incraasad production costs. In such cases, eliminating daap well injaction by
finding a beneficial use for the treated water may increase oil production, increase recoverable oil
reserves, and reduce production costs. Furthermare, treatment of cileld produced water may
provide a new raclaimad water supply far specific usas in watar-short areas such as Califomia.

Howevar, tha feasibility of produced water reclamation depends an a number of factors. For
example, the chemical composition of the produced watar, which is typically very saline, can
significantly impact the treatability of these waters, The total dizssolved solids (TDS) of produced
waters in the United States can range from about 3,000 to more than 350,000 mg/, with sodium and
chloride generally comprising 70 - 90 percent of the TDS. The preduced water may also contain high
concentrations of calcium, iron, manganese, ammeania, boron, and dissalved organics (2). Often,
tha complexities invalvad in treating these watars (g.g. TDS > 10,000 mgd) may render produced
watar reclamation cast-prohibitive. In addition, requlatians adopted pursuant ta the Clean Water Act
prohibit the discharge of treated produced water from onshore oil and gas wells into surface waters,
axcept in areas west of the 98" Meridian (a north-south line approximately running from |ust west of
Minnesota down through Dallas, Texas). Discharge of treated produced water directly into surface
waters west of the 38" Maridian is allowed only if the treated water is of scceptable quaiity for
agricultural use or wildlife propagation. If the Treated water iz intended for any other baneficial use, it
must be delivered through direct piping or alternate means.

Produced Water Rasources in Califarnla

The Califormia Division of Qil, Gas, and Geothermal Resources {DOGGR) reports that about
280,000 acre-faat of produced water ware generated from oil and gas preduction in 2000 (3). About
50 percent of this produced water is probably unavailable as a water resource becausa of rainjaction
for enhancead oil production or subsidence control, or bacause of the high costs of treating the watar.
DOGGR records indicated that the majority of ail fialds in California have praduced water with



15,000 to 35,000 mgdl TDS. Howavar, there are a numbaer of large fislds which produce waters
below 10,000 mgA TDS. Treating the produced water from thesa lower salinity fialds could ganerate
2 watar resourca that might be cost competitive with othar, naw sources of frash water

As Figure 1 llustrates, oil ikl water is primarlly produced In 10 counties alonyg the southern and
central ¢oast and lower central valley areas of California. Thig is the same ares whare there is
significant interest and axperience inowater rause,

Lagund
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Figure 1: California Counties With Mare Than 1 Million Bartels Per Year OF Produced Water

Demonstration Project for Produced Water Reclamation at San Arde, CA

The potential for traatmeant and bensficial reuse of produced water from the San Ardo oilfisld in
Monteray County, CA was evaluated through a project jointly funded by Department of Energy
{DOE), Aera Energy LLC, and Kennedy/lenks Consultants. The moderate salinity level of the
produced watsr from this oilfield {less than 10,000 mg/ TDS, Table 1) should provide a reasonable
apporunity for successful freatment. In the San Ardo area, the Salinas Valley groundwater basin
provides most of the water supply neads. Due to high water demands from population growth and
agriculture, groundwatar extraction currently excesds the sustainable yield of this basln. The high
depandence on groundwater has resulted in a long-term average overdraft of about 19,000 acre-feet
per year (AFY). The overdraft conditions have caused seawater to intrude for approximately 6 miles
in the northem Salinas Valley, where the Salinas River emplies into the Pacific Ocean. Based an
the current daily rate of produced water generation from the Aera Energy LLC operation at the San
Ardo dilfield, a successful proeduced water treatment project could genarate an estimated 3,500 AFY
{(— 18 percent of the annual overdraft) of treated water.

The overall project was divided into two phases. Phase | of the project identified the potential end
users of the treated waler, regulatory requirements for treatment and delivery of the water, and



potential reatment alternatives for vanous end use options. Under Fhase |, a demonsiration pilot
tregtmant train was constructed and operated.

OBJECTIVE

Potential purchasars of treated oilfield preduced water in the San Ardo grea are limited because
there are currently no low—cost ragional conveyance facilities in this porlicn of the Salinas Valley,
except for the Salinas River. One of the potential uses of the treated water in the project area is
agricultural irigation for currant or additional agricultural production. This paper presents water
quality ¢hallenges, regulatory requirements, freatment alternatives, estimated costs and other
challenges to convert this moderately saline “wastewater” for potentlal agricultural irgation use in
the project area.

AGRICULTURAL WATER USE IN THE PROJECT AREA

Agricultural Land and Water Demand in the 8an Ardo Olifleld Area

In 1995, agricultural land in the Salinas Valley extended across an arga of approximately 200,000
acres (5}, In the Upper Salinas Valley {the scuthern portion near San Ardo), agricultural land use is
estimated to be 48,000 acres (5). Field and row crops occupy the most land {26,000 acres), with
vineyards being the second largest land-users (16,000 acres). The 1935 Salinas Valley agricultiural
land use by crop is shown in Table 1.

Table 1: Upper vallay sub-area crop acreage (19935)7

Type of Crops Upper Salinas Valley {Acres) Total Salinas Valley (Acres)
Pasture 1,500 4200
Field 450 7,000
Row 25,800 143,000
Orchards 450 1,100
Vineyards 16,300 45,000
Grain 3,000 5,000
Total Acreage 48,000 186,000

Preliminary evaluations indicated that economical delivery of freated water for agricultural irrigation
raquirad the farmlands to be within a 5-mila radius of the cilfield. A Geographical Infarmation
System {GI5} analysis was performed to categorize the 3,500 acres of farmland within this
boundary. Since these farms are located downstream of the oilfield, water could potentially be
delivered aither through the Salinas River or directly through a pipeline.  These farms were
ilentified as tha most likely agricultural users for treated produced water.

About 2,700 acres of the 3,500 farmland acres can be sarved using 3 2.5-mile pipeline from the San
Ardo oilfield. One ownet accounts for neardy 50% of the 3,300 acres and three athers have about
900 acres. Tha MCWRA, 1995 data indicated that for this area, the average irmgjation water usage
was 2.75 AFfacra (5} with peak imigation water needs being from June through August, All of the
avallable treated produced water from the pilfield cowld potantially e used by less than 2,000 acres
of farmland; however, since some of the crops are seasonal, agricultural demand would not match
the continuous production of watar.



Agricultural Crops in the San Ardo Ollleld Area and Water Quality Requirements

Takle 2 shows the perennial and annual row crops typically grown in the project area. Water quality
guidelines for general imigation, and those for the crops grown in the project area, are shown in
Table 3. Untreated San Ardo produced water characteristics are also shown for comparison,

Table 2: Crops grown In San Ardo ares

Type Crops
Perannial Crops alfalfa, asparagus, grapes {pradominantly wine grapes,
such as cabarnet, merlot, and chardonnay), and walnuts

Annual "Row” Crops beans {lima, saad), broccoli. cabbage, cauliflower, garlic,
lettuce {leaf, head, Romaine), onions, parsley, peppers,
spinach, tomatoes.

Tables 3 compares untreated oilfield produced water quality and Central Coast Ragional Watar
Quality Control Board (CCRWQCE) water quality requirements for imigation use. In addition, if the
treated water is delivered through the Salines River, treated produced water must also meet
requiremants of the Naticnal Toxkity Regulation (NTR). As shown in Table 3 concenirations of
ammonia, nitrogen, boron, chlaride, fluoride, salinity, sodium and TOC in the untreated produced
water gxcead CCRWOCB requirements.

Table 3: 3an Ardo produced water and CCRWOLB water quality reguirements

Compound San Ardo Proguced Water CCRWOCE Basin Plan (Agricultural Use)
{magl) Critens

Alkalintty 367

Aluminum 0.2 g5

Arsenlc o.1*

Ammenia - Nitrogen 31 5 - 30"

Barum d.44

Banrdlium <0.0005 o1

Bicarbanate 448 90 - 520°

Boron 28.8 075"

Cadmium <(,0005 0.01*

Calcium (Ca'"} 111

Carbonate 1

Chioride 4,060 150°

Chromium o.1°

Cobalt 0.05%

Copper 0.0008 0.2°

Fluocrids 1.8 11

Hardnass, Total o3

Irc 017 5

Lead 5°

Lithium 25

Magnesium (Mg"’) 6.07

Manganese 0.105 n.2°

Molybdenum 0.008 oo

Nitrate-Nitrogen 4 5-30°

pH 7.54 65 -84°

Potassium 61.6

Salnity {mmhofom} 10.7 075-3

Selanium =0.0005 5.02"




Silica (Si0;) 227

Sodivm 2,540 7ot
Socium Adsarplion 3-89
Ralio

Strontiurn 2.68

Sulfats B3 150°
Suliide 12

TDS 7540 G00°
TPH {oil and grease} 19 35 (for NPDES discharge)
TOC 80 =
“Yanadium o.4*
Zine 2

8 - GURWOLE Waler Duality Olypeclivie for Agriclitural Watsr (lze

b — Chdelnes ke inkapretation of quekhy of waler [or irgathon The range showo m for “incraasing probbanee” for crops,
o — Median growdwatsér gualily objective for uppar Sallngs Basin

o — Adapled hassd on anti.dagradation policy

REGULATORY REQUIREMENTS AND AGEMNCIES

iKay requlatory issues affecting the tnsatment, delivery and use of treated produced waler for
agricultural use include

»  Watar quality

v Disposal of freatment process wasta streams

v Alr emissions

»  Water rights issugs if reated praduced walar is daliverad via the Salinas River

« Slorage of treated watar
The agencies tnvolved in various permit pracesses for a potential San Ardo project ara lisied in
Table 4. It is belisved that these permit requiremants can be met although these requirements for a
potential project appear extensive. One exceplion is permitting a direct discharge of treated water
into tha Salinas River, which appears to be highly unlikely due to the limitations of agricultura) and

wikliife propagation in the NPDES program and the sensifivities 1o process upsets that could result
in relaases to a flowing waterway.

Table 4: Agencies Involved with permit processes for delivery and Use of San
Ardo oilfield produced water

Agency Activities Regulated

Ceniral Coast Regional Wateriwaste quality issues related to traatrent, delivery, siorage
Water Quality Conirol Board and end use, NPDES parrit for Salinas River discharge

California Waler Rescurces  Water rights/water allocation issues if treated water is dischargad
Departmeant — Waler Rights  info Salinas River
Divisicn

California Water Resources  Storage of treatad walter In surface impoundments
Departmant —Division of
Dam Safety




LS Army Corps of Storage facllifies near navigable waters for federal funded
Engineers projects

US Fish and Wildlife Ecological Impacts of federal funded projacts

Service

Monterey County Planning  Zoning and Land L)sa compliance and grading permits for

& Building Inspection decentralized storaga of treated produced water

Cepartment

Moanterey Air Pollution Potential air amissions from treatment facilities and expanded oil
Control District production

WATER QUALITY GOALS AND TREATMENT TECHNOLOGIES

Depending on the Imended use, San Ardo produced water requires treatment for a number of
constituents. Because the produced water in this field is delivared at temperaturas above 170° F,
pathogenic microorganisms ars not of concern, However, the water temperature must ba controllad
for some of the processes to be effective. For example, warm precipitation softening, air stripping,
and vapor comprassion desalination can be accomplished at these producad water tamparatures,
while some other processes perform bettar at cooler temperatures.

Tabla 5 swmmarnzes key water quality parameters of the San Ardo produced water that exceed the
goals for agricultural usae in tha Upper Salinas groundwater basin. Tha lavels of dissolved salls
(7,000 mg/l TDS}, ammonia {30 mg/l), boron ({25 mg/l B}, and organics {oil and grease up to 50
mgA, TOC up to 100 mgA) must be dramatically reduced to become an agricultural water resource.
In addition, the corcentration of silica {-200 mg/l Si0;} and hardness (~250 mgf as CaCOa)in the
produced water are well-known problems for most TDS removal technologies. Potential treatment
alternatives for these constituents are discussead below.

Table 5: Key Parametars of Concarn In Unireated San Ardo Produced Water for
Agricultural lrrigation in the Uppor Salinas River Groundwater Basin

Parameter Untreated San Arde  Basin Plan/Crop
Produced Water Requiremants
TS, mg/L BSGG < BOG
Boron, mgfL 26 0.75
Ammaonia, mgiL 3 5-20
TOC, mg/L 100 <2
Temperatura, °F 175 75
Dissohved Salt Rentoval

The dissolved salt in produced water must be reduced to balow 600 mgf for agricultural use in the
Uppar Salinas Basin, The most promising treatment technologies are distillation using mechani:a)



vapor compression (MY G), membrane separation using reverse osmosis (RO) and Electrodialysis
Reversal (EDR) membranes. RO and EDR are generally the technologies of choice for brackish
(TDS < 10,000 mayl) water applications.

A pretreatment process, such as warm softening, to remove silica and hardness is required for both
tharmal and mambrana desalination processes. Some MVC systems incorparate silica removal as
part of the cora process, using seeded-silica slurry. The EDR process may require preireatment of
tha water to remove hardnass but may nat for silica removal.

Organics Ramoval

A total organic carbon (TOC) geal of 2 mgfl is selected based on the CCRWQCE anti-dagradation
policy. MVG and RO processes can remove a large fraction (but not all) of the organics. Doran, et
al., (1999) reported that permeate TOG levels below 2 my/ can be cbtained during treatment of
oilfield produced water by RO process (6). The removal of organics, particulady the high amounts of
low molecular weight aromatic compounds and naphthenic acids feund in heavy oil, will be a major
challenge for EDR basad freatment. Pretreatment using fixed-him biological oxidation. granular
activated carbon {GAC) or membrane bioreacior (MBR) are candidate processes for organics
removal if an EDR-based treatmant procass is selected for produced water ireatment. Becausa
many of the organics prasanl in heavy oil fislds are refractory (hard to dagrade), pilot tests are
necessary to detarmine the efficacy of organic retnoval by thase processas.

Ammonia Removal

Ammonia levels of the treated water for most agricultural use must be below 5 mgfl. Some of the
ammonia may be removed in the biological oxidation process and, perhaps, the RO process, but the
remalinder will have to be removed by air stripping. This may be accomplished in the cooling process
by use of a cooling tower) or in separate strippers at high pH. Ammeonia can also be removed by
breakpaint chlorination.

Boron Removal

Boron removal is particularly important for irgation water {Table 4), and a treated water goal of less
than 1 mg/l was selactad for this project. If sufficiant magnasium is added, soma of tha boron can be
removed along with the silica during the warm softening progess. Boron can also be removed by
RO at high pH or by ion exchange using spacial anion axchange resing,

Sifica Ramoval

Although thers is no sllica standard for imigation water, low siica concentrations are desirable for
steam production and other industrial uges, and a project goal of 30 mgi was salected. Silica
removal can be accomplished by pracipitation softening through magnesium addition. Silica can
also ba removed by anion exchangs.

Hardngss Removal

Hardness in the range of < 20 mg/ is generally desirable to control scaling in a desalination process,
The ECR process, dug to lamger membrane pore size, may tolerate slightly higher levels of hardness
than thae RO procass. Total hardnass, including calcium and magnasium, can also be removed
along with silica in the warm softaning process. In addition, residual hardnass remaining in tha
softenad water can ba removed by using cation axchange. This is Important if salinity removal s
carried out 5t high pH.

Brine and Sludge Management



The production of sludge during precipitation softening, and aof brina during desalination, may be
significant Issues in the selectionfoperation af the treatment process. The amount of sludge
produced and the strength of brine will partially determinge the amount of pretrestment needed o
prevent fouling by Inorganic constituents. The compasition of the sludge will also determine whether
tha residuals can be managed as a non hazardous waste, Therefore, the volumes and compositions
of tha sludga arvl brine wastes must ba confirmad by pilot studies.

TECHNOLOGY SELECTION AMD PLANNING LEVEL TREATMENT COSTS

Treatment Alternatives

The technical and economic feasibility of various thermal and membrane processes are summarized
in Tabla 6. Since the RO process s more cost effective than thermal processes, and it can remove
organic compounds (TOC} more effectively than the EDR process, an RO based treatment is

selected for desalinaflon of San Ardo olffield produced water.

schamatic of the pilot process selectad.

Figure 2 presents a simplifed

Tabla 6: Summary of technical avaluation of treatment altematives for San
Ardo Produced Water
Water Quality MVC EDR + MBR Warm Softening + RO
Goals
TDS WVery enargy Intansive. Not Can Remove TDS {0 TDS < 200 mgA can be
cost Effective for hrackizh below 600 mgA. Very achieved. Required less
water. Generally better suited  energy intensive. energy than MYC or EDR.
for water with TDS = 30,000
gl
TOC Can dastroy most organics Naot effective for TOC RC can remove TOC to below
removal. Most (- T0%) 2 mgl.
of tha ollfield organk:s
are recalzitrant.
Boron Meed additional treatment. Meed supplemental RC can remove boron to < 1
treatment mgfl atpH > 10.5.
Ammania May head additional reatment  May he sffective for Most ammenia can ba
ammonia romoval ramoved In tha cooling
pracess (cooling towaer).
Supplemental treatment may
be required.
Hardness May nesd additional treatrment  May tolerate higher Prefreatmant (worm softening)
Ramoval hardneass level than is required.
MVC and RO,
Silica May need additional Can tolerate higher silica  Need pretreatrmsnt (warm
freatmant. levels. softaning with Mg addition).
Tampsrature Codling is required Cooling is required Cooling is required




Warm Softening
Froduced Water for Hardness and o Cooling Towar to
Influent —  Silica Removal cool and remove
pH 10.5 ammonia
Stabilization " Reverse - Prassure
{smosis Filtration

Figure 2: Simplified schematic of RO based process for treatment of produced

water

Capital and operating cost estimates for a facility capable of treating 4.2 MGD (100,000 bbliday)
ware developed using information from equipment vandors, cost estimate models, and praliminary
data from the recently completed pilot study at the San Ardo slte. The RO process traln includas
warm softening at pH 9.5 1o remove scale forming compounds, a cooling tower, pH adjustmeant to
10.5, raversa psmosis 1o remove disselved solids and boren, and pH neutralization {Figure 2). Total
capital costs inchude aquipmeant and direct construction costs, such as installation costs, as well as
indiract costs such as legal faes and administration. Operating costs include chemicals, slwdga
disposal, energy, and labor. Capital costs were amortized over 20 years at an interest rate of 7
percent per year. These amortization rates are typical for municipal water utilities that often finance

capital axpensas through honds.

Table ¥ shows tha estimated cost breakdown for variouws components of the process frain. The
planning level capltal cost estimata is about $ 19 millicn and O&M cost is about $7.1 million per
year. The eslimated cost of treated water is about $2,740 per acre-fool

Tabla 7@ Cost Breakdown for Raversa Osmosls Systam

Process Total Annual Total Annual Total Unk Cost  Total Unit Cost
Capltal Operations Cost {2005 $/AF of {2005 ¢/ barre!
Cost Cost (M 20405 §) water of water treated)
{M 2005 %) (M 2005%) produced)

Warm Softening 2.2 48 4.8 1,450 13.2

Conlng Tower 0.65 0.23 0.29 g7 0.80

Reversa Osmosis 18 2.2 26 780 71

Pedizhing 2 0.075 0.26 Fi) 0.7

Treatment 10 0.8 333 3.0




Building & Indirect
Expensas

Total 19 T 2.0 2,740 25

CONSTRAINTS ON THE USE OF TREATED PRODUCED WATER FOR AGRICULTURE USE IN
SAN ARDO, CA

Although the demonstration praject identified the need for additional water resource in the project
srea snd showed tha technical feasibility of treating the San Ardo cilfield producad water for
sgricultural use, there are several ¢oncems that must be addressad prior to implementation of this
cancept. For exampla, thera is a significant seasonal variation in water demand for agriculture, with
the peak demand pesiod extending from June through August. The treated preduced wates from
cilfigkl operation is, howeaver, generated continuously. Hence, a large above ground or underground
storage facility may be required for storing water generated during the non-peak irfigation period.
Secondly, significant sffort may be required to convincs farmers o accept a recycled water source
for irigation. Finally, the cost of treating and delivering the water must be compared with the benefit
of increased il production.

SUMMARY

Water axtraction from the Salinas Valley groundwater basin has resulted in a long-term average
overdraft of — 19,000 AFY. The frested San Ardo cilfield produced water would help address this
overdraft. Itis estimated that the treated produced water would maeasl the agricultural irigation
requirements for 2,000 acres, all of which are within 2.5 miles of the oilfield. The pianning level {-30
percent, + 50 percent) cost estimate for realing produced water Is about $2,740/AF. QOvercoming
the challenges posed by costs, deliverability, variable demand and ragulatory pemmilting could result
in the develapment of a new usable water rasource for the Scuthemn Salinas Vallay. Al the same
time, remaval of excess praduced water would reduce the hydraulic pressure in the oil resenvoir by
reducing the volume of Class || well injection. This reduction may reduce the cost of cil producticn
and increase recoverable reserves at this oil field. However, several concems including storage of
treated water during nan-peak agricultural demand period, acceptance of recycled water for
agricultural use by the farmers, and the economic benefits of increased oil produdtion compared with
tha overall project costs, must be addressed prior t¢ field implementation of this project.
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CVERVIEW OF REGULATIONS FOR POTENTIAL BENEFICIAL USE OF CILFIELD PRODUCED
WATER IN CALIFORNIA

Raymond Ouesllette, Rajagopalan Ganash, and Lawrence Y.C. Leong
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ABSTRACT
Froduced water generated during oil production by thermal {steam) recovery processes s often
disposed by Class Il deep well injection within the ol production zones. Such in-field injection may
incraase tha walter to oil ratio and resarvoir pressura, resulling in decreassd oil production.
Reducing Class Wl injection through alternative disposition of tha preduced watar may enhance oil
fiekl developmeant and crude il production.

The use of produced water involves treatment (0 maet specified water quality goals, delivery and
storage of treated water and safe disposal of tha residuals. Each of these activities is or may be
subject to regulation by Federal, State snd local agencies. A focus of this projact, jointly funded by
USDOE, Aers Energy LLC and Kennedy/Jenks Consultants, is 1o identify alternate end uses for
produce water in the immed|ate vicinity of the San Ardo oilfield, located In the Salinas Valley near
the Central Coast of Californja. This paper presents an overview of regulatory reguirements and
issues related to ireaiment, delivery, storage and waste stream management 1 potentially use
producad water in the San Ardo area and concludes that the regulatory obstaclas ara, in some
respacts, significant. The regulatory agencies include United States Amy Corps of Enginesrs; tha
California Regional Water Quality Control Board; California Department of Water Resources;
California Department of Fish and Game, and Monterey County Water Resources Agency. The
types of permits required vary with mode of reated water delivery and location of treated water
storage facilities.

Background

Production of crude ail through enhanced steam recovery is typically associated with a large amount
of produced watar. Although the quality of the water produced varles, thess waters typically have
salinlty concenfrations. from 1000 mg/ te more than 350,000 mg/l. The waters are generally high
temperatura {150 to 200 “F), and usually contain elevated levels of silica, boron, ammonig and
dissclved crganics. These waters are often injectad into Class Il wells. Such in-field injaction may
increase tha produced water-to-oil ratio and reservoir pressura, resdlting in lowear oil production and
highar oll production costs. Reducing Class 1l injection through altamative disposition or use of
treatad produced water may anhance oll production and Increase recoverable raserves in an oilfield.

Limitad water resources and increases in population have put a strain on Califarnia’s water supply.
Several reports indicata that the averall water demard for California will exceed supply after the yaar
2020. The effective and afficient treatment and use of the produced water coukd creats a win-win
situation for both oll producers and water usars by incraasing oll recovery while increasing much
needed water resources.

This DOE funded {No. DE-FC26-02NT15463) study avaluatas the potential for treatment and use of
produced water from an oilfield near San Ardo in Monteray County, CA_ Around San Ardo, the



Salinas Valley groundwater basin provides most of the water supply needs. Due to high water
demands from population growth and agriculture, groundwater extraction exceeds the sustainable
yield of this basin. The dapendeance on groundwater has resulied in a long-term average overdralt
of 19,000 acre-feetfesat per yaar (AFY) in the Salinas Vallay basin. The overdraft conditions have
resulied in seawater infrusion for about six miles into the northem Salinas Yalkey, befora the Salinas
River empiies Into the Paclfic Qcean. A successful produced water treamment process could make
available more than 4,000 AFY of water from the San Ardo oilfield. This is about one-filkh of the
annual overdraft.

This paper describes tha Federal, State and local regulations related to delivery, storage and use for
possible end uses of the treated olifield produced water in the project area. | must be emphasized
that the uses identified in this paper are basad on inftial screening of potential aternatives.

Alternative Use and Water Delivery Options

In thig section, the possible uzes for the treated water, based on preliminary evaluations, are
presented. Thasa possible usas, however, must salisfy siringent regulatory, economic, user-
parcaption, and long-term reliability criteria prior to actual inplementation. Furthermore, depending
on the type of use, implementation may also require complex water frade arrangements with ¢na or
more water agencigs. Finally, large storage facilities {hundreds of million gallons capacity) woukl be
needad if there is a large seasonal variation in water demand for the identified end use. Such
limitations may increase the overall costs of the project significantly and render the Use non-viable.
Thesa usas ara prasanted in this section only ko facilitate a discussion on regulatory requirements
for varigus alternatives in the following sections.

The potential users of reated oilfield-produced water in the San Ardo ares are limied because,
among cther things, there are no regional conveyance facilites in the 3alinas Valley other than the
Salinas River. Potential uses of the treated water in the project area could include the following:

v Agriculiural applications in ngarby farms, including those that currently utilize groundwater,
and those landowners who desire to bring land into agnculiural production

» Apencies at downstream locations

¢ Indusirial applications

» Creation of watlands in the Salinas Basin
Agriculture

A repord by Monterey County Water Resources Agency (MCWRA, 2000) indicates thar
approximately 48,000 acres of farmland are available in the upper Salinas Valley Basin (San Ardo
area). About 3,500 acres of Farmland are located within five miles of the cilfield, downstream of the
Salinas River. The kay crops cultivaied in these farms include broceoli, lettuca, spinach, carrols,
potato, cabbage and chile poppers. Data frorm MCWRA indicate that the average amalint of water
appiied for imigation in 1895 in the Upper Salinas Valley was about 2.75 AFfacre (MCWRA, 1998},
Hence, all of the reated preduced water generated from this project coukl, theoretically, be used on
less than 2,000 acres of farmland. Treaied water from the oilfield might be delivered through the
Salinas River or by diract pipeline.

The limitations in the use of oilfisld wetar for agricultute include [} efforts required 0 convinge
farmers to use recycled water for irdgation; i) need for a large storage systemfalternate use



arrangement during the low demand season (September — kMay) since the oilfield produced water is
generated throughout the year; and iii} trans partation { convevance of the water ta farmers.

Ageanclas at Downstream Locations

The MCWRA is a public agency that has been charged with the kng-term managemant and
preservation of water resources in Monterey County. In order to prevent seawater Intrision Into the
Salinas Valley Basin and protect agricultural water use, MCWRA has undertaken two major projects:
1) the Salinas Valley Water Project (SVWP), and 2) the Castroville Seawater Intrusion Project
{CSIP). The key components of these prajects are to identify aliernate sources of watar for
agricultural use in the Salinas Vallay Basin and prevent seawater intrusion by reducing groundwater
drawdown at the lower Salinas Valley Basin. The main ob|ective of the SYWP is to increase the
capacity of tha Nacirmients Dam resarvoir by i) modifying the Nacimlento Dam spillway; and i)
constructing a diversion facility to divert part of Salinas River water for the CSIP. Under the CSIP,
the excess water from the Salinas River diversion would be diveried to the Castroville service area
for agricultural use. This would replace the groundwsater that is currently pumped for agriculiural
irrigation in this area, and woukd help prevent seawater intrusion into drinking water aquifers. The
operational ebjective of the project is to stop seawalter intrusion into the Salinas Basin and provide
up to 1000 AFY net groundwater outflow to Monterey Bay. In addition, the average annual Salinas
River diversion capacity ks about 12,000 AFY. By comparison, the amount of water that woukl be
ganerated by treatment of produced water at the San Ardo oilfleld is about 4,000 AFY. However,
one of the key limitations in this use is the loss of added water during fransport due to evaporation
ard percolation, particularly in dry weather conditions.

Industrial Use

A power plant located at King City, California was initizlly consitdered as a candidate for using
treated producad water for its cooling water needs. This plant is located about 30 miles north of San
Ardo, downstraam of the Salinas River.  For this application, delivery of water through the Salinas
River is not passible due to the beneficial use requirements in 40 CFR 43530 (discussed below). In
addition, delivery of water by a new, unsubsidized 30-mike pipeline appears to be cost prahibitive.
Hence, this option is no longer under consideration,

Watiands Devealopment and Other Applications

Thea reated produsad water could conceivably be used fo create wetlands in the Salinas Basin.
Such an end usa would requira a biodiversity study to klertify potential bensfits W animal and plant
spacios in the project arep, However, potential use of ireatad produced water for wetlands
development may require long-term raliability of water supply fram the gilffield. This may be a
concern if the ailfield operations are curtailed far any reason or terminated af the end of the
economic life of the cilfieki or for other reasons.

Water Trade/Water Delivery Issuas

The following water tradesdelivery scenarios were considered for altemative disposition of the
treated water:

+« Convey the treated water directly (through hard pipe) to agricultural growens in the wvicinity of
the project area and allow a partnering water agency tc abtain the agriculiural end-user's
unused groundwater. This groundwater would ba discharged into the Salinas River, which



would provide the conveyance system for downstream diversion to areas impacted by
seawater intrusion and declining water levels.

+ Provide treatexd produced water to a water agency that would discharge it directly to the
Salinas River for downstream diversion to areas impacted by seawater intrusion.

Regulations for Dalivery, Use and Storage of Traated Produced Water

Water quality requirements vary with the use amnd the mode of delivery. in addifion, dellvery of
rreated water through the Salinas River must address water nights issues for downstream users.
Finally, pemnits related to the structural integrity of the containment basin and water quality must be
obtained if the water is stored during periods of low demand. This section describes the agencies
and regulations related to tha above aclivitics.

Table 1. Activities regulated and responsible agencies for potential delivery, use and storage of
treated produced water

Agency Activities Regulated

Cenitral Coast Regional Waterfwaste quality issues refated to treatmant, delivery, storage
Water Quality Control Board | and end use

California Water Resources | Water rightsfwatar allocation issues if treated water is discharged

Contrel Board — Water into the Salinas River

Rights Division

Califarnia Deparimenit of Storage of treated water near surface waters

Water Resources —Division

of Safety of Dams

Us Army Corps of Storage facilities near surface waters, if federal funding is
Engingars involved

Maonteray County Planning | Grading permits for sterage of reatad produced watar
and Building Inspaction
Departrment

California Department of Activities which alter stream flows (e.g. construction of discharge
Fish and Garme structures in the river bank)

Regulations Related to Water Quality
Gentral Coast Regional Water Quality Control Board

Tha Central Coast Regional Water Quality Contrel Board (CCRWQCB) is the principal regulatory
agency responsible for oversesing the discharge of any water that could impact Califormia water
resources in this region. This authority comes from the Porter-Colcgne Water Quality Control Act
{Porter-Cologne) that established the California State Watar Resources Control Beard (CWRCE)
and nine Regional Water Quaility Control Boards. The CCRWQCB is one of thasa nine regional
boards.

The CCRWQCB. in its rcle of implementing the Stata Policy for Water Cuality Control, has adopted
a Basin Flan that identifies the beneficial uses of the various axisting water rascurces in the region,
including surface and ground water. Any discharge from this project would rmost likely ocour within

the Salinas Hydrologle Unit. This hydrologic wnit s subdlvided into varlous sub-units and each sub-
unlt has its gwn set of beneflcial uses.



A&ll beneficial uses are pratected by the developmant of water quality objectives that, in tum, are
used o establish local waste discharge raquirements {WDRs). The WDRs must also comply with
the existing State Implementation Policy related to the National Taxics Rule (NTR) and the specific
California Toxics Rule [CTR).

Authorization from the CCRWQCE Is required for any discharge that may have an impact on the
region's water resources. Two iypes of authorization are issued. Tha first is the National Pollutant
Discharge Elimination System {NPDES} permit, a national program delegated to the State and
Regional Boards for implementation. This permit affects any discharge lo & water of the U.5.
{primarily surface waters). The second is a set of WDRs which are a Californka authorization
intended to protect state watars not coverad by the NPDES permit program. In practice, it Is
common for the CCRWQCE to issua ang permit that covers both program requirements.

The permit requirements under various water discharge {dellvery) and water use scenarios are
described below:

Water Quality Regulations Related to Delivery of Treated Produced Water through the Salinas
River

In this scenario, produced water for irrigation would be treated and then discharged directly to the
Salinas River. The treated water would need to mest the requirements feund in the following
regulations and/jor policy documents:

s 40 CFR 43530 et 584,
s 40 CFR 43550 af 5eq,

v NTR}the CWRCB Pdlicy for Implementation of Toxics (Resolution 2000-015 as amended by
Resolution 2000-30),

+ The Anti<legradation Policy {Resolution 63-16), and

+ The narrative and specific numeric water quality objectives contained in the Central Coast
Basin Plan for the Salinas River and any groundwater that might be impacted by the
discharge.

40 CFR 435,30 of o4

This is a federal regulation promulgated by the Environmentsl Protection Agency (EPA) in which
effluent guidelines for the ¢il and gas exiraction Industry were developed. Specifically, 4235.30 of
saq. addresses discharges from the “onshere” subcategory of the il and gas extraction industry that
are located landward of the inner boundary of the territarial seas. In section 435.32, the effluent
quideling states, “there shall be no discharge of waste water pollutants into navigabk: waters from
any source associated with production, fisld exploration, drilling, well completion, or well treatment”
to the west of the 98™ mendian. Unless wastewater discharge to the Salinas River is subject to
ather provisions contained in 40 CFR 435 (sce below), the Water Board will not allow any discharge
of wastewater to the Salinas River.

40 CF'R 435.80 of sod

This sactlon of the federal regulations addresses onshore facilities *located in the continental United
Siales and west of the 98™ meridian for which the produced water has a use in agriculture or wildlife
prapagation when discharged into navigabie waters”. Cnshore facilities in the San Ardo Field are
located in the continental United States and they are located west of the 98" meridian. The



wastawater would be treated before discharge to meet quality standards for use in agricultural
applications. In 435.51, the tarm “use in agricultural or wikdlife propagation” is defined to include
produced water of sufficient quality to be used for agricultural uses, Discharge woulkd be subject 1o
certain limitations specified in 40 CFR 435.52, namely, that the produced water {after treatment)
does not exceed a daily maximum lirnitation for oil and grease of 35 mgfl and other limitations as
discussed below.

NTR mnd Yimter Board Inplemantation Pol

These two regulations and the State Board policy are intended to limit the discharge of "loxics” into
navigabe waters. CTR, promulgated in 2000, specifies water quality criteria far 128 priority
poliutants based an their toxicity to aquatic species. These limits, presented in EPA Fedearal
Register (USEPA, 2000}, are generally lowar than NPDES discharge limits hased on Basin Plan
criteria. Compliance with some of thesa limits would reguire significant, additional treatmeant
processes and increased treatment cost.

Anti-degradation Policy

The CWRCE adopted this policy in the late 1960s to maintain the quality of exlsting water resources.
Under this policy, the discharge must not cause a degradation of the axisting quality of the receiving
water uniess |t has been demonstrated that the change will be consistant with maximum benefit to
tha pecpla of California, that it will not unreasonably affect tha present and anticipated bensficial use
af such water, and that it will not rasult in water quality kess than that prescribed in the policies.

Contral Const Basin Plan

The CCRWQCE is responsible for adopting and implementing the Basin Plan that defines beneficial
usas of surface and groundwater in the project area and sets narrative and numerical water quality
abjectives for the designated use. Accordingly, the beneficial use designations for tha Salinas River
include Municipal and Domestic Water Supply (MUN) as weall as Agricultural Watar Supply (AG} and
Industrial Water Supply (IND) uses among other uses. In addition, the Basin Plan defines narrative
and numenc criteria for groundwater recharge and agricuitural use when the water is not delivered
through the river. The Water Board may require that the produced water be treated to meet the
appropriate criteria of the narrative and specific numerical water guality objectives as identified in the
Basin Plan prior to discharge.

Water Qualily Requiraments Related to Delivery of Treated Water for Agricultural Irrigation by
Hard Piping

In this scanario, the end user would get deliveries of treated water for agricultural Irigation by a hard
pipe, The CCRWQUCB would require a WOR for this use. The treated water must meet the following
water quality criteria;

+ Crop water guallty requirements

+ Water quality requiremants of the Central Coast Basin Plan

Compared with dslivery through the Salinas River, thare would be fewer monitoring requirements.
For example, a shorter list of parameters may be issuad o routinely treat and report. These
differences may or may not alter the freatment process train for the produced water.



Water Quality Requiremants Refated to Discharge of Groundwater into the Salinas River
through Water Trade Agreement with Farnm Owners

Undar this gcenario, traated water dalivered for agriculiural use woulkd be fraded for groundwater.
The “fread—up” groundwater wauld then ba pumped into the Salinas River for conveyance ta
downstream users. The groundwater pumped into the river must meet all the requirements specified
in an eartler section for the discharge into the Salinas River.

Regulations Related to Water Rights
California Waler Resources Condrol Board — Division of Water Rights

The CWRCB Division of Water Rights {DWR} is responsible for ansuring that water is shared
equitably among all downstream users, based on historical ar legally determdned water rights. As
such, the DWR establishes remaval quotas or pumping limits based on the adjudicated volumes of
water provided by the various sources. The addition of new sources of water, such as reated
produced water, would I kely need to be allocated to downstream users. The process raquires
Kentification of the volums of water and the potential downstream user. Tha permit to appropriate
the relaased water by the identified user would be based an the amount of water deliverad and
potential losses during conveyance. The proposed use of the appropriated water must also be
specified. The permit application must indicate the details of the diversion warks {direct diversion by
pump, storage dam, etc.). The permit application would have to be filed well in advance of the
construction of diversion work.

The proposed project may be subject to the California Environmental Quality Act {CEQA) which
requires agencies to consider environmental effects. This process may involve ablaining a
certification of exemption, a negative declaration or a preparation of 2 full Envirenmental Impact
Report (EIR}). More detalls regarding the appropriation process is provided in the three pamphlets
issuad by the DWR [CWRCB 2000, 2000a, 2001).

Regulations Related to Storage

Due to potential differences in supply and demand far the freated producad water storage facilities
may be required to store the water produced during non-peak demand period. For axample, the
peak water demand for agricultural use is belwean June and August. Depending on the location,
slze and funding source varicus agencies would be involved in the permit process for construction of
storage facilities. Farmit reguirements from these agencies are briefly discussed below:

Callfornia Department of Water Resources — Divislon of Safety of Dams

The Division of Safety of Dams {D3SD) would be involved with any project that creates a structure to
impound water in a “navigable” water as defined by EPA if tha struchure is greater than 25 feet high
ar the impoundment contalns more than 50 acre-feet of watar. In this role, the DSD would ensure
that the structural integrity of any jutdsdictional dam (storage structire) is adequate for its intended
purpose. Furthermore, the DSD would usually be the State representative for the US Army Corps of
Engineers.

Water storage structuras that are built sclely for agricultural use and not located across a straam
channei, watercourse, or natural drainage area are not considerad 1o be a dam and not subject o
the Jurisdiction of the DSD. (California Water Code {CWC), Division 3, Part 1, Chapler 1, §6004{b)).
The jurisdiction of the DSD nomally applies to any siructure that is 25 feet or more in haight or has
or will impound a capacity of 50 acre-feal or more. (CWC, §6002). However, the CCRWOCE would



bea involved bacause any water discharge inta the storage area could have the potantial to impact
watars of the state, i.e. groundwatar,

US Army Corps of Enginesars

The Corps of Engineers is not normally invoived in such projects unless there is direct U.S.
Govemment funding for the construction of a dam. As such, the Corps of Engineers would raly upon
the DSD to oversee any construction that does not involve federal funding (i.e., the COE will be
directly invclved cnly if the project receives federal funding).

Monterey County Planning and Bullding Inspection Department

The feasibility of local water storage in surface impoundments {ponds) on individua! farmlands was
explored. In order 10 install a pond. a farmer would be required to obtain grading permits from the
Monteray County Planning ard Buikling Inspection Departmant. As part of tha permit process, the
farmear must submit five sets of plans for each araa whera ponds are planned.

Central Coast Regional Water Quality Control Board

Chapter 3 of California Code of Regulations (Title 27, Division 2, Subdivision 1) classifies wastes to
detarmmine where the wastes can ba discharged {stored). This chapler prasants geologic and siting
criteria for waste managemeant units io store various wasta streams. The CCRWOQCE is responsible
for defining the storage siting criteria if seasonal storage is required for freated produced water.
However, an axamption fram this requirement might ba available if tha waste (treated produced
water) meets the criteria for inert waste as defined by saction Ch15:§2524. An “inert waste™ is a
subset of waste that does not contain hazardous substances or solubke pollutants at concentratlons
in excess of applicable water guality chiectives and does not contain significant guantities of
decompasable wasis.

Regulatiens Related to Wildlife Protection

California Departmant of Fiash and Game

Any structura constructed for discharge of treated water inte a waterway would require a stream
alteration petmit from the Califomia Department of Fish and Game {CDFG). In addition, CDFG ¥
rasponsible for ansuring sufficlent water flow downstream of any water diversion point at all fimes in
order to protect fish and wildlife resources. (Saction 5937, Arficte 2, Chapter 3, Part 1, Division 6 of
the California Fish and Game Code). Approval from the CDFG may he required to cbtain water
approphation by an end user.

Summary

In summary, an evaluation of reguiations indicates that, for dellvery of treated water 10 agricultural
land by hard pipe, the treated watar quality must maat crop water quality and basin plan water
quality reguirements. WDRs must be cbtained from the CCRWQCB. For delivering water via the
river the following weuld be required:

s The released watar must facilitate agricultural or wildiife restoration requirements.

« The water quality must be in compliance with NPDES, NTR, CTR and anti-degradation
requirements.

» A penmit from the CWRCE must be obtaingd for water appropriation,



« Approval from the CDFG may be required for the appropriation of water 1o verify that the loss
of water will not have an adverse effect on fish and wikdlife resources.

Finally, storage of water during periods of low demand may involve regulations from the DSD,
Manterey County Environmental Health & Planning Depanment, and the CCRWQCB depending on
storage location and water quality.
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PILOT STUDY FOR DESALINATION OF QILFIELD PRODUCED WATER CONTAINING HIGH
LEVELS OF BORGON AND AMMONIA

Absiract

Rajagopalan Ganesh, Lawrence Y. .C Leonyg
Kantady/Jenks Consultants

Production of crude oil through enhanced steam recovery typically generates a large amount of
produced water, a cumently unusable by-product. Although the quality of the produced water varics
by region, these waters typically have salinity concentrations from 1080 mg/1 to mare than 54,000
mg/l. The waters are often high temperature (150 to 200 °F}, and usually contain high levels of silica,
boron, ammonia and dissolved organics. These waters atre often disposed by injection ints Class 1l
wells within the eilficld. If these disposal wells communicate with the oil-bearing formation, such
on-field injection may increase the produced water to oil ratic and reservoir pressure, resulting in
higher oil production costs. Reducing Class II injection through beneficial reuse of weated produced
water can optimize 01l production and increase recoverable reserves in such oilfields.

The project goal is to convert produced water into a watet resource at a San Ardo, CA oilfield. A 10
- 30 gpm pilot plant, based on reverse osmosis technology, was constructed and operated for nine
months. The key constituents of concern include TDS (7000 mg/1), boron (25 mg/l), and ammonia
{20 mg/l NH3-N). Although treated water quality requirements vary with the type of end use, water
quality goals of 400 mg/1 TDS, 0.75 mg/l beron and 5 mg/l ammonia werg set.  Since boron and
ammonia have conflicting ion chemistries, treatiment of waters containing high levels of both of these
contaminants is ofien challenging and cost prohibitive. The process configuration for this pilot study
consisted of a warm softeming unit to remove hardness and silica, a cooling tower to lower the
temperature and remove ammeonia, and a RO unit to remove TDS, boron and possibly ammonia. The
highlights of the project include evaluation of a recently developed membrane for boron removal at
lower pH {(~2.5} than conventionally required for boron removal by RO {pH =10.5}.

All of the water guality goals, except that for ammonia, were achieved during the pilot study wsing
both the comventional membrane and the new baron rejection membrane systems.  Although
approximately 80% of ammonia was removed, an additional polishing unit will likely be required to
meet the ammonia goal.  Preliminary evaluations indicate that a recently developed high boron
rgjection membrang, operated in 8 | X0 array mode at 2.5 gpm flow cate, will remove boron from 23
mg/l to 1 mg at pH=9.5. Modeling ¢fforts ars cummently underway to design the optimum cooling
ower/membrang configuration 0 meet treatment goals and 1o develop treated water cost estimates.
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EVALUATION OF FOTENTIAL BENEFICIAL REUSE OF SAN ARDOQ PRODUCED WATER

Rajagopalan Ganesh and Lawrence ¥Y.C. Lecng
Kennedy/Jenks Conzsultants

Robert A_ Liske
Agera Energy LLC

ABSTRACT

The goal of this DOE, Asra Energy LLC, and Kennady/Jenks Consultants funded projaci was to
evaluate the potential for treatmenit and beneficial reuse of produced water from an cilfield in San
Ardo, California. A 10 - 30 gpm reverse osmosis [RO) pilot plant was constructed and operated for
nina months. The key constituents of concem include total dissolved solids (7000 mgf TDS),
tamperatura {190 * F}, boron (25 mg/l). ammonia (20 mg/l ammonia as N}, and organics {75 mgd
TOC). Although water quality requiremeants vary with the type of end use, treated water quality goals
for this pilot ware s&t at 400 mgfl TDS, 1 mgdd baron, 5 mgdl ammaonia as N, and 1 mgd organics.
Highlights of the project include an evaluation of a recently developed boron rejection membrane for
boron removal at a lower pH than for a conventional brackish water membrane. The lower pH (9.5
versus >10.5) could result in significant savings on tha caustic raquiremant.

All of the water quality goals, except for ammonia, were achieved during the pilot study using both
the conventional and the new boron rejection membrane systems. Because ammonia and boron
have conflicting pH requirements for removal by RO, a separate ammaonia removal step was
nacessary to meet the ammonia treatment goal, Analysis of the low and high pH clean-in-place
(CIP) solutlons used following membranég cleanings, as wall as svaluation of transmembransa
pressure drop aftar cleaning, showed that most of the pressurs drop was caused by inorganic
scaling from magnesium and silica, rather than organic fouling.  Although the new boron rejaction
membrane succassfully removed more boron at a lower pH than the conventional brackish water
membrane, this membrans was mora prong (o scaling.

KEY WORDS

Producad water, warm softening, Raverse Osmasls, TDS, boron rejection, ammonia, membrane
fouling

BACKGROUND

Qil production generates a large amount of by-product water, commenly known as "produced water.”
As ol Is produced from an ol field, the amount of produced watar can account for over 90 parcent of
the flukds pumped from a well. The mest prevalent methed of using or dispasing of il field produced
water is to inject it underground. A significant portion (50 ta €5 percent) of produced water from
ohshore sourcas is currantly reinjectad into oil producing zanes where it enhances oil recovery
{using water flooding and steam flooding) or for subsidence control. The other 35 to 50 percent is
disposed of via deep well injection or other methods, Unfortunately, deep well injection disposal



may increase rasanvoir pressure and, in steam floods, lzad to lowser oil recovery and increased
production costs. In such cases, eliminating deep well injection by finding a beneficial use for the
tregted water may increase oil production, incregse recoverable ol reserves, and reduce production
costs. Furthermora, treatment of qilfiekd produced water may provide a new reclaimed watar supply
far specific uges in water-short arsas such as Californla.

The feasibility of produced water redamation depends on a number of factors. For example, the
chemical composition of the preduced water, which is typically very saline, can significantly impact
the treatability of these waters. The total dissalved solids {TDS) of producad waters in the United
States can range from about 3,000 to mera than 350,000 my/l, with sodium and chlorida genarally
comprising 70 - 90 percent of the TDS (U.S. Geological Survey, 2002). The produced waler may
also contain high concentrations of calcium, iron, manganese, ammonia, boron, and dissolved
organics. ften, the complexities involved in treating these waters {(e.g. TDS > 10,000 mg#l) may
render produced water reclamation cost-prohibitiva. In addition, regulations adopted pursuant o the
Clean Water Act prohibit the discharge af treated produced water from cnshora cil and gas wells into
surface walsrs, excepl in areas west of the 98" Merkdian {a north-south line appreximately running
from just west of Minnescota down through Dallas, Texas). Discharge of treated produced water
directly into surface waters wast of the 98™ Meridian is allowed only if the treated water is of
acceptable guality for agricultural use or wildlife propagation. If the treated water i intended for any
other benefictal use, it must be delivered through direct piping or alternate means, which may not he
cost effective. Finally, large storage facilities {hundreds of millions gallon capacity) would be needed
if there is a large seasonal variation in water dernand for the identified and use.

OBJECTIVE

This project, jointly funded by DOE, Aera Energy LLC, and Kennady/Jenks consultants, evaluated
reclamation of produced water from an oilfisld at San Arda, California. The major tasks included
evaluation of reated water end usa oplions, regulatory requirements, and a pilot study to avaluate
the technical and economic feasibility of treating this produced water. This papar presents data from
the pilct study performed to treat the San Arde produced water for potential off-site use.

PILOT PROCESS AND TREATMENT GOALS

The San Arde produced water is brackish, with high levels of ammenia, boron and organics (Takle
1). Furthermorg, the watar contains high concentrations of scale-forming constituents (hardness,
silica) that may impact a thermal cr membrane dasalination procass for converting this water tc a
fresh water resource. Finally, due to the tharmally enhanced racovery (i.e. steam drive) of haavy oil
reserves, this water is generally high in temparatura {150 to 200 °F). A treated water quality goal for
the pilot study {Table 1) was set based on the California Central Goast Ragicnal Water Quality
Control Board Basin Plan groundwater recharge criteria.

Table 1. San Ardo Oilfield Produced Water Quality and Pilot Treatment Croal

Constituent Untreated Produced Water | Pilot Treatment Goal
TDS (mgA) 7000 400
Temperature {°F} 190 °F <90 °F
Amrmnonia {mg/(} 30 =5
Boron (mg/} 25 =<1
TOC (mgi) 75 < 1
Hardness {mgf as CaCO;) 325 <10




[ Silica (mgn) | 225 < 60

Figure 1. Simplified schematic of pilot process train
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Figure [ shows a schematic of the pilol provess svaluated tor this study, Lenial 1o the pilot process
1% a reverse osmosis (RO) unit for TDS removal. An upsiream warm sofiemng unit removed bardness
and silica o mimmize scaling of the membranes. Caustic was added o remove hardness, and
magnesium was added to precipitate silica from the produced water. A cooling tower was used to
cool the softened water and facilitate ammonia removal prior to RO. Most of the RO operations were
performed using a brackish water membrane. In these studies the RO was operated at alkaline (2.5 —
11} pH levels to optimize boron removal. Several additional studies were performmed te evahluate
treatment cost reduction including i) investigation of RO membrane fouling charactenstics w
optimize the clean-in-place (CIP) process and membrane replacement frequency, and ii) evaluabion of
a special boron rejection seawater metnbrane at pH 9.5 to minimize chemical and operational cost
associated with high pH {>10.5) operations using conventional membranes.

RESULTS

Warm Softening

The gaals of the warm soflening process were to remove scale forming calcium and silica from the
produced water. Basad on banch studias, caustic dosing rates of 400 to 700 mg/l, and magnesium
dosing rates of 50 to 150 mg/l wers used during most of tha wam softening frials.

Figure 2 shows the silica levels in the treated water when adding 500 mg/ of caustic and varying
amounts of magnesium. At a dasing rate of 60 my/l magnesium, the efluent pH was 10, and silica
level was about 100 mgd {- 50% removal). A silica level of ~60 mg/l was achisved at 100 mgf
magnesium dose. Figura 3 shows the silica levels in the treated water when the caustic dosing was
incraased to 600 mg caustic. Increasing the caustic dosa o 800 mgd improved silica remaval. The



effiuent silica levels were 83, 40 and 20 mg/) at magnesium dosing rates of 75, 100 and 150 mg/|,

respactively.

Figure 2. Warm softening effluent sllica and pH, when adding 500 mg/l caustie, varying

amounts of magnesium
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Ievels 111 general the s:lu:a levels i the suﬂena:d water mcre:ased with an increase in the pH Drago,
&t al., {1997) (referring 1o Mujeniego, et al., 1976) reported that maximum silica precipitation by



magnesiutm addition occurs at the pH corresponding to the average pKa values for the first and
second diszociation constants (pK, and pK;) of orthosilicic acid. The pK,s; values vary with the
water temperature during precipitation. In the current pilot study, the average temperature of the
soflened water in the settling tank was sbout 140 ° F. At this temperature, the pH optimum
{{pK +pK;)2) for silica removal is calculated 10 be 9.3, Above this calculated pH, silica levels
increased as predicted.

Fizure 4. Effect of pH on warm softened effluent sillea
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Flgure 5. Warm softening effluent hardness as a function of pH
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Figure 5 shows the hardness of the warm softening process effluent as a function of pH. The residual
hardness of the clarifier effluent was below 10 mg/l when the effluent pH was between 9.3 and 10.5.
Effluent pH was less than 9.3 (pKa of carbonate) at low caustic {<400 mg/1} or at high magnesium
dosing rates (= 125 mgM. The residual hardness was higher than the hardness goal (1 mg/l as
CaCO;) under these conditions. Alse, effluent pH higher than 10.5 occumred at high caustic {e.g. 70
- 300 mg/d) and low mapgmesium (0 — 70 mp/1) dosing rates. The effluent hardness was higher than
the treatment goal under these conditions, probably duwe to ineffective zilica removal by the low
magnesium dosing,

COOLING TOWER OQPERATION

The cooling tower was usad for i) cooling the warm softaning effluant, and i) avaluation for stripping
ammonla. It consisted of 7,452 ft2 of CPVC packing and a 15 HP fan rated at 23,100 cfrn {Table 2).
The cooling tower was operated at a flow rate of 15 gpm. The high pH and high alr to water ratios
used In the pilot trials generatly favor ammonia stripping.  During the pilot study, due to some
concerns with solids carryavar, tha warm softening efluent was settled in an equalization tank prior
to cocling tower operations. As a resuli, the influent waier temperature io the cooling tower was
lawer {58—105 °F) than the designed inlet temperatura (=150 °F). Table 2 summarizes the operating
conditions and results from the cooling tower sfudies, Approximately 63 and 44% of ammonia were
removed in the cooling tower at influent pH of 10.8 {104.6 °F) and 10.3 {58 °F), respectively.

Tahle 2. Cooling Tower Operatlon and Results

Parameter Units Condition 1 Condition 2
Water flow rate gpm 15 15
Air flow rate cfm 23,100 23,100
Air; Water ratlo vel: vol 11.600:1 11,600:1
Influent waier temperaiure °F 58.0 104.6
Effluent water ternperature °F 53.4 65.6
Average temperature reduction °F 4.2 39.0
Average air lemperature {wet bulb} *F 42.9 45.2
Influent pH Std units 10.3 10.8
Influent ammonia-N mg/l 12 17
Efflugnt ammonia-M g/l 8.6 6.3
Average ammonia removal % 4 (%]




Reverse Osmosis

Conventional Brackish Watar Membrane: Most of the pilot evaluations were performed using a
koch Membrana Systam (KMS) RO unit fitted with the conventional brackish water membrane under
various pH conditions (9.5-11) to remave TDS, boron, TOC, silica and ammonia from the softenad,
cooked San Ardo produced water. Table 3 shows the specifications of the membrane element and
the operational conditions used during the pilot study, The feed and permeate flow rates for the RO
studies were 7.5 and 5 gpm, respectively.

Table 3. Spectfications of the Conventional Brackish Water Membrane

Parametar Data

Membrane TFC® - XR4,, Fluid Systems
Configuration Spiral Wound

Membrane Polymer Composite Polyamide
Diametar 4 inch

Nominal Membrane Area 78 fi?

Maximum Applied Pressure 800 psi

Maximum Operating Temp 113°F

Maximum Feedwater Silt Density Indax (SDI 15 min) 5

Maximum Pressure Drop for Each Element 10 psi

The TDS of the RO feed water varied from 7,500 to 9 000 mg/) (Figure 8). The average TDS of the
permeate was 2153 mglL. Tha pH of the RO feed did not significantly impact the permeate TDS.
Post treatment operations such as stabilization of permeate for corrasion control, salt addition for
Sodium Absorption Ratio (SAR} compliance and final disinfection will slightly increase the reated
water TDS prior to its intended end use.

Figura 6. TDS lavels in RO Influent and panmaate at various pH levels
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Figure 7 summarizes the remdwval of boren by the RO progesses. The boron congentration in the
permeete decreased with an increase in the feed water pH. The influent boron levels varied from 20
to 25 mgfl during the pilot study. The boron goal of =1 mgd in the permeate was not achieved when
the pH of the RO feed was 10.2 or lowar. This trend. in ganeral, is consistent with the speciation
chemisiry of boron. In the pH range at which tha pilot was operated. an increase in pH increases
the fraction of the ionic boron spacies (B{OH), ) which i amenable for removal by the RO
membrana,

Figure 7. Boroh levels in RO Influent and permeate at various pH levels

10

-»*
8 F - - - - - - - - — - - - - - - e —

Y T [ U -

i dwaer Faten
| LTI e

Boron {mgf)

1
0 - = —

.8 .4 14 1p.2 10.4 19.5 10.8 11 11.2 11.4 11.8
Fabdw ater pH

The influent ammonia concentration o the RO varied from B to 13 mg/fl ammaonia as N.
Approximately 10 to 15% of the ammonia was removed by the membranes at pH 2.6 10 10.2. No
ammonia was removed at pH 11 by the RO process. These trends are consistent with ammonia
speciation chemistry. At pH above 9.2, at which the pilot was operated, a significant fraction of the
ammonia remains in the un-ionized NH; form which |s not conducive for remaoval by the RO process.
At pH 2.5 to 10, only about 20% of ammonia remains in the ionized NH," form which is amenabla for
rermoval by RO. As the pH increases to near 11, less than 10 percent of the ammonia is iohized,

The TOC of the RO feed water varied from 60 to 80 mg/| throughout the pilot study. The permests
TOC was always below tha detection limit (3 or 1 mgf) in all the cases.

Mambrane Fowling: The Operating ardl Maintenance {O&M) cost for RO treatment can be
significant due to membrane replacement required because of scaling or fouling by produced water
constiluents. Hence, during this pitot study, the following were performed to characterize the impact
of crganic ard inorganics on the RO membrane:
» Evaluation of transmembranga prassure recovery of the membrane during low and high pH
CIP, and
«  Analyses of low and high pH CIP cleaning solutions before and after membrans CIP



Evaluation of Transmambrane Pressure (TMP). A typical RO CIP is a two step process consisting of
i} cleaning with an acidic solution designed to ramove the inorganic scalents {e.g. Ca, Mg, 3i02),
fallowed by i) cleaning with an alkaline salution designed to remove the crganic foulants. In this
study the impact of organics and inorganics on the membrane was evalvated by operating the RO
unit under normal conditions after aach step of the cleaning process and measuring the prassure
recovery obtainad.

Table 4 shows the feed pressure required for produced water treatment before, during and afier the
CIP process. The pressura reguirad to obtain the design yield using a virgin membrana was ~ 379.5
pei. After about 100 hours of operation, due 1o increase in pressure drop across the membrans, tha
permeata yield reduced to 40%. The corresponding feed pressure was 283 psi. Membrane cleaning
using an acidlc solution (KOCHKLEEN 100, KMS) was performed at this time to remove Inorganic
scalents. Subsequently, the membranes were rinsed with clepn water and allowed 1o relax for
ghout two hours, The RO was then operated to treat the producaed water {warm scfiener affluent).
The feed prassura requirad for operation decreased to 222.5 psi. This suggested that 3 significant
fraction of the pressurs drop across the membrans was causad by scaling of inorganic materials.
The membranes were then cleansd using alkaline solution to remove organic foulants. The feed
pressure reguired for 40% yield, hawever, did not change significantly after cleaning with the alkaline
solution. Approximately 228 pel pressure was siill requirad for cperation. This suggestad that only a
srmall amount of organic compounds fouled the membrane during treaiment of oilfisld produced
waltar.

Tabled. RO Transmembirane Pressurg Before, Daring and After CIP

Operation Phase Feed Flow (GPM) | Yield (%) Transmembrane
Pressure {psi)

Start of Test Run 7.5 #7.5 A79.5

Operation Prior to CIF 7.6 40.8 283

After Low pH CIP 7.5 40 222.5

After High pH CIP 7.5 A0 228

At Dasign Yield After 5.8 5.5 387

CIF

Following the low and high pH cleaning procedure, the pilot RO umt was restored to operating at
~65% yield, similac to that established at the start of the initial test ran. Upon restoring these
operating conditions, the TMP required to maintain the original yield was higher than the average
TMP observed during the initial 20 hours of the test run (Table 4). This suggested that some
permanent fouling of membrene may have occurred during the produced water treatment.

Analyses of CIP soluffons: In addition to evaluation of oparating feed pressure, acidic and alkaline
CIP soltions were collected before and after the cleaning process, and analyzed for inorganic and
arganic constituents. Tablke § shows the concentrations of inorganic {Ca, Mg and 5i0,} and organic
{TOLC} constituents in the acidic and alkaline cleaning solutions. Calcium, magnesium, silica and
hardness level in the acidic sclution increased significantly after membransa cleaning. However, the
TOC of the alkaline soluticn did net increase after claaning, indicating that organic constituants did
not significantly foul the membrane during treatment, These findings further supported the pravious
observation that the majority of the pressure drop across the membrane weés due to inorganic
stcaling.

Table 5. Inorganic and organic constituents in low and high pH clean in place solutions



Paramatar Before Cleaning After
(mgl) Cleaning % Increase
{mgl)
Agiddic Soluth
Calcium &1 110 36
Magnesium 33 240 627
Sllica 53 200 277
Hardnass 340 1,300 282
Alkaline Solution
TOG | 160 | 94 46
mgil as CaCO,

Evaluation of Boron Rejaction Seawater Membranes: As part of the pilot study, a spacial boran
rejection seawater membrane, which is reported o remove boron mora effectively at lower pH levels
{~9.5} than a convenlional brackish water membrane (Hydranautics, 2005), was svaluated for San
Ardo produced water treatment. (f boron can be successfully removed at this lower pH, it will
significantly raduce the chemical cost associated with ralsing the RO feed water to pH 10.5 and the
subsegueant lowening of the permeate and concanirate stream pH.

Table & shows tha specifications of the boron rejection membrane and Tabls 7 shows the operation
conditions far the study. In summary, three 4-inch diameter membrane elements of each system
were opefated in parallel single stage mode for approximately 50 hours. The influent pH was
maintained at abhout 8.5, Feed, permeate and concentrate samples were collected and analyzed
perodically for proceas performance.

Table 6. Specifications of the Special Boron Rejection Membrane

Parameter Data

Membrane SWC4, Hydranautics
Configuration Spiral Wound

Membrane Folymer Compasite Palyamida
Nominal Membrang Area 85 ft*

Maximum Applied Pressure 1004 psi (4" & 1,200 psi (8™
Maxirmurm Faadilow 16 gpm {4°). 75 gpm (8")
Maximum Qpsrating Temp 113 °F

Maximum Feadwater Silt Density Index (15 min) 5

Maximum Pressure Drop for Each Element 10 psi

Table 7. RO Operation Conditions for the brackish water and boron rejection Membranes
Evaluation

Parameter Brackish Water Membrane | Boron Rejection Membrang
{Fluid Systems) {SWC4)




Feed water Flow {gpm) 2.65 2.4
Permeate Flow {gpm) 1.65 1.7
Fead Pressura (psi) 460 460
pH 2.5 9.5

Table 8 shows the TDS, boron, ammonia, TOC and silica levels in the brackish water and boron
rejection membrane parmeate during the pilot study. Beth the membrane systems were able to
maest the TDS, silica and TOC goals under the operational corditions. The TDS and boren of the
boron rejectich membrana pearmeata were significantly lower than that of the brackish water
membrane. The permeate boron concentration in the boron rejection membrane averaged about 1
m/l as compared with 4.5 mgA for the brackish water membrang system. At the end of the pilot
study (~50 hours) the TDS ard boron levels increased by two and three fold respactively in both the
membrane systems. The reasons for this increase are not known, however, post-treatment
evaluation of the boron rejection membranas indicated that at least ane of the elements failed the
vacuum test for structural integrity, indicating a physical break in this element.

Table 8. Treated Water Quality of Brackish Water and Boron Rejection Membranes

Parameter {(mgil) Feed Watoar Brackish Water Boron Specific
Mgmbrang Membrane
TDS 8500 240 50
Boron 23 4.3 1
TOC 45 11 ND (< 1}
Ammohia as N 12 5 6.3

After about 50 hours of operation the study was suspendad and a CIP was performed on both the
brackish water and boron rejection membranes. Thea claaning solutions wera analyzed for inorganic
and organic scalants and foulants {Table 9). As cbserved with the brackish water membranes in the
earlier trials, most of the rmembrane fouling ogcured due to inorganic scaling. However, the fouling
on the boron rejection membrane was significantly higher than that on the brackish water
mambrane. Tha boron rejaction membrane contained 125% more silica and 270% mora
magneasium fodling than the brackish water membrane. It is possible that the fouling across the
baron rejection membrane was higher due to operation of this mambrana at a higher recovery (T3%)
than the brackish water membrane (63%;). Further investigation is required ta understand the fouling
characteristics of this membrane.

The dats indicatad that, whila the boron rejaction membrane can ramove boron mora effactively than
the brackish water membrane, this membrane may ba more prone to scaling.

Tabla 9. Inerganic and organic constituents in the CIP solutions bafore and after mambrane
cleaning

Parameter Brackizsh Water Membrane Boron Rejection Memhbrane

Before CIP | Aftar CIP | %5 Increase | Beafore CIP | Aftar CIP | % Increase
(rmgA) {my) (mall} {maf)




| Acidiz Solution

Calclum 1 85 5 E] o2 10
Magnesium 33 49 49 33 92 175
Sllica 43 71 i1 58 110 a0
Hardness’ 340 410 410 350 610 7d
Alkaline
| Solution

TOG 77 73 B 79 i -2.5

mgyil as CaCO3
LIMITATIONS

Although the demonstration project showed the technical feasibility of treating San Ardo olificld
produced water, an idaally suited end use for the traatad water has not been identihed. Sevaral end
use issues challange the viability of a full-scale project.  For axampls, the possible treated water
uses must satisfy stringent regulatory, economic, user-parception, and long-term raliability criteria
prior to actual implementation. Furthermare, depending on the typa of use, implameantation may
also require complex water trade arrangemants with one or more water agencies. Finally, large
storage faciliies (hundrads of millien gallons capacity} would be needed if there is a large seasonal
variation in water demand for the identified end use. Such limitations may increase the overall costs
of the project significantly. The cost of treating and delivering the water must be compared with the
benefit of increazed oil production.

CONCLUSIONS

The pilot study to treat San Arde produced water indicated that approximately 500 mgl of caustic
and 100 mgf of magnesium were required to meet the treated watar hardness and silica goals. A
cooling tower could mest the temperature treatment goal and remove some of the ammonia.
Howewver, air quality raguiafions in California may restrict ammonia emissions and make the usa of 2
cooling tower problematic, The brackish water RO membrane was affective In meating the TDS
goalsin all the trials, Treated water boron goal of 1 mg/| was achieved at 4 pH above 10.2 using this
membrang, A special baren rejection membrane was maore effective in meeting this baron goal at a
lower pH {9.5). However, the fouling characteristics of this membrane are not well understood.
Evaluation of the two membranes indicated that inorganic scaling was the major reason for
pearforming the CIP.

REFERENCES
U.S. Geological Survey, {2002). Produced Walser Databass. Retrieved 26 May 2005 fram
hitp:fanergy.cr.usqs.qoviproviprodwatfintro. htm

Hydranautics {2005). Boron Removal by Hydranauwtics 3WC4. Technical Application Bulletin.
Retrieved 15 May 2006 from hitp:f'www. membranes. com/docs/tab/TAB113.pdf.

Drago, J.A.; Fruth, D.A.; Doran, GF.; Leong, L.Y.C. 1997. Simultanecus Removal of Silica and
Boron from Produced Water by Chemical Precipitation, Proceedings of the Internafional Waler
Confergnce, Engineers Society of Wastern Pennsylvania, Pittsburgh, PA,
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Appendix E: Pilot Plant Electrical Drawing
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Appendix F: Membrane Autopsy Report for the Boron
Rejection RO Membrane
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& www.membranes.com

A wWillo Demndoc Eampeny

RETURNED GOCODS REPORT
Customer : Kennedy Jenks RGA# : 3058
Contact: Ganash Rajagopalan Product Type : SWGC4-4040
Fax#: 049-261-2134 Quantily : 3
End User : Aera Energy, LCC RGA Assigned To : A. Miller
Sales Person:  John Kutilek Valid Warranty Claim: vES NO
VP — Application Technology : Craig Bartels Date: B16/05
Technical Service Manager : Bate ;

I CUSTOMER CLAIM/PROBLEM STATEMENT |

Low permeate flow; retest {3) and dissection (1} for foulant determination requestad by
consulting engineer Kennedy Jenks.

ACTION REQUIRED/TAKEN BY TECHNICAL GROUP

Vacuum Test

YES X MO []

Bubble Test

YES X NC []

Standard Re-Test

YES B NO []

Dy Test

YES [JNO

Autopsy

YES [ NO [X

Dissachbon

YESDINO[]

YES [I1NO[X
YES [ NO B4

SEMEDAX
Cleaning

YES I NO [
YES[INO X

Weight Loss On Ignitinn (WLOI)
[Membrane Cell Test

I EVALUATION ]
Shipping Material Elamant
Number Inspaction Elemeant Visual Inspection Weight*
Shipping box Feed end core tube marked 2-3. No debris
S4X90094 damagad: bag observed under seal carder, Some 8.58
unsealed; not leaking | discoloration, overall appearance fair, no odor.



http://www.membranes.com

| ShippEng box

Faad end core tube marked 2-1. No debrls

$4X20024 damaged; bag observed under seal camer, Some
unsealed; not leaking | dis¢oloration, overall appsarance fair, o odor.

Shipping box Feed end core tube marked 2-2. No debris
S4X90104 damaged; bag observed under seal carrier, Some
unsealed; not leaking | discoloration, overall appearance fair, no odor.

* The normal weight of an unused wetted eloement is 8 1bs (+ 1 k).

* Vacuum and Bubble Tasting~ Yacuum (Dry) and Bubble (Wet) test were conducted to
Inspect integrity of the element. No leaks were detected on any of the elemants during
bubble testing. Two of the retumed elements passed the vacuum test. Determination of
source of vacuum failure in elemeant S4X900%4 would requirg an autopsy (not regquested).

Bubble Tast Vacuum Test

Feed End
S4X90094 Mo Leaks Mo Leaks 20.9 g9
SAXo0024 No Laaks No Leaks 20.9 20.5
S4X80104 No Leaks MNo Leaks 209 19.4
—  — —————————————————————— ————————————————————————

¢ Standard Re-test- The ra-test of the elements (soe table below) revealed an overall
reduction in flow. Nominal rejection and flow values for this element weore ugsed for
comparison to evaluate retest data and dstermnine which element to dissect. Element
S4X900924 did show increased salt passage but had the lowest delta P and highest flow of

the three returmed slements. The other two elements tested above nominal for rejection but
demonstrated a significant decreasa in flow.



STANDARD RE-TEST PERFORMANCE DATA

SERIAL

Mominal

RE-TEST

% CHANGE

NUMBER

Rajection

Flow
{GPD}

Flow
(GPD)

Salt
Passage

Flow
(QPD}

S4X80084

9.8

1150

1003

+248

-13

54X50024

99.8

1150

945

-o0

-18

S4X90104

99.8

1150

* Maximum allowable delta P is 10 psi.

-20

24

+ Dissectlon — Element S4X90104 tested the highest for delta P and the lowest for flow {an
indication of heavy fouling) thus it was selected for dissaction. A sample was collected from

the element for SEM/EDAX analysis.

+ Scanning Electron Microscopea - The sample collected tasted negative for carbonates (see
attached data). There were ridges several inches long (photo #1) parallel to each other
along side some of the brine spacer lines. The membrang appeaved undamaged on the
ridges. Most of the membrane was covered with a thin layer of foulant similar to the photo
{#2) below. There were some scattered sphere shapes (probably cells) similar to the sphere

an the photo (#1) below.

Collapsed

rell

Photo #1

ooy

. YT

2000 m



« Energy Dispersive X-Ray Microanalysis = The foulant layer was examined to determine
composition. The foulant layer consistad of primarily silica, magnesium and iron. Therg was
also a small amount of phosphorus.

+ Cleaning- N/A

CONCLUSION

Based on the data above foulant is the cause of the reduction in flow. The ridges noted and
photographed under SEM are probably caused by an accumulation of foulant at the brine
spacer lines. The ridges on the sample extractad from alement 54X90104 appear undamagad
and there is no corresponding increase in salt passage on retest. The failed vacuum test of
glement S4X90094 and subsequent increase in salt passage is likely due to some damage to
the membrane (perhaps rmore significant and damaged rkiges). Without an autopsy cause of
increased salt passage can not be accurately determined.

RECOMMENDATIONS

Hydranautics recommends investigating targeting the specific foulants identified above with pre-
fraatment and increasing slement cleaning frequency to prevent accumulation of foulant at the
krine spacer lines sufficiant to create ridges.




HYDRANAUTICS
High Porformanca Mombrany Products

A Nirro DEnxe CoRPORATION

SEM / EDAX REPORT

To: A Miller Date: May 17, 2005

Cec: D Carlton Log 05193

RGA 3038 seral number
S4X50104 Returned from use on
softensd walter from an qil fizld al
Kennedy Jenks

Membrane Type: 3SWC4 Sample ID:

QOriginal Photos Wantag? YES NG| | Analyzed By: R
Analytical Manager: /) vedh Cou S Date: 5/17/05
PURPOSE FOR STUDY

To look for the causs of the reduced flow.

ACTION REQUIRED/TAKEN BY ANALYTICAL GROUP

The untouched returmmed membrane and a cantrol piece were dried, mounted and gold coated
for SEM. To check for carbonates a piece of returned membrane is placed in HCI.

SEM / EDAX EVALUATION RESULTS

SEM Photos-

1 The control piece is seen at 3,000X.

2 The retumed mambrane is seen at 3,000X,

3  Aridge is shown on the returned membrane at 250X,
4  The top of the ridge is seen at 3,000X.

EDAX Scans-

1 The composition of the control sample is seen.

2  The composition of the retumed membranse is seen.

3 The composition of a spot on the retumad membrana with thick foulant near the brine
SpAacer is seen.

29537 . doc



file://U:/295-37.doc

ANALYTICAL GROUP OBSERVATIONS/NOTES

The returmned membrane did not bubble in HCI 50 carbonates were very low or absent. There
were ridges inches long parallel to aach other on some of the brine spacer lines, The
membrane appeared undamaged on the ridges, The cause of the ridges was not determined.
Most of the membrane was covered in thin foulant similar to that seen on photos two and four,
Scattered isclated probable cells ware seen. The collapsed sphare shape on the left side of
photo three is one of the probable cells.

AP E5-0T o


file://U:/295-37.doc

296-3%7-]



= &~ B

Ay ﬁ.ﬁ

Co—
TRYY



N..m whata_, .v.__x.T. LRl | sa.....,n._..r_..._._.ﬁ v A






CSLANKL

" Untitted:1

. Label:Hydranautics Du Reinstal 4-15-05 IMendoza

 KV:20.0 Tilt0.0  Tske-off:250  Det Type:SUTWe Ros:132 Te:do

'"FS:6989 Lesc:523 1_r-m-,c-5 11:85:10 !
f '
| s
)
; !
!

Al SWC4 Control

2.4} 4.00 B8.00 8.00 10.00 12.00 14.00 16.00 18.00

- — -e—

| EDAX ZAF Quantification (Standardless}

Elsmant Normalized ‘

|

Element Wt%  At% KRatio Z A F_ !

C K 49.54  13.10 0.1088 1.0618 0.2085 1.0002 ;

! WK 7.685 G.66 0Q.00RG 1.0%24 0.0039 1,0001 I

| oK 7.9 8.7 0.0110 1.0439 0.1328 1,0000 |
| A 2320 2.0 02326 0.7090 1.4132 1.0007
5 K 11.59 £.39 0.0752 0.9%56 0.6514 1.0000

|

Total 100,00 100,00




SCAN®Y

| Untitled:1

| Label:Hydranautics Du Reinstal 4-15-05 JMendoza

K200 TIEOD  Takeoff:25.0 Dot Type:SUTW»  Res:132 Tc:40
|FS:2%62  Lsec:278 16-May-5  18:60:55

I |
o :

RGA 2038 Away from
Brine Spacar

—_————— - -

2.00 4,00 6.00 .00 10.00 12.00 14.00 15.00 18.00

|
| EDAX ZAF Quantification (Standardines)

Elemant Normallzed I

|

Element _Wit% At% KRatico 2 = A = F I

c W 40,65 £7.32 0,076 1.0611 0.1T4S 0 L. 00401 !
HE G, 98 a. %91 00,0079 1.0715 O, 104% 1.0001

- R .00 .94 0.011e  1.3e27 O.136% 1.0001 I

tlak 0,60 0.5 0.0021 0.%%42 0.23453 1.0407 |

Mgk 0. 54 0.44 0.0026 1.0191 O.4708 1.0012 i
5iK 0,85 N.e0 Q0063 1.017¢ O.7240% 1.0036

E K 0. 68 0.49 ©.0055% 0.%3%6 0.31080 1.00%¢6 ;

Sl 2. B5 2.91 0,2EEZ 0.T7Z46 1.34890 1.0007 [

5 K 11.B4 T.3T 0.070% 1.Q14¢ 0.5821 1.0004 !

ClE 0,97 0.5 0.00%8 0.9717 $.6128 1.04000 |

Toral 100.3% 100.00 |

I




! Untitlad:1

FS: 1891 Lsac: 173

Labal:Hydranautics Du Ftnlnil:aﬁ—i 5:-ﬂ5 JITlnndm

kv:20.0 Tiltz:0.0  Taka-pif-25.0

Det Typa:SUTW+  Res:132

16-May- 5

16:42:10

Bi

Au

R{GA J058 Thick Foulant Spot

2.00 400 6.00 3.00 10.00 120 14.00 16.00 18.40
EDAX ZAF Quantification (Standardloss)
Elsment Normalized
Element  Wi% At% KRato _Z A F
| CE 22,12 42.36 0.03%4 1.09% 0.14%2 1.000Z
MK {.37 T.33 0.0060 1.0872 0.12%F 1.0003
a K 15.06 22.08 0.02653 1.07B3 0.1634 1.0002
Hak 1.30 1.83 0.0061 1.0086 ¢Q.3357 1l.0022
: MgE 6.84 6.60 0.0317 1.03238 0.4470 1.0023
; ik 9.74 #.14 0.0643 1.0322 0.6382 1.00Z1
| P K 1.06 U.B2 0.006% 1.0067 O.649%7 1.0023
: BuM 25,65 3.53 0.2416 0.7365 1.1057 11,0003
7K .49 4.75 0.0337 1.0360 3.5%003 1.0007
CLE 1.63 1.p8 ©0.003%3 0.9830 0.5744 1.0001
Fek 1.1% .48 0.0104 0.9251 0.9545 1.0132
0. 06

| Tatal 100.00 10




SCANRY

 Untitied:1

: Lal:llﬂl I-Irtlrmautma D Hmmtal 4-15-(&5 Jmmdm

,- —_————— rm———— — e _— e —_—

1 KVI20.0 Titt:0.0 Taka-ﬂff.zﬁ.ﬂ Dat T‘fp&.SUT\'h Rﬁ.‘lﬁz Te:40
FS : GE46 Laac : 540 16-May- 5 16:89:03

' 2.00 4,00 6.00 8.00 10.00 12.00 14.00 16.00 16.00

EDAX ZAF Cuantification |Standard|sss) i
Elwment Normallzed i

| Ekyrvant Wi%h  At% X-Ratio z &  F
| CK 50.06 3.8 01082 1.0e10 0.2036 1.0001
' M K 6,34 A.01 O0O.0066 1.0%2e 0.08%32 1.0001
0K 8. 00 .86 CG.01113 1.0440 0.134% 1.0001
Hall n.53 G.41 0.001% 0.976% 0.3597 1.0004
Mgk 0.317 0.27 0.00l% 1.00l4 02.4%31 1.0011 |
' Jik 0.61 Q.33 0.0046 1.00G02 0.7533% 1.040234
F K n.5{ 0.2% 0.0041 0.9703 0.8403% 1.005855
Bk 22.58 2.03 0.2232 0.7108% 1.3330 1.000&
3K 1n.o9 2.57 0.0650 0.5955 0.6466 1.0Q03
: ClE 0.61 G.31 0.003% 0.%%04 0.6734  1.0000 i
Fak 0.0 0.10 0.0027 O0.B%0& 0.9765 1.013Z2

Tokal 100.00 100,30 '




