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1.0 Introduction

Methyl tertiary butyl ether (MTBE) is an oxygenate compound added to gasoline to enhance
octane levels and meet the oxygen requirements mandated in the Clean Air Act amendments.
Because of MTBE’s particular physio-chemical properties (such as high solubility and low
soil-to-water partitioning coefficient), it is somewhat difficult to remove from water. With
this in mind, the California MTBE Research Partnership (Partnership) was formed to evaluate
the treatment of MTBE in drinking water. Previously, the Partnership (2000) completed a
detailed evaluation and comparison of four water-treatment technologies considered
promising for MTBE treatment; granular activated carbon (GAC) is one of those four
technologies. This report summarizes the Partnership’s research on the use of GAC for
MTBE removal from drinking water.

Since 1998, the Partnership has sponsored a series of studies related to GAC performance for
MTBE removal. These studies include:

* A preliminary Treatability report that compared GAC with three other water treatment
technologies (Partnership, 2000).

* Rapid small-scale column testing (RSSCT) performed by the University of
California, Los Angeles (UCLA).

* Accelerated column testing (ACT) performed by Calgon Carbon Corporation.

The Partnership’s GAC research program was designed to allow for the comparison and
correlation of the separate studies. The Treatability report prepared by the Partnership (2000)
includes in-depth analyses of GAC, air stripping, advanced oxidation processes (AOP), and
synthetic resin sorbents for MTBE removal or destruction. The GAC portion of that report
presents the results of computer modeling and cost estimates for a range of MTBE-treatment
scenarios. That Treatability report also includes recommendations for the further evaluation
of GAC, including dynamic column studies for a detailed analysis of the numerous variables
that impact GAC performance for MTBE removal.

Based on recommendations made in the Treatability report (Partnership, 2000), two separate
column test studies were then sponsored by the Partnership and performed by UCLA and
Calgon Carbon Corporation. These column studies used both the RSSCT and ACT methods for
evaluating GAC performance. The variables that were evaluated via column testing include:

* Background water quality (natural organic matter [NOM]; benzene, toluene, and
xylenes [BTX]; tertiary butyl alcohol [TBA]).

* GAC type (coconut shell, coal-based).
* Empty bed contact time (EBCT).
* Influent MTBE concentration.



The results of these new column tests represent a substantial quantity of new and important
information regarding GAC performance for MTBE removal. As designed, these results are
particularly useful because they can verify the computer modeling and cost estimates
previously presented in the Treatability report (Partnership, 2000).

This report is the final step of the Partnership’s GAC research program, and it presents a
summary analysis of the three aforementioned GAC studies. While the primary focus is on
new data from the column test studies, this report also presents and analyzes the results of
full-scale GAC-system case studies. In addition to GAC performance results, detailed cost
estimates are presented for a wide range of treatment scenarios, allowing the reader to better
predict GAC performance and cost under site-specific conditions for treating MTBE-
impacted drinking water.

1.1 Objectives of this Report

The primary purpose of this report is to compile and analyze data from dynamic column
testing and full-scale case studies to present a comprehensive and reliable evaluation of GAC
performance for removing MTBE from public drinking-water supplies. The data presented
herein can readily be used to predict GAC performance and cost under a wide variety of field
conditions. Specific objectives of this report include:

* Present GAC performance data (GAC usage rates, MTBE breakthrough curves) for a
range of influent MTBE conditions.

» Compare and contrast performance data for different GAC types (coconut shell, coal-
based), background waters (NOM effects), and testing conditions (varying EBCTs,
RSSCTs versus ACTs).

* Evaluate the impacts of BTX and TBA on GAC performance for MTBE removal.

* Modify cost estimates presented in the Partnership’s Treatability report (2000), based
on the results of dynamic column testing.

» Compile and analyze recently documented field case studies for MTBE treatment
using GAC.

1.2 Report Overview
This report is organized into the following primary sections:

Section 2. Column testing methods, including an overview of column test studies and
specific methods used for column testing and chemical analysis.

Section 3. Results of column testing, including qualitative and quantitative evaluations
of GAC performance as affected by background water quality, influent
MTBE concentrations, EBCT, BTX and TBA, and GAC source materials.



Section 4. Cost estimates for full-scale systems, based on the results of dynamic
column testing.

Section 5. Case studies of full-scale GAC systems.
Section 6. Conclusions.

Two appendices are also included with this report. Appendix A contains detailed backup
information for the GAC system cost estimates presented in Section 4. Appendix B is a
summary of two case studies in which GAC was used at full-scale for the treatment of
MTBE-impacted drinking water.






2.0 Column-testing Methods

This section presents an overview of the column testing methodologies used for the
Partnership’s GAC research. Included are discussions of the column testing methods, the
analytical procedures, and the quality assurance/quality control (QA/QC) measures used in
the testing program. Matrices of testing parameters are also presented to clarify the scope of
the column studies. Further details regarding methodologies used can be found in
Partnership-sponsored research reports prepared by UCLA (2001) and Calgon Carbon
Corporation (2000).

2.1 Overview of Column-testing Programs

To achieve the research objectives outlined in Section 1.1, dynamic column testing was
performed using two different methods, RSSCT and ACT. The specific objectives for the
column testing were to obtain reliable performance data that evaluates the:

» Effectiveness of GAC for the removal of varying MTBE-influent concentrations.
Effects of NOM (different source waters).

« Different testing conditions (varying EBCTs, RSSCTs versus ACTSs).

» Effectiveness of different GAC types (coconut shell GAC, coal-based GAC).

* Impacts of BTX and TBA on MBTE removal.

Previous computer modeling and cost estimates (Partnership, 2000) determined that, under
most circumstances, MTBE removal using GAC is likely to be the most cost-competitive
with other technologies (e.g., air stripping) at relatively low influent concentrations. As such,
this research focused most of the testing on influent MTBE levels of approximately 20 parts
per billion (ppb); however, several tests were also performed at 200 and 2,000 ppb to evaluate
GAC effectiveness at these higher concentrations.

To evaluate the effectiveness of GAC for different background water-quality conditions,
column testing was performed using waters from three municipal drinking-water supplies in
California. These waters, which are described in greater detail later in this report, were
selected to represent a range of background water-quality conditions; both groundwater and
surface water sources were tested. Tests using similar influent MTBE concentrations were

performed with each of the source waters to allow for a direct comparison of background
NOM effects.

The column testing for this study also evaluated variations in testing procedures. EBCT is an
important design parameter for full-scale systems, though it is not yet well understood for the
design of MTBE removal systems. As such, column tests were performed with EBCTs of
10 and 20 minutes to span the likely range of effective and practical EBCTs. Tests using
similar influent MTBE concentrations were performed to directly compare EBCT effects. In



addition, as mentioned previously, two different column-testing methods, the RSSCT and
ACT, were used to evaluate GAC performance as predicted by different testing procedures.

The effectiveness of different types of GAC was evaluated by testing both coconut shell GAC
and coal-based GAC. Based on established MTBE isotherms, coconut shell GAC is likely to
be more cost-effective than coal-based GAC (Partnership, 2000). As such, this research
focused primarily on evaluating coconut shell GAC. Carbon from two different commercial
sources (i.e., Calgon Carbon Corporation and U.S. Filter/Westates) was tested to account for
potential variations in coconut-shell source materials. In addition, two tests using coal-based
GAC were performed to compare GAC-type effectiveness.

Because other synthetic organic compounds are often present in MTBE-impacted waters,
influent waters for certain tests were spiked with several of the most prevalent compounds.
Column tests were performed with BTX and TBA in the influent waters.

The data generated from this research allow for numerous quantitative and qualitative
comparisons to be made. As described above, the data allow for evaluating background water
quality, influent MTBE concentration, EBCT, column testing methods, and the impacts of
BTX and TBA. Details regarding how the data were generated are presented in the following
sections.

2.2 Rapid Small-scale Column Tests

UCLA performed RSSCTs to model the dynamics of MTBE adsorption in GAC under field-
scale conditions. This section briefly describes RSSCT methodology, in addition to the
specific materials, analytical methods, and QA/QC procedures used in the study. At the end
of this section, the matrix of experimental testing parameters evaluated by the RSSCT study
is presented. The RSSCT method, which is currently under consideration as an American
Society for Testing and Materials (ASTM) standard for GAC testing, is described in full
detail by Crittenden et al. (1989).

2.2.1 RSSCT Methodology and Scaling Relationships

The RSSCT method uses a scaled-down column of GAC to remove contaminants from a
stream of water. A constant influent concentration is injected in the upstream end of the
column at a defined and steady flow rate; on the effluent end, samples are collected for
analytical testing. With the results of analytical testing of the column effluent, a contaminant
breakthrough curve is established. The results of RSSCTs allow for the evaluation of full-
scale design and operating parameters, such as EBCT, and the prediction of full-scale GAC
usage rates.

To relate RSSCT results to full-scale field conditions, the column tests must be designed via
scaling relationships. For this study, it was assumed that MTBE adsorption to GAC is a



diffusion-controlled process, which allows the constant diffusivity scaling relationship to be
used:

EBCT(ss) / EBCT(fs) = [d(ss) / d(fs)]2 = t(ss) / t(fs)

Where

EBCT = empty bed contact time.
* d = mean diameter of GAC particles.
* t = time required for breakthrough.

(ss) and (fs) refer to small-scale and full-scale columns, respectively.

All RSSCTs for this study were designed using this scaling relationship, which is discussed
in detail by Crittenden et al. (1989). Simulated EBCTs of 10 and 20 minutes were modeled
by the RSSCTs.

2.2.2 Testing Materials
Three different carbon types were used for this testing program:

* Calgon PCB coconut shell carbon.
* Calgon F-600 coal-based carbon.
 US Filter/Westates CC-602 coconut shell carbon.

The GAC samples received from the vendors were crushed with a pestle and screened using
the United States No. 60 x 80 mesh size sieve tray. UCLA followed GAC preparation
procedures outlined by Crittenden et al. (1989).

Three different source waters were used for the RSSCT study. Groundwater from the Arcadia
well field in Santa Monica, California (Arcadia groundwater), and South Tahoe Public
Utility District (Tahoe groundwater) were tested in addition to surface water from Lake Perris
in the Metropolitan Water District of Southern California (Lake Perris surface water). Results
of background chemical testing on these waters are presented in Table 2.1. It is evident from
these data that total organic carbon (TOC) and electrical conductivity vary substantially
between the three waters. These differences are attributed to the variation in background
NOM in the waters.

Details on laboratory-grade MTBE and other chemicals used for spiking influent water are
described elsewhere (UCLA, 2001).



Table 2.1
Analysis of Water-quality Parameters for RSSCTs

Water Source pH Conductivity TOC Background Background
(umhos/cm) (ppm) MTBE (ppb) TBA (ppb)
Tahoe Groundwater 7.9 77 0.2 <1 <1
Arcadia Groundwater 7.8 1,130 1 <1 <1
Lake Perris Surface Water 8.5 640 32 Not Available <1

2.2.3 Experimental Testing Matrix

UCLA completed a total of 16 RSSCTs for this project, closely following a testing matrix
designed by the California MTBE Research Partnership to fulfill the research objectives set
forth in Section 2.1. The final experimental testing matrix, which presents the primary testing
conditions of each RSSCT, is presented in Table 2.2. As shown, the RSSCTs are designated
with test numbers R1 through R16.

Table 2.2
Experimental Testing Matrix for RSSCTs
Test | Influent MTBE GAC Vendor/ EBCT Other Testing
Water Source # (ppb) Product (min) Conditions
R1 1,964 US Filter/CC-602 10
R2 1,950 US Filter/CC-602 10
Tahoe Groundwater R3 2,052 US Filter/CC-602 20
R4 1,958 US Filter/CC-602 10 1,977 pg/L BTX*
RS 20 Calgon/PCB 10
R6 220 Calgon/PCB 10
R7 209 Calgon/PCB 20
Arcadia Groundwater RS 50 Calgon/PCB 10
R9 1,030 Calgon/PCB 10 100 pg/L TBA
R10 20 Calgon/F-600 10 300 pg/L BTX**
R11 200 Calgon/F-600 20 100 pg/L TBA
RI12 20 US Filter/CC-602 10
RI13 20 US Filter/CC-602 20
Lake Perris Surface Water R14 20 Calgon/PCB 10
R15 20 Calgon/PCB 20
R16 20 Calgon/PCB 20 300 pg/L BTX**

* 512 pg/L benzene, 540 pg/L toluene, and 925 ug/L p-xylene.
** Component breakdown unknown.

2.2.4 Analytical Methods

The RSSCT study used on-line monitoring equipment for analyzing volatile organic compounds
(VOCs) in the effluent. Samples were analyzed every 30 to 60 minutes until 100-percent
breakthrough was reached or exceeded.

During column testing, MTBE was analyzed according to modified United States Environ-
mental Protection Agency (EPA) Method 524 using a purge-and-trap unit followed by gas
chromatography (GC) with a flame ionization detector. The MTBE detection limit was 1 ppb

8



for a sample size of 5 milliliters (mL). Other VOCs were analyzed by EPA Method 524 using
gas chromatography/mass spectrometry (GC/MS).

A fraction collector was used for the off-line monitoring of temperature, pH, ultraviolet
(UV), and TOC. The analyzer had a detection limit of 0.04 parts per million (ppm) for a
sample size of 1 mL. The pH was measured using an Orion pH meter (Model 925).
UV-absorbance measurements were completed using EPA method 5910.B. TOC was
analyzed by the Standard EPA Method 5310.C using UV-promoted persulfate oxidation and
infrared spectrometry

Further details regarding analytical testing methods, including specific testing equipment,
used are presented elsewhere (UCLA, 2001).

2.2.5 QA/QC Procedures

All RSSCT analytical testing was performed under strict in-house QA/QC procedures. Prior
to RSSCT testing, each of the source waters was analyzed in triplicate for MTBE and other
VOC:s. For these analyses, and those performed on effluent samples, equipment calibrations
were performed depending on the range of the expected MTBE concentration. UCLA reports
that the coefficient of linear correlation (r) for all calibrations was greater than 0.998
(UCLA, 2001).

UCLA used a maximum holding time of 7 days for all VOCs, including MTBE. Prior to
analysis, samples were kept headspace-free and refrigerated at 4°C. All samples were
collected in glass vials with Teflon-coated septum and screw-top caps. Holding times and
QA/QC procedures for other chemical parameters are presented elsewhere (UCLA, 2001).

2.3 Accelerated Column Tests
2.3.1 ACT Methodology and Scaling Relationships

Calgon’s ACT procedure is similar in many ways to the RSSCT, with its primary purpose
being to model large-scale adsorption processes using small-scale and rapid testing procedures.
Compared to the RSSCT, the ACT uses a higher pressure gradient across the column, a
smaller mesh-size carbon, and a smaller diameter column, all of which allow the ACT to be
conducted in shorter times and with less water.

The exponent used in the ACT scaling equations is determined experimentally prior to
testing, in contrast to the RSSCT, in which the exponent is pre-selected based on the assump-
tion of constant diffusivity or proportional diffusivity at different particle sizes (Crittenden
etal., 1991). For the ACT, several preliminary column tests must be performed for each GAC
type to determine the scaling factor.



With the scaling factor known, the simulated full-scale time on-line — which allows for the
calculation of GAC usage rate — can be determined using the following equation:

Simulated days on line/ACT days on-line = [d (fs)/d (ss)]*
Where

* d (fs) and d (ss) represent the mean particle diameters for full-scale carbon particles
and small-scale carbon particles, respectively.

* Alpha (o) is the experimentally determined scale factor that is the basis for the ACT
scale-up.

As reported in greater detail by Calgon (2000), the scaling exponent, alpha, is determined by
preliminary column testing of GAC at three mesh sizes, namely 60 x 100, 80 x 200, and
100 x 325. The alpha factor for this study was determined to be 1.1. The two ACTs performed
for this research simulated a full-scale carbon vessel with a 7.72-foot bed depth and a 10-foot
diameter operating at 227-gallons per minute (gpm). Both ACTs simulated a 20-minute EBCT.

2.3.2 Testing Materials

A single carbon type was used for the ACT study (i.e., Calgon PCB coconut shell carbon).
The PCB GAC samples were crushed and screened using the United States No. 100 x 325
mesh-size sieve tray, simulating 12 x 30 mesh GAC at full-scale. Calgon (2000) presents
detailed GAC data on apparent density, iodine number, and percent ash elsewhere.

Similar to the RSSCT study, the ACT study used Tahoe groundwater and Lake Perris surface
water. The results of background chemical testing on these waters are presented in Table 2.3.
Similar to water analyses performed for the RSSCTs, these data suggest that the variation of
NOM results in substantial differences in measured TOC and conductivity.! The background
MTBE levels measured by Calgon should not impact the results of the column testing
because MTBE spiking of test water was performed prior to testing to reach the desired
influent concentrations.

Table 2.3
Analysis of Water-quality Parameters for ACTs
S Conductivity TOC Background Background
Water Source pH (umhos/cm) (ppm) MTBE (ppb) TBA (ppb)
Tahoe Groundwater 6.6 72.6 0.71 53 NM
Lake Perris Surface Water 8.1 495 3.61 7.3 NM

NM - not measured.

1. The reader should note that Calgon’s measured pH value for Tahoe groundwater (6.6) is noticeably lower
than that measured by UCLA (7.9). A discussion of differences between the waters used in the column
studies is presented in Section 3.1.
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2.3.3 Experimental Testing Matrix

Calgon completed two ACTs for this project, selecting experimental testing parameters
requested by the California MTBE Research Partnership to help fulfill the research
objectives set forth in Section 2.1. Calgon’s experimental testing matrix, which presents the
testing conditions of each ACT, is presented in Table 2.4. As shown, the two ACTs are
designated by test numbers Al and A2.

Table 2.4
Experimental Testing Matrix for ACTs

Water S Test # Influent MTBE GAC Vendor/ EBCT Other Testing

ater Source est (ppb) Product (min) Conditions
Tahoe Groundwater Al 21.7 Calgon/PCB 20 -

Lake Perris Surface Water A2 24.6 Calgon/PCB 20 -

2.3.4 Analytical Methods

For the ACT study, MTBE concentrations were determined using a Modified EPA 602 GC
method with purge and trap. The MTBE was measured with a Flame Ionization Detector at

a detection limit of 0.2 ppb. Details regarding sampling protocols are presented elsewhere
(Calgon, 2000).

The pH of the waters was determined using a Fisher Scientific Accumet pH meter and the
conductivity of the waters was determined using a HACH (Loveland, Colorado)
Conductivity/Total Dissolved Solids (TDS) Meter. TOC was determined using a Schimadzu
TOC-5000A equipped with a Schimadzu ASI-5000A Autosampler.

2.3.5 QA/QC Procedures
During the ACT study, water samples with known MTBE concentrations were injected daily

into the GC to verify retention times and peak areas for MTBE (Calgon, 2000). No other data
are presently available regarding other in-house QA/QC procedures performed by Calgon.
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3.0 Results of Column Testing

This section presents and discusses data generated from the column studies, which were
designed to allow for GAC performance comparisons to be made between different treatment
scenarios. Experimental parameters that were varied in this bench-scale testing include:

* GAC type.

* Influent MTBE concentration.

» Background water quality.

* The presence or absence of BTX and TBA.
* EBCT.

The testing method was also varied by using both RSSCT and ACT methodologies. Because most
of the data from the column studies were generated using the RSSCT methodology, the quantitative
and qualitative analyses of this section are primarily based on the results of the RSSCTs.

The graphs generated by the column testing allow for the comparisons of MTBE break-
through behavior for different testing scenarios; for each of the column tests, a breakthrough
curve was plotted (e.g., Figure 3.1). Using these curves, GAC usage rates at key points along
the breakthrough curve were measured. These data allow for the comparison of GAC usage
rates from one test to another, giving a quantitative assessment of breakthrough characteristics
as they relate to testing parameters (e.g., background water quality).

1.6

—o—Lake Perris water, 20 ppb MTBE, R14
1.4 — —8—Arcadia groundwater, 50 ppb MTBE, R8
—A—Tahoe groundwater, 20 ppb MTBE, RS

1.2

C/Co

0 5 10 15 20 25 30 35 40 45
Liters of Water Treated per Gram of GAC 2

Figure 3.1 MTBE breakthrough for different water sources. Influent: MTBE at 20 to 50 ppb (PCB
GAC, 10 minute EBCT).
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For this research, two breakthrough points were chosen for comparison: 50- and 100-percent
breakthrough (or GAC saturation). These milestone usage rates are often used during system
design as assumptions for predicting the changeout frequency of full-scale GAC systems.
Table 3.1 presents a summary of testing conditions and measured usage rates for all of the
column tests. As shown, this table presents raw data pulled from the breakthrough curves
(treatment rate in liters per gram [L/g] of GAC) and usage rates (pounds of GAC per 1,000
gallons of treated water), as converted from the raw data.

Table 3.1
Breakthrough Usage Rates from Column Testing
Water Test | Testing | GAC Influent | EBCT | BTX/TBA |Treatment Rate (L/g of GAC)* | Usage Rate (Ib GAC/1,000 gal)
Source # | Method | Product | MTBE (ppb) | (min) (ppb) at 50% C/Co | at 100% C/Co | at 50% C/Co | at 100% C/Co
Tahoe RI | RSSCT | CC-602 1,964 10 0 7.0 12.0 1.19 0.70
Groundwater | R2 | RSSCT | CC-602 1,950 10 0 7.2 12.0 1.16 0.70
R3 | RSSCT | CC-602 2,052 20 0 6.8 12.1 1.23 0.69
R4 | RSSCT | CC-602 1,958 10 | 1,977 BTX 5.0 9.1 1.68 0.92
RS | RSSCT | PCB 20 10 0 28.2 315 0.30 0.22
Al | ACT PCB 22 20 0 35.2 40.7 0.24 0.21
Arcadia R6 | RSSCT | PCB 220 10 0 16.3 24.1 0.51 0.35
Groundwater | R7 | RSSCT | PCB 209 20 0 173 25.0 0.48 0.33
R8 | RSSCT | PCB 50 10 0 215 217 0.39 0.30
R9 | RSSCT | PCB 1,030 10 | 100 TBA 8.3 129 1.01 0.65
RI10 | RSSCT | F600 20 10 | 300BTX 1.7 13.6 1.08 0.61
RI1 | RSSCT | F600 200 20 | 100 TBA 9.1 144 0.92 0.58
Lake Perris | RI12 | RSSCT | CC-602 20 10 0 43 13.1 1.94 0.64
Surface Water| R13 | RSSCT | CC-602 20 20 0 8.1 20.2 1.03 0.41
R14 | RSSCT | PCB 20 10 0 7.0 13.1 1.19 0.64
RI5 | RSSCT | PCB 20 20 0 11.1 20.5 0.75 0.41
R16 | RSSCT | PCB 20 20 | 300 BTX 7.8 154 1.07 0.54
A2 | ACT PCB 25 20 0 15.1 25.0 0.55 0.33

* Values taken from breakthrough curves (Figures 3.1 to 3.12).
To convert from L/g of GAC to pounds of GAC/1,000 gallons: 8.344 / (#L/g) = # pounds/1,000 gallons.

The reader should note that GAC changeout criteria are site-specific and are likely to depend
on multiple factors, such as system configuration and local effluent discharge regulations.
Considering a typical GAC system design (i.e., in-series operation of two or more vessels),
system operators typically changeout the lead GAC vessel when its effluent reaches a
predetermined concentration. As such, the usage rate values presented in this report based on
50-percent breakthrough and saturation will not be appropriate for all sites.

The following subsections present the results and discussion of column testing for each of
the experimental parameters.

3.1 Impact of Background Water Quality
A primary objective of the Partnership’s GAC research program was to evaluate GAC
performance under a variety of background water-quality conditions. As discussed in

Section 2, three different waters were used for the column test studies. These waters, which
are all from California municipal drinking-water sources, vary markedly from each other.
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The waters were chosen to span a range of background NOM conditions, as NOM is known to
reduce GAC effectiveness due to competitive adsorption and the clogging of GAC pore space.

The results of analytical testing on the background waters, presented in Tables 2.1 and 2.3,
show that TOC values vary from 0.2 ppm (Tahoe groundwater) to 3.6 ppm (Lake Perris
surface water). While NOM is quantified by TOC, the reader should be aware that TOC is
generally not considered to be an accurate predictor of NOM impacts on GAC adsorption
effectiveness. Others (Zimmer et al., 1988; Summers et al., 1989) have shown that certain
types of organic matter (e.g., fulvic acids, humic acids) have varying impacts on GAC
adsorption effectiveness for synthetic organic compounds. At this time, there is no well-
established analytical test that accurately predicts NOM impacts to GAC adsorption
effectiveness (Hand, 1998).

The impact of background NOM on GAC effectiveness for MTBE removal is made evident
by comparing usage rates and breakthrough curves from RSSCTs on the three water sources.
Figure 3.1 shows breakthrough curves for RSSCTs performed with low influent MTBE
concentrations (20 to 50 ppb) in each of the source waters, while other parameters were held
equal (i.e., Calgon PCB GAC, 10-minute EBCT). Based on Figure 3.1, it appears that
background water quality plays an important role in the effectiveness of MTBE adsorption
by GAC. As expected, testing of the groundwaters, which are cleaner with respect to
background NOM, resulted in delayed MTBE breakthrough in comparison to testing of the
surface water. As presented in Table 3.2, the differences in breakthrough behavior correspond
to almost a four-fold variance in GAC usage rates at 50-percent breakthrough
(0.30 pounds/1,000 gallons for Tahoe groundwater versus 1.19 pounds/1,000 gallons for
Lake Perris surface water), depending on background water conditions.

Table 3.2
Comparison of Breakthrough Usage Rates for Different Source Waters:
PCB GAC, 10 minute EBCT, RSSCT Method

Background Influent Usage Rate (Ibs GAC/1,000 gallons)
Water Source TOC (ppm) Test # MTBE (ppb) at 50% C/Co at 100% C/Co
Lake Perris Surface Water 3.2 R14 20 1.19 0.64
Arcadia Groundwater 1.0 R8 50 0.39 0.30
Tahoe Groundwater 0.2 RS 20 0.30 0.22

The results shown in Figure 3.1 and summarized in Table 3.2 suggest that TOC is inversely
related to GAC effectiveness. For Lake Perris surface water, which has the highest TOC load
(3.2 ppm), MTBE breakthrough occurs much more quickly than for the two groundwaters.
In contrast, the Tahoe groundwater, which has the lowest TOC load (0.2 ppm), showed the
slowest breakthrough. In spite of the uncertainty as to whether or not TOC is a good indicator
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of GAC adsorption effectiveness for MTBE, the results of these RSSCTs show clearly that
background water quality can have a dramatic impact (Figure 3.1).

Because of the impact of NOM on adsorption effectiveness, the reader is reminded that to
accurately predict GAC performance for MTBE removal, site-specific testing is necessary;
however, because the results presented in this report span a wide range of water-quality
conditions, the RSSCT data should be useful for feasibility-level analyses of GAC at most
MTBE-impacted sites.

3.2 Effect of Influent MTBE Concentration on Breakthrough Curves

The impact of influent MTBE concentration on adsorption effectiveness is illustrated in
Figure 3.2, which presents the results of RSSCTs on Tahoe groundwater spiked with
relatively high (1,950 ppb) and low (20 ppb) concentrations of MTBE. As expected, break-
through occurs earlier for the test with higher influent MTBE concentration. Comparing the
breakthrough data for these two tests (see Table 3.1), the GAC usage rate at 50-percent
breakthrough varies by almost 400 percent (1.16 pounds/1,000 gallons for 1,950 ppb MTBE
versus 0.30 pounds/1,000 gallons for 20 ppb MTBE).2

1.6

1.4

1.2

1

0.8

C/Co

—o—1,950 ppb MTBE, CC-602 GAC, R2
— 20 ppb MTBE, PCB GAC, RS

0 5 10 15 20 25 30 35 40 45
Liters of Water Treated per Gram of GAC

Figure 3.2 MTBE breakthrough for different influent concentrations. Influent: Tahoe groundwater
with 20 or 1,950 ppb MTBE (Coconut Shell GACs, 10 minute EBCT).

A similar effect, though less exaggerated by a smaller influent concentration differential, is
illustrated in Figure 3.3. This graph shows the results of RSSCTs on Arcadia groundwater
spiked with either 50 or 220 ppb MTBE. GAC usage rate at 50-percent breakthrough occurs
at approximately 0.51 pounds/1,000 gallons for influent MTBE of 220 ppb versus
0.39 pounds/1,000 gallons for influent MTBE of 50 ppb, representing a usage rate difference
of approximately 31 percent.

2. The reader should note that the two RSSCTs depicted in Figure 3.2 were performed using different coconut-
shell GAC products (U.S. Filter CC-602 and Calgon PCB).

16



1.6

1.4

1.2

0.8

C/Co
2
%ﬁ

0.6 +
0.4

—6—220 ppb MTBE, R6
0.2 —8—50 ppb MTBE, R8

30 35

Liters of Water Treated per Gram of GAC

Figure 3.3 MTBE breakthrough for different influent concentrations. Influent: Arcadia groundwater
with 50 or 220 ppb MTBE (PCB GAC, 10 minute EBCT).

3.3 Impact of EBCT on MTBE Breakthrough

To fully evaluate GAC-adsorption effectiveness for MTBE, the testing of critical design
parameters, such as EBCT, is necessary. As discussed elsewhere (Partnership, 2000),
variations in EBCT can have a substantial effect on GAC adsorption of trace compounds. The
optimum EBCT for a system depends on numerous factors, including carbon type,
concentrations of organic compounds, and background water quality. The column testing
performed by UCLA was designed to evaluate the impacts of EBCT on adsorption
effectiveness.

Using RSSCT methodology, each of the source waters were tested at two EBCTs (10 and 20
minutes) while holding GAC types and influent concentrations approximately constant.?
Figures 3.4, 3.5, and 3.6 show the influence of EBCT on MTBE breakthrough for each of the
source waters. Different results were observed for the different source waters, as discussed
below.

Figure 3.4 shows MTBE breakthrough curves when Tahoe groundwater, spiked with MTBE
at approximately 2,000 ppb, is passed through CC-602 GAC at EBCTs of 10 and 20 minutes.
As Figure 3.4 shows, the breakthrough curves for these tests are very similar; no significant

3. It should be noted that no attempt was made to optimize the EBCT for the given influent conditions. This
level of evaluation would have required three or more different EBCTs to be tested; the resources available
for this research were prohibitive for this level of evaluation.
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Figure 3.4 MTBE breakthrough for different EBCTs. Influent: Tahoe groundwater with ~2,000 ppb

MTBE (CC-602 GAC, 10 to 20 minute EBCTSs).
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Figure 3.5 MTBE breakthrough for different EBCTs. Influent: Arcadia groundwater with ~200 ppb

MTBE (PCB GAC, 10 to 20 minute EBCTs).
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Figure 3.6 MTBE breakththrough for different EBCTs. Influent: Lake Perris surface water with 20
ppb MTBE (CC-602 and PCB GACs, 10 to 20 minute EBCTs).

variation in breakthrough usage rates is evident. Similar consistency can be seen in Figure
3.5, which shows breakthrough curves generated using Arcadia groundwater spiked with
MTBE at approximately 200 ppb. Based on these test results, it appears that EBCT in the
range of 10 to 20 minutes has no significant effect on MTBE breakthrough.

However, the conclusion offered above based on groundwater spiked with 200 to 2,000 ppb
MTBE should not be over-generalized. For example, Figure 3.6 presents breakthrough
curves for Lake Perris surface water spiked with 20 ppb MTBE. This figure shows that GAC
performance appears to be somewhat dependent on EBCT. For both Calgon PCB and U.S.
Filter CC-602, longer EBCTs result in substantially improved GAC performance (i.e., slower
breakthrough, lower usage rates). Quantitative differences in usage rates are summarized in
Table 3.3, indicating that different EBCTs caused a usage rate variance greater than
50-percent at both saturation and 50-percent breakthrough for both GACs. Figure 3.6 clearly
shows that EBCTs greater than 10 minutes are required to optimize MTBE removal from
Lake Perris surface water spiked with 20 ppb MTBE.

Based on the test comparisons presented in Table 3.3, it appears that the treatment of water
with relatively high NOM (e.g., surface water) may require EBCTs greater than 10 minutes.
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Table 3.3
Comparison of Breakthrough Usage Rates for Different EBCTs: RSSCT Method

Test EBCT Influent Usage Rate (Ibs GAC/1,000 gallons)
Source Water # (min) GAC type MTBE (ppb) | at 50% C/Co at 100% C/Co

Lake Perris Surface Water | R14 10 Calgon PCB 20 1.19 0.64
R15 20 Calgon PCB 20 0.75 0.41
R12 10 U.S. Filter CC-602 20 1.94 0.64
R13 20 U.S. Filter CC-602 20 1.03 0.41
Arcadia Groundwater R6 10 Calgon PCB 220 0.51 0.35
R7 20 Calgon PCB 209 0.48 0.33
Tahoe Groundwater R1 10 U.S. Filter CC-602 1,964 1.19 0.70
R2 10 U.S. Filter CC-602 1,950 1.16 0.70
R3 20 U.S. Filter CC-602 2,052 1.23 0.69

In addition, it appears that MTBE-breakthrough behavior is not impacted by EBCTs between
10 and 20 minutes for waters with low to moderate NOM (e.g., groundwater); however, the
reader should be aware that the EBCT effect noted here may also be attributed, in part, to
MTBE concentrations. The RSSCTs that appear to be affected by EBCT (Figure 3.6) were
performed on relatively low influent MTBE levels (i.e., 20 ppb) in comparison to the tests
presented in Figures 3.4 and 3.5 (2,000 and 200 ppb, respectively). It is unknown whether the
high NOM conditions or the low influent MTBE levels cause the EBCT dependence
illustrated in Figure 3.6. Further research is required to more clearly identify water conditions
under which EBCT impacts MTBE breakthrough.

3.4 Impact of BTX Load on MTBE Breakthrough

The impact of BTX compounds on GAC adsorption effectiveness was also investigated in
this research. Figures 3.7 and 3.8 present data from two sets of RSSCTs, allowing for the
comparison of MTBE breakthrough with and without BTX compounds present in the
influent stream.

Figure 3.7 shows the breakthrough curve for Tahoe groundwater spiked with 1,958 ppb MTBE
and 1,977 ppb Total BTX. The same figure also presents a breakthrough curve for similar
test conditions (1,964 ppb MTBE), but without the BTX load. Comparing these two curves,
it appears that MTBE breakthrough is accelerated in the presence of BTX. Data presented on
Table 3.4 indicate that BTX caused usage rates to increase by 41 percent at the 50-percent
breakthrough point (1.19 pounds/1,000 gallons to 1.68 pounds/1,000 gallons) and by
31 percent at saturation (0.70 pounds/1,000 gallons to 0.92 pounds/1,000 gallons).
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Figure 3.7 MTBE breakthrough with and without BTX. Influent: Tahoe groundwater with ~2,000 ppb
MTBE (CC-602 GAC, 10 minute EBCT).

Figure 3.7 also shows that, after saturation, effluent MTBE levels continue to rise higher than
the influent level (C/Co >1) for one of the RSSCTs (R4). This effect is attributed to MTBE
desorption from the GAC matrix as the more strongly adsorbed BTX compounds move
downgradient in the column and displace previously adsorbed MTBE molecules. Because of
this effect, desorption is an important phenomenon to consider when designing GAC
treatment systems and sampling protocol, particularly for weakly adsorbing compounds,
such as MTBE.

Figure 3.8 illustrates similar results as those noted in Figure 3.7, though the data were
generated by tests of Lake Perris surface water spiked with 20 ppb MTBE. The RSSCT
results show that 50-percent MTBE breakthrough and saturation are both accelerated in the
presence of BTX. The data presented in Table 3.4 indicate that GAC usage rates in the
presence of 300 ppb Total BTX increased by 43 percent at the 50-percent breakthrough point
(0.75 pounds/1,000 gallons to 1.07 pounds/1,000 gallons) and by 32 percent at saturation
(0.41 pounds/1,000 gallons to 0.54 pounds/1,000 gallons). Figure 3.8 also illustrates that
BTX-related desorption can cause effluent MTBE levels to rise above influent levels.

Table 3.4
Comparison of Breakthrough Usage Rates with and without BTX: RSSCT Method

Source Water/ Test Influent Influent Total Usage Rate (Ibs GAC/1,000 gallons)
Testing Conditions # MTBE (ppb) | BTX (ppb) at 50% C/Co at 100% C/Co
Lake Perris Surface Water, R16 20 300 1.07 0.54
PCB GAC, 20 min EBCT R15 20 0 0.75 0.41
Tahoe Groundwater, R4 1,958 1,977 1.68 0.92
CC-602 GAC, 10 min EBCT R1 1,964 0 1.19 0.70
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Figure 3.8 MTBE breakthrough with and without BTX. Influent: Lake Perris surface water with
20 ppb MTBE (PCB GAC, 20 minute EBCT).

3.5 Impact of TBA Load on MTBE Breakthrough

Figure 3.9 presents results of three RSSCTs on Arcadia groundwater. One of these tests (R9)
included TBA at 100 ppb and MTBE at 1,030 ppb, while the others had no TBA but MTBE
at 50 ppb and 220 ppb (R8 and R6, respectively). Comparing the breakthrough curves and
the usage rates measured for these tests, it is evident that the GAC usage rate increases
substantially with the addition of TBA and higher MTBE concentrations. Considering
50-percent MTBE breakthrough, the GAC usage rate increased by over 150 percent
(0.39 pounds/1,000 gallons to 1.01 pounds/1,000 gallons) with the addition of TBA and
1,030 ppb MTBE versus 50 ppb MTBE; the usage rate increased by almost 100 percent
(0.51 pounds/1,000 gallons to 1.01 pounds/1,000 gallons) with the addition of TBA and
1,030 ppb MTBE versus 220 ppb MTBE.

Because two experimental parameters were varied (TBA and MTBE concentrations), it is
unknown which of these parameters is responsible for the differences in the usage rates
presented above; however, for comparison purposes, the usage rate at 50-percent break-
through varied by almost 400 percent when MTBE concentration was increased from 20 to
1,950 ppb in Tahoe groundwater (see Section 3.2). While this is a larger MTBE concentration
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Figure 3.9 MTBE breakthrough with and without 100 ppb TBA. Influent: Arcadia groundwater with
50 to 1,030 ppb MTBE (PCB GAC, 10 to 20 min EBCT).

differential than either of the two comparisons made above, it does indicate that influent
MTBE concentration plays a large role in determining the GAC usage rate. Because the
usage rates varied by only 100 and 150 percent (approximately) in the comparisons presented
above (while the MTBE concentration differentials were substantial), it is suspected that the
addition of 100 ppb TBA did not dramatically affect MTBE breakthrough behavior. It is
important to note, however, that the effluent of the RSSCTs was not monitored for TBA; as
such, it is unknown when, or if, TBA broke through the RSSCT column.

3.6 Comparison of Coconut Shell GAC versus Coal-based GAC

With the available RSSCT data, no direct quantitative comparisons can be made between
coconut shell GAC and coal-based GAC; however, several tests with similar testing conditions
were performed, allowing for qualitative comparisons to be made, as discussed below.

Figure 3.10 shows the results of two RSSCTs performed using different GAC types (i.e.,
coal-based F-600 and coconut shell PCB). The influent for the tests was Arcadia groundwater
spiked with 100 ppb TBA. As shown on Figure 3.10, the breakthrough curves do not vary
substantially for the two treatment scenarios, though influent MTBE concentrations were
significantly different (200 and 1,030 ppb). Given the differential of influent MTBE
concentrations, one might expect the breakthrough curves to be farther apart; however, for
the two scenarios with TBA, GAC usage at 50-percent breakthrough varies by only
10 percent (1.01 pounds/1,000 gallons versus 0.92 pounds/1,000 gallons) in spite of the
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Figure 3.10 MTBE breakthrough for different GAC types. Influent: Arcadia groundwater with 200 to
1,030 ppb MTBE, 100 ppb TBA (PCB and F-600 GACs, 10 to 20 minute EBCTs).

varying influent MTBE concentrations (see Table 3.1). Similarly, the usage rate at saturation
varies by only 12 percent (0.65 pounds/1,000 gallons versus 0.58 pounds/1,000 gallons). The
similarity of these testing results suggests that coconut shell GAC can remove higher MTBE
concentrations at approximately the same usage rate in comparison to coal-based GAC.

The reader should be aware that EBCTs varied for the tests presented in Figure 3.10; however,
as discussed in Section 3.3, it is suspected that EBCTs between 10 and 20 minutes do not
substantially impact MTBE removal from Arcadia groundwater with 200 to 2,000 ppb MTBE.

Based on the qualitative comparisons discussed above, it appears that coconut shell GAC is
more effective for MTBE removal than coal-based GAC. This tentative conclusion is
consistent with results of isotherm testing (Partnership, 2000) and with preliminary field
study results; however, as discussed by Calgon (2000), it should be noted that the natural
variability of coconut shell carbons is reportedly more difficult to control than that of
coal-based carbons, which come from source materials that are more consistent. This
variability of coconut shell carbons may cause the need for more comprehensive QA/QC
efforts than are typically performed for coal-based GAC products.

3.7 Comparison of RSSCT and ACT Methodology

Data from duplicate RSSCTs and ACTs were generated to allow for the direct comparison
of these two testing methodologies. Because 16 RSSCTs were performed versus only two
ACTs, the results of the ACT tests were converted to units reported for the RSSCTs
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(i.e., L/g of GAC). This conversion allowed for graphical comparison of breakthrough curves
and quantitative analysis of performance results (i.e., GAC usage rates).

Two sets of column tests are available for comparing RSSCT and ACT methodologies. Figure
3.11 shows test results using Lake Perris surface water (MTBE concentrations at 20 to 25
ppb) and Figure 3.12 shows test results using Tahoe groundwater (MTBE concentrations at
20 to 22 ppb). Although slight variation is expected when performing duplicate bench-scale
column tests, Figures 3.11 and 3.12 suggest that these two column-testing methods produce
results with notable differences.
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Figure 3.11 MTBE breakthrough for ACT and RSSCT. Influent: MTBE at 20 to 25 ppb in Lake Perris
surface water (PCB GAC, 20 minute EBCT).

In particular, the reader is directed to observe the difference in the initial breakthrough of the
columns shown in Figure 3.11. For the RSSCT, the initial breakthrough occurred at approxi-
mately 3 L/g GAC while, for the ACT, the initial breakthrough did not occur until more than
8 L/g GAC. Usage rates at 50-percent breakthrough were 0.75 pounds/1,000 gallons for the
RSSCT versus 0.55 pounds/1,000 gallons for the ACT, representing a usage rate difference of
36 percent. The usage rates at saturation differ by 24 percent (0.41 pounds/1,000 gallons GAC
for the RSSCT versus 0.33 pounds/1,000 gallons for the ACT).

Figure 3.12 also illustrates the differences between breakthrough curves generated by
RSSCTs and ACTs, though these tests were performed with Tahoe groundwater. In this
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Figure 3.12 MTBE breakthrough for ACT and RSSCT. Influent: MTBE at 20 to 22 ppb in Tahoe
groundwater (PCB GAC, 10 to 20 minute EBCTSs).

figure, similar to Figure 3.11, the initial breakthrough of the ACT occurs much later than for
the RSSCT (approximately 30 L/g GAC versus 14 L/g GAC). The carbon usage rates at
50-percent breakthrough differ by 25 percent (0.30 pounds/1,000 gallons for the RSSCT
versus 0.24 pounds/1,000 gallons for the ACT), while the usage rate differences at saturation
are negligible (0.22 pounds/1,000 gallons for the RSSCT versus 0.21 pounds/1,000 gallons
for the ACT).

Looking at the general shape of the breakthrough curves in Figure 3.12, it is evident that the
RSSCT breakthrough is more gradual than that of the ACT, which shows a steep trend after
a delayed initial breakthrough. In contrast, as shown on Figure 3.11, the breakthrough curves
with Lake Perris surface water are similar in shape, though the ACT breakthrough is delayed
in comparison to the RSSCT.

In conclusion, considering only Figures 3.11 and 3.12, it appears that the RSSCT generates
more conservative results (i.e., higher expected usage rates) in comparison to the ACT*;
however, the reader should be aware that slightly different testing conditions were used for
the two-column test methods. In particular, minor variances were observed for the pH values
of Tahoe groundwater and the conductivity of Lake Perris surface water. In addition, the tests

4. Calgon Carbon Corporation explains the difference in breakthrough characteristics as a function of the
assumptions made regarding mean particle diameter (Megonnell, 2001).
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using Tahoe groundwater at low influent MTBE levels (Figure 3.12) simulated different
EBCTs. Since all of these variables (pH, conductivity, EBCT) can potentially impact GAC
adsorption efficiency, a direct comparison of ACT and RSSCT results should only be made
with an awareness of these potential limitations. The reader should also note that these
comparisons and observations about breakthrough curve shapes and usage rates do not
determine which test method is more accurate. To determine accuracy, a comparison with
full-scale GAC performance is required.

3.8 Summary

The column tests give valuable insight regarding the performance of GAC for removing
MTBE from drinking water. The key findings of these column tests are summarized in the
integrated conclusions (Section 6.3).
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4.0 Cost Estimates for Full-scale Systems

This section presents cost estimates for the full-scale GAC treatment of MTBE. The results
of the column testing (Section 3) provide for the GAC usage rates that were the basis for
developing the cost estimates. Both principal MTBE treatment scenarios (as defined by the
Partnership, 2000) and sensitivity analysis scenarios are addressed.

Based on the costing assumptions presented in Section 4.1, system capital, operation and
maintenance (O&M), and unit treatment costs ($/1,000 gallons) were estimated for a range
of MTBE treatment conditions. The estimated costs were then used for discussions of cost
sensitivity as it relates to treatment parameters, such as background water-quality conditions,
influent MTBE concentration, and system flow rate (Section 4.2). The information presented
here should allow the reader to estimate site-specific costs for GAC removal of MTBE under
a wide variety of full-scale treatment scenarios.

It is important to note that all of the estimated costs presented here were developed using
assumptions previously established by the Partnership (2000). These standardized
assumptions, which are discussed in the following section, allow for a comparison of GAC
costs with those previously estimated for other water-treatment technologies (e.g., air
stripping) by the Partnership (2000).

4.1 Cost-estimating Assumptions

A matrix of principal MTBE treatment scenarios was developed by the Partnership to allow
for a comparison of estimated costs for different treatment technologies (Partnership 2000).
The treatment conditions specified in the Partnership matrix are:

* 20, 200, and 2,000 ppb MTBE in the treatment system influent.
* 60-, 600-, and 6,000-gpm treatment systems.

When considering these MTBE treatment scenarios, capital costs were developed using
vendor estimates for preliminary system designs. For all of the treatment scenarios in this
report, the GAC systems were assumed to have three (3) vessels in-series (two primary
vessels and a backup). The number of parallel lines was varied depending on the flow rate
requirements:

* The 60-gpm systems used one line.
* The 600-gpm systems used two parallel lines (300 gpm each).
* The 6,000-gpm system used 12 parallel lines (500 gpm each).

Details regarding specific GAC system designs assumed for these cost estimates are
presented in Appendix A.
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GAC usage rates and vessel breakthrough times were estimated based on results of the
18 dynamic column tests (Section 3.0). Tables 4.1 and 4.2 list the GAC usage rates estimated
for the principal MTBE treatment scenarios and the sensitivity analysis scenarios, respectively.
These assumed usage rates are based on results of one or more RSSCTs, as specified in the
right-hand column of Tables 4.1 and 4.2. For the principal MTBE treatment scenarios (all low
to moderate NOM fouling, no other contaminants present), the usage rate values presented
in Table 4.1 were plotted, thereby illustrating the assumed relationship between the usage rate
and influent MTBE concentration (see Figure 4.1).

Table 4.1
GAC Usage Rate Assumptions for Principal MTBE Treatment Scenarios
Influent MTBE Usage rate* ..

(ppb) (Ib/1,000 gal) Reference RSSCT Conditions/Test #

20 0.35%* Arcadia groundwater, 50 ppb MTBE, PCB GAC, 10 min EBCT (R8) and

Tahoe groundwater, 20 ppb MTBE, PCB GAC, 10 min EBCT (RS5)

200 0.51 Arcadia groundwater, 220 ppb MTBE, PCB GAC, 20 min EBCT (R6)

2,000 1.19 Tahoe groundwater, 1,964 ppb MTBE, CC-602 GAC, 10 min EBCT (R1)

Conditions: Low to moderate NOM fouling, no other contaminants. Influent MTBE concentration varies.

* Assumed GAC usage rates at 50-percent MTBE breakthrough measured during column testing.

** GAC usage rate estimated based on results of column tests R5 and R8.

Table 4.2
GAC Usage Rate Assumptions for Sensitivity Analysis Scenarios
NOM Usage rate*
Conditions (Ib/1,000 gal) | Reference RSSCT Conditions
High Fouling 0.75 Lake Perris surface water, 20 ppb MTBE, PCB GAC, 20 min EBCT (R15)
Moderate Fouling 0.35%* Arcadia groundwater, 50 ppb MTBE, PCB GAC, 10 min EBCT (R8) and

Tahoe groundwater, 20 ppb MTBE, PCB GAC, 10 min EBCT (R5)

Low Fouling 0.30 Tahoe groundwater, 20 ppb MTBE, PCB GAC, 10 min EBCT (R5)

Conditions: 20 ppb MTBE influent, no other contaminants. NOM fouling varies.

Influent Usage rate*
Conditions (ppb) (Ib/1,000 gal) | Reference RSSCT Conditions

20 MTBE 1.07 Lake Perris surface water, PCB GAC, 20 min EBCT (R16)
300 BTX
High Fouling
1,958 MTBE 1.68 Tahoe groundwater, CC-602 GAC, 10 min EBCT (R4)
1,977 BTX
Low Fouling

1,030 MTBE 1.01 Arcadia groundwater, PCB GAC, 10 min EBCT (R9)
100 TBA
Moderate Fouling

Conditions: Influent MTBE, NOM conditions, and BTX/TBA load all vary.

* Assumed GAC usage rates at 50-percent MTBE breakthrough measured during column testing.
** GAC usage rate estimated based on results of column tests R5 and R8.
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Figure 4.1 Predicted carbon usage rate versus influent MTBE concentration (low to moderate NOM
fouling, no other contaminants present). Usage rates determined by column testing. See Table 4.1
for details.

For each of the cost estimates, GAC changeout was assumed to be required when effluent
from the lead vessel of the system reached 50 percent of influent concentration. This
corresponds with usage rates at 50-percent breakthrough as determined by the column
testing. No detectable MTBE (<0.5 ppb) is permitted in the system effluent (last vessel) for
any of the scenarios. Other O&M costs, including labor costs, were summarized based on
vendor quotes, engineering judgment, and predicted changeout frequencies (see Appendix A
for further details).

General costing assumptions, which provide the standardized structure for the cost estimates
presented in the Treatability report (Partnership, 2000), were incorporated into this report’s
cost estimates as shown on the example cost spreadsheet (Table A-1) in Appendix A. These
general assumption include the following:

» Standard percentage rate assumptions based on capital® costs for design/engineering
(15 percent), contractor overhead and profit (O&P) (15 percent), piping and electrical
(30 percent), site work (10 percent), and contingency (20 percent).

» Standard system design life of 30 years with 7-percent interest rate for capital
amortization.

5. System capital/installation costs and unit costs for GAC are based on 1998 vendor quotes from Calgon
Carbon Corporation (Pittsburgh, Pennsylvania), U.S. Filter/ Westates (Los Angeles, California),
CARBTROL (Westport, Connecticut), and Carbonair (New Hope, Minnesota).
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Appendix A includes backup cost tables that summarize predicted GAC-performance
parameters for each of the scenarios. For the principal treatment scenarios (Table A-2) and
for the sensitivity analyses (Table A-3), predicted vessel life and the number of changeouts
per year are presented.® These values are based on the usage rates presented in Tables 4.1 and
4.2. Appendix A also includes details of the estimated labor costs for the principal treatment
scenarios (Table A-4) and for the sensitivity analysis scenarios (Table A-5).

4.2 Discussion of Cost Estimates

This section compares the results of cost estimates impacted by treatment system variables,
such as background water quality and influent MTBE concentrations. The cost for both
principal MTBE treatment scenarios and sensitivity analysis scenarios defined by the
Partnership (2000) for evaluation are considered. Table 4.3 presents a summary of estimated

Table 4.3
Cost Estimates for Principal MTBE Treatment Scenarios

Treatment
Scenario

Changeouts
per Year®

Capital Cost
®

Annual O&M
$)

Total Annual
Cost ($)

Unit Cost
($/1,000 gal)

60-gpm treatment system, one line of three

vessels-in-series.

Low to moderate NOM fouling, no other contaminants.

20 ppb MTBE 2.1 $234,000 $61,000 $80,000 $2.54
200 ppb MTBE 3.0 $234,000 $75,000 $94,000 $2.99
2,000 ppb MTBE 7.1 $234,000 $114,000 $133,000 $4.22

600-gpm treatment system, two lines of three vessels-in-series. Low to moderate

NOM fouling, no other contaminants.

20 ppb MTBE 2.8 $1,019,000 $248,000 $331,000 $1.05
200 ppb MTBE 4.0 $1,019,000 $314,000 $396,000 $1.26
2,000 ppb MTBE 9.4 $1,019,000 $626,000 $708,000 $2.24

6,000-gpm treatment system, twelve lines of three vessels-in-series. Low to moderat

e NOM fouling, no other contaminants.

20 ppb MTBE 4.6 $5,979,000 $1,976,000 $2,458,000 $0.78
200 ppb MTBE 6.7 $5,979,000 $2,706,000 $3,188,000 $1.01
2,000 ppb MTBE 15.6 $5,979,000 $5,674,000 $6,156,000 $1.95

A Predicted based on RSSCT testing. (See Table 4.1 and Appendix A).

Primary assumptions for cost estimates given above; effluent from the system contains no detectable MTBE (<0.5 ppb).

6. As shown in the example cost-estimate spreadsheet included in Appendix A, the predicted number of

changeouts per year is a critical parameter for the estimated costs.
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Table 4.4
Cost Estimates for Sensitivity Analysis

Treatment Changeouts Capital Cost Annual O&M Total Annual Unit Cost
Scenario” per Year® $) $) Cost ($) ($/1,000 gal)

NOM Fouling

High Fouling 59 $1,019,000 $419,000 $501,000 $1.59
Moderate Fouling 2.8 $1,019,000 $248,000 $331,000 $1.05
Low Fouling 24 $1,019,000 $227,000 $309,000 $0.98
BTX/TBA Load
High NOM Fouling, 8.4 $1,019,000 $555,000 $637,000 $2.02
20 ppb MTBE
300 ppb Total BTX
Low NOM Fouling, 13.2 $1,019,000 $818,000 $900,000 $2.85
1,958 ppb MTBE
2,000 ppb Total BTX
Moderate NOM Fouling, 8.0 $1,019,000 $533,000 $615,000 $1.95
1,030 ppb MTBE
100 ppb TBA
Design Life
2 years 2.8 $1,019,000 $248,000 $789,000 $2.50
10 years 2.8 $1,019,000 $248,000 $374,000 $1.19
30 years 2.8 $1,019,000 $248,000 $331,000 $1.05

A Primary assumptions for cost estimates given above:
600-gpm systems.
Two parallel lines of three beds in-series.
Moderate NOM fouling, unless otherwise noted.
Influent MTBE = 20 ppb, unless otherwise noted.
Effluent from system contains no detectable MTBE (<0.5 ppb).

B Predicted based on RSSCT testing (see Table 4.1 and Appendix A).

costs for the principal MTBE treatment scenarios while Table 4.4 summarizes estimated
costs for the sensitivity analysis scenarios.

All of the cost estimates in this report were developed for public drinking-water systems
requiring a high level of treatment reliability. Cost accuracy is expected to be within
+50 percent. Appendix A presents cost-estimating methods in enough detail such that the
reader can estimate feasibility-level GAC costs for a wide range of treatment conditions by
changing the appropriate variables for their own application.

4.2.1 Impact of Influent MTBE Concentration

Figure 4.2 presents unit treatment cost versus influent MTBE concentration for the principal
scenarios, illustrating that unit costs increase substantially with increasing influent
concentrations. As presented in Table 4.3, for 20-ppb treatment systems, the estimated unit
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Figure 4.2 Estimated unit treatment cost versus influent MTBE concentration (low to moderate NOM
fouling, no other contaminants present).

costs vary from $0.78/1,000 gallons to $2.54/1,000 gallons, depending on the system flow
rate. For 200- and 2,000-ppb treatment systems, estimated unit costs vary from $1.01 to
$2.99/1,000 gallons, and from $1.95 to $4.22/1,000 gallons, respectively.

Considering the 600-gpm systems, unit treatment costs vary by more than 100 percent
depending on influent MTBE concentrations between 20 ppb ($1.05/1,000 gallons) and
2,000 ppb ($2.24/1,000 gallons).

4.2.2 Impact of Background Water Quality

Sensitivity analyses based on RSSCT results show that optimal carbon usage rate’ for MTBE
removal varies by as much as 150 percent, depending on the degree of NOM fouling
(Table 4.2). Table 4.4 shows that estimated unit treatment costs for a 600-gpm system treating
20 ppb MTBE vary from $0.98/1,000 gallons to $1.59/1,000 gallons for water with low and
high NOM fouling, respectively. This variance in the carbon usage rate corresponds to unit
treatment cost differences of over 60 percent.

7. The variance in the GAC usage rate for the range of water conditions is less than that reported in Section 3.1,
in which EBCT was kept constant at 10 minutes for each of the water types. For the cost estimates, it was
assumed that EBCT was optimized for each water type. High NOM fouling water requires longer EBCTs, as
discussed in Section 3.3, which results in lower usage rates and, thus, less overall variation between water types.
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4.2.3 Impact of BTX

Two RSSCT comparisons are available for evaluating BTX impacts to GAC cost effective-
ness for MTBE removal. The first pair of comparison tests (R1 and R4) are presented in
Figure 3.7, which shows MTBE breakthrough curves for low NOM influent water
(Tahoe groundwater) with approximately 2,000 ppb MTBE. For one of the tests, 1,977 ppb
Total BTX was spiked into the influent water, causing unit treatment costs to increase by
27 percent ($2.24/1,000 gallons versus $2.85/1,000 gallons), as presented in Table 4.3
(600 gpm, 2,000 ppb MTBE) and Table 4.4.

The second pair of the comparison tests (R15 and R16) is presented in Figure 3.8, which
shows MTBE breakthrough curves for high NOM influent water (Lake Perris surface water)
with 20 ppb MTBE. For one of the tests, 300 ppb Total BTX was spiked into the influent
water, causing unit treatment costs to increase by 27 percent ($1.59/1,000 gallons versus
$2.02/1,000 gallons, see Table 4.4).

4.2.4 Impact of Flow Rate
Figure 4.3 shows the relationship of unit treatment cost versus system flow capacity for

different influent MTBE concentrations. Based on the cost estimates, which are presented in
Table 4.3, there is a distinct economy of scale at flow rates up to about 600 gpm. Up to this
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Figure 4.3 Estimated unit treatment cost versus system flow capacity (low to moderate NOM
fouling, no other contaminants present).
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capacity, unit costs decrease substantially as system flow capacity increases. With assumed
conditions of 20 ppb MTBE influent, unit treatment costs decrease by over 140 percent as
flow rate is increased from 60 to 600 gpm ($2.54/1,000 gallons versus $1.05/1,000 gallons).
The economy of scale is less pronounced above 600 gpm, as unit treatment costs drop by
35 percent between 600 and 6,000 gpm ($1.05/1,000 gallons versus $0.78/1,000 gallons).®

4.2.5 Impact of System Design Life

To investigate how unit treatment costs are affected by system design life, this parameter
was varied between 2 and 30 years. With assumed treatment conditions of 600 gpm and
20 ppb MTBE influent, unit costs were estimated for 2- and 10-year design periods, in
addition to the 30-year period used for the principal scenario estimates. The results of these
project duration sensitivity analyses, which are presented in Table 4.4 and Appendix A,
indicate that the unit treatment cost increases by over 150 percent when the design period is
changed from 30 to 2 years. As shown on Table 4.4, predicted unit costs increase from
$1.05/1,000 gallons for a 30-year design life to $2.50/1,000 gallons for a 2-year design life.
Although this may seem to be a dramatic change, it is less than the unit cost increases
expected for more capital-intensive treatment technologies (Partnership, 2000). Because the
total annual costs for GAC systems are highly dependent on O&M costs, the assumed system
design life does not impact the unit treatment cost as much as for higher capital technologies.
As such, the expected project duration is an important variable to consider when comparing
the costs of treatment technologies.

8. This lack of economy of scale for flowrates higher than 600 gpm is primarily because the largest standard
carbon vessels are designed for maximum flow rates of approximately 500 to 600 gpm. Flow rates above
this level are handled by operating multiple vessels in parallel; hence, there are no significant capital savings
for higher flow rates.

36



5.0 Case Studies of Full-scale GAC Systems

This section discusses the performance results of recent full-scale GAC systems as compared
to the results of the column testing completed for this research. Two sites at which full-scale
GAC systems have been used for MTBE removal from water were identified for this report;
both of these sites are municipal drinking-water systems that have been impacted by MTBE.
This section briefly summarizes the critical data for each of the case study sites, and then
considers data from comparable column tests (Section 3) and comparable cost estimates
(Section 4.0). For this report, the names and precise locations of both sites will be kept
confidential. For further details regarding the case study sites, refer to Appendix B.

5.1 Case Study A: Public-supply Wells, California

At this site, public water-supply wells were impacted by MTBE and TBA from an extensive
release of MTBE-enhanced gasoline. Column testing and full-scale GAC testing were completed
at the case study site; the column tests modeled the performance of both coal-based GAC and
coconut shell GAC, while the full-scale test was performed using coal-based GAC. The
influence of TBA was also evaluated at the site.

Based on the results of column testing performed for this site, it appears that coconut shell
GAC is substantially more effective for MTBE removal than coal-based GAC. For one
column test scenario (200 ppb MTBE, no TBA), coal-based GAC usage rates at initial
breakthrough, 50-percent breakthrough, and saturation were more than three times higher
than those measured for coconut shell GAC.? The prediction that coconut shell GAC
performs better for MTBE than coal-based GAC is consistent with isotherm tests presented
by the Partnership (2000).

For the full-scale test, the site operators selected a coal-based GAC for evaluation (note: the
rationale for this selection is unclear). With an average influent MTBE concentration of
175 ppb, MTBE first broke through the system 3.5 weeks after startup.! Assuming a
constant flow rate of 300 gpm, the first breakthrough corresponds to a usage rate of
approximately 1.9 pounds/1,000 gallons. This is consistent with the coal-based GAC usage
rate (2.3 pounds/1,000 gallons) for initial breakthrough, as determined by column testing at
the site. In comparison, an RSSCT with coconut shell GAC (test R7, 209 ppb MTBE, moderate
NOM fouling) predicts an initial breakthrough usage rate of 0.8 pounds/1,000 gallons. Again,

9. The usage rate values presented for coconut shell GAC (0.55 pounds/1,000 gallons at 50-percent breakthrough;
0.4 pounds/1,000 gallons for saturation) are similar to those resulting from comparable RSSCT performed
for this research (test R7, 209 ppb MTBE, PCB GAC: 0.48 pounds/1,000 gallons at 50-percent breakthrough;
0.33 pounds/1,000 gallons at saturation).

10. System operators suspect iron fouling caused early MTBE breakthrough of the lead vessel. This vessel,
which required periodic backflushing during the test, was kept on-line as an iron pretreatment for the lag
vessel. The usage rate calculations presented here ignore the contribution of the lead vessel.
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based on GAC performance data from this site, it appears that coconut shell GAC will
outperform coal-based GAC for MTBE removal.

In both laboratory and full-scale testing, TBA broke through the GAC system rapidly,
suggesting that TBA, if regulated, may drive GAC changeout criteria at sites impacted with
both MTBE and TBA. Not enough data are available to determine TBA impacts to GAC
usage rates for the full-scale test.

5.2 Case Study B: Public-supply Wells, Kansas

At this site, public water-supply wells were impacted by MTBE-enhanced gasoline that
leaked from an underground storage tank (UST). A full-scale GAC system was installed to
treat a combined, multi-well flow rate up to 450 gpm of groundwater with an expected
MTBE concentration of less than 20 ppb. The system design includes two 20,000 pounds
vessels in-series with a single vessel EBCT of 15 minutes. Bituminous coal-based GAC was
selected for use.

The system was put on-line in May 2000 and has been operating successfully ever since; no
GAC changeouts have been required thus far. Since startup, influent MTBE concentrations
have averaged approximately 20 ppb, with a flowrate of about 300 gpm. A single high hit
(184 ppb MTBE) was measured 2.5 weeks after startup, which likely accelerated the
breakthrough of the lead vessel 30 days after system startup.!! Other than this single high
detection, all other influent measurements have shown MTBE at below 20 ppb. No other
gasoline contaminants have been detected in the supply wells other than a single
measurement of TBA at 21 ppb.

Appendix B presents a graph (Figure B-1) of influent and midfluent (between lead and lag
GAC vessels) MTBE concentrations. It is suspected that the lead vessel has just about
reached saturation, considering an average influent of approximately 20 ppb. At 50-percent
breakthrough (about 10 ppb MTBE midfluent), the GAC usage rate is estimated to be
0.22 pounds/1,000 gallons. This coal-based GAC performed better than high-grade coconut
shell GAC is expected to perform, based on results of RSSCTs performed using similar
water conditions. In the two most comparable RSSCTs, the usage rates at 50-percent
breakthrough varied from 0.30 pounds/1,000 gallons (Tahoe groundwater, PCB GAC, R5) to
0.39 pounds/1,000 gallons (Arcadia groundwater, PCB GAC, R8).

The results at this site show that bituminous coal-based GAC can sometimes perform as well
as needed for MTBE removal. With this in mind, system designers should consider
evaluating coal-based GAC during feasibility analysis and treatment system design, though
coconut shell GAC is expected to perform better than coal-based GAC under most

11. At most sites, MTBE concentrations in extracted groundwater can be expected to vary like they have at
this case study site.
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conditions. The surprising performance results of this case study indicate that bench-scale
testing with site-specific water and candidate GACs is a critical step for accurately predicting
performance and determining optimum system design.

It is important to remember that the lag vessel (after it becomes the lead vessel) will not last as
long as the initial lead vessel before saturation is reached, as it has already adsorbed some MTBE.
At this site, the influent to the lag vessel (midfluent) contained MTBE since 30 days after startup
(after the first breakthrough of the lead vessel). As such, the 50-percent GAC usage rate estimated
for the initial lead vessel (i.e., 0.22 pounds/1,000 gallons) is considered a good, conservative
assumption for estimating the average changeout frequency of all vessels that are used after the
initial lead vessel is changed out, assuming that influent MTBE levels stay consistent.

Based on the costs reported for the GAC system at this case study site, installing and
operating full-scale GAC systems can, in some cases, be significantly less costly than the
estimates presented in Section 4 of this report. The discrepancy between these costs is
attributed in part to the conservative assumptions made for the Section 4 cost estimate
(e.g., fixed-percent costs for plumbing and electrical, contractor O&P, engineering, site work,
and contingency). In addition, the costs at this site are particularly low because of oversight
by cooperating local/state government agencies and because of competitive bidding between
local GAC contractors and generally lower costs in Kansas.

5.3 Summary

GAC usage rates estimated from these two full-scale systems are generally consistent with
those predicted by the column tests presented in Section 3, though differing treatment
conditions do not allow direct quantitative comparisons to be made. At the California case
study site, coal-based GAC used at full-scale (300 gpm) performed poorly in comparison to
coconut shell GAC at bench-scale, as predicted by column testing at the site; however, at the
Kansas case study site, the performance of coal-based GAC was better than that expected
from a high-quality coconut shell GAC based on RSSCTs performed for this research. The
primary conclusion that can be drawn from this contradictory evidence is that site-specific
testing of candidate GACs with site water is recommended for predicting full-scale GAC
performance.

There are undoubtedly more full-scale GAC systems being used to remove MTBE from
drinking-water supplies, though such field data were not available at the time of this report.
As those additional sites produce more field data in the coming years, the scientific
understanding of full-scale GAC systems is expected to improve.
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6.0 Conclusions

This section summarizes the findings of the Partnership’s GAC research program for MTBE.
Section 6.1 compares the results of computer modeling presented elsewhere (Partnership, 2000)
and the dynamic column testing discussed in Section 3 of this report. Section 6.2 discusses the
relative accuracy of column testing by comparing results with data from full-scale GAC case
studies, as presented in Section 5 and Appendix B. Section 6.3 blends together the results of
column testing, cost estimates, and full-scale case studies to give the reader a sense of how
different site conditions (e.g., background water quality, MTBE concentrations) impact the
implementation of GAC. Section 6.4 gives a brief comparison of costs estimated in this report
with those presented elsewhere for other water-treatment technologies (Partnership, 2000).
Finally, Section 6.5 summarizes the major findings of this report and discusses some future
considerations and research needs for MTBE removal using GAC.

6.1 Comparison of Computer Modeling and Column Testing

As part of the Partnership’s overall research plan for GAC, the results of computer adsorption
modeling'? presented previously by the Partnership (2000) were compared with bench-scale GAC
performance determined by dynamic column testing (Section 3). In general, the computer
modeling did quite well predicting MTBE breakthrough behavior for the higher influent
concentrations (200 and 2,000 ppb MTBE). Although different assumptions were used to deter-
mine changeout frequencies for this report and the Treatability report (Partnership, 2000), the
predicted changeouts per year for all of the higher concentration scenarios were within 20
percent. In each case, the values predicted using the computer modeling results were less
conservative (i.e., lower changeout frequencies) than those predicted using the column test data.

When influent MTBE concentrations were set at 20 ppb, the computer model underestimated
the GAC usage rates such that changeout frequencies were significantly less (<50 percent) than
those predicted using column test data. It should be noted that different assumptions were
used for estimating changeout frequencies from GAC usage rates determined by computer
modeling and dynamic column testing. These different assumptions may have contributed to
the discrepancy between estimated changeout frequencies. Regardless, it is recommended
that the reader consider the usage rate values and the cost estimates presented in this report
to be more accurate than those presented previously (Partnership, 2000).

6.2 Comparison of Column Testing and Full-scale Water Treatment

Another aspect of the Partnership’s GAC research program was to compare full-scale GAC
performance with the results of dynamic column testing. Unfortunately, this “ground-

12. Modeling was performed using the AdDesignS computer model created by Michigan Technological
University (Mertz et al., 1994). This model consists of equilibrium and mass transfer models that can be
used to simulate multi-component adsorption in fixed-bed absorbers.
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truthing” of the column tests was limited because the only two full-scale case studies
identified for this research used coal-based GACs for MTBE removal. As the majority of the
column testing focused on coconut shell GAC, no direct comparisons can be made between
the results of the dynamic column testing presented in Section 3 and the full-scale GAC
performance at the case study sites.

However, even with this constraint, the results of the case study sites remain interesting and
educational. At first glance, it seems that the performance results of the case studies are
contradictory. At the Kansas site, the coal-based GAC has performed quite well (no
changeouts after 1 year of operation); at the California site, the coal-based GAC did not
perform as well as hoped (MTBE breakthrough of lag vessel after 3.5 weeks). Results from
the California case study, which included column testing with the site water, indicate that
coconut shell GAC is likely to be a more cost-effective choice than coal-based GAC. In
contrast, at the Kansas site, the coal-based GAC appears to be a cost-effective selection. Why
are the results of these two case study sites so different? This question cannot be answered
with certainty, though it is suspected that the coal-based GAC at the Kansas site is
performing well because the influent MTBE concentrations are quite low (i.e., <20 ppb). In
addition, it is likely that the groundwater at this Kansas site is quite clean with respect to
NOM. In contrast, at the California site, the influent MTBE concentrations are higher
(100 to 280 ppb) and the background NOM is suspected to be moderate. These two
differences in treatment conditions (i.e., influent MTBE concentration and background NOM)
can clearly have strong impacts on GAC usage rates, as shown by the column testing
presented in this report (Sections 3.1 and 3.2). More extensive background water-quality
analyses would be needed to verify these preliminary interpretations.

Again, the reader is reminded that background water quality and other site conditions, such
as influent MTBE concentrations, can dramatically impact GAC performance for MTBE
removal; as such, it is highly recommended that site-specific testing (either isotherm testing
and/or column testing with site water) be performed prior to GAC system design.

6.3 Impact of Treatment Conditions on GAC Performance and Cost
6.3.1 Background Water Quality

The impact of background NOM on GAC effectiveness for MTBE removal was evaluated in
this report by comparing usage rates and breakthrough curves from RSSCTs using three
separate water sources (two groundwaters and one surface water). The differences in
breakthrough behavior illustrated in Figure 3.1 indicate that NOM conditions can cause up
to a four-fold variance in GAC usage rates (at 50-percent breakthrough, equivalent EBCTSs).
Because of the dramatic impact that NOM can have on GAC adsorption effectiveness, site-
specific testing is highly recommended to accurately predict full-scale GAC performance for
MTBE removal.
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The results of RSSCTs show that the carbon usage rate for MTBE removal, assuming best-
case EBCT for each of the waters, varies by as much as 150 percent, depending on the degree
of NOM fouling (Table 4.2). For a 600-gpm system treating 20 ppb MTBE, this variance in
the carbon usage rate results in estimated unit cost differences of over 60 percent. Table 4.4
shows that estimated unit treatment costs for these assumed conditions vary from
$0.98/1,000 gallons to $1.59/1,000 gallons for water with low and high NOM fouling,
respectively.

With regards to predicting NOM impacts to GAC effectiveness, the water-quality analyses
and results of RSSCTs presented in this report show that TOC is inversely related to GAC
performance (Table 3.2). These results suggest that TOC can be used as an indicator of NOM
fouling potential; however, other studies contradict this finding, indicating that TOC is not
always a good indicator of GAC adsorption effectiveness for MTBE (Zimmer et al., 1988;
Summers et al., 1989). Due to these contradictory findings, it is recommended that testing
be performed using the site water and candidate GACs (column testing or, at the least,
isotherm testing). Of course, if the water source is known to have high NOM levels (e.g.,
typical surface waters), it should be expected that GAC performance for MTBE removal will
be relatively poor.

6.3.2 Influent MTBE Concentrations

As expected, comparisons of RSSCT results show that the GAC usage rate is highly dependent
on the influent MTBE concentration. The impact of the influent MTBE concentration on
adsorption effectiveness is illustrated in Figure 3.2, which presents the results of RSSCTs on
Tahoe groundwater spiked with relatively high (1,950 ppb) and low (20 ppb) concentrations
of MTBE. Comparing the breakthrough data for the two tests (R2, RS), the GAC usage rate
at 50-percent breakthrough varies by almost 400 percent. The same effect, though less
exaggerated, is illustrated in Figure 3.3, which shows the results of column testing of Arcadia
groundwater spiked with 50 and 220 ppb MTBE.

Figure 4.2 presents the relationship of unit treatment cost versus influent MTBE concentration
for the principal scenarios, illustrating that unit costs increase substantially with increasing
influent concentrations. For these scenarios, unit costs vary by more than 100 percent,
depending on influent MTBE concentrations between 20 ppb ($1.05/1,000 gallons) and
2,000 ppb ($2.24/1,000 gallons).

6.3.3 EBCT
Under certain conditions, EBCT can substantially impact the breakthrough of MTBE. For
example, it appears that breakthrough behavior is dependent on EBCT for low influent

MTBE concentrations in relatively high NOM water. Under these conditions, as illustrated
in Figure 3.6, EBCTs longer than 10 minutes are required to optimize MTBE removal.
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Although RSSCTs presented in this report suggest that EBCTs between 10 and 20 minutes
do not measurably impact MTBE breakthrough behavior for low to moderate NOM waters
(see Figures 3.4 and 3.5), it is uncertain whether influent MTBE concentration is also a
factor. It is possible that breakthrough behavior is dependent on EBCT for relatively low
influent MTBE (e.g., 20 ppb), regardless of the background water-quality conditions. Further
research is required to more clearly identify water conditions under which EBCT impacts
MTBE breakthrough. No analyses were performed to evaluate EBCT impacts to the cost of
MTBE removal using GAC.

6.3.4 BTX Load

Results of RSSCTs confirm that the presence of BTX accelerates the breakthrough of
MTBE. For Tahoe groundwater spiked with approximately 2,000 ppb MTBE, the addition of
approximately 2,000 ppb Total BTX increased the GAC usage rate by over 40 percent at the
50-percent breakthrough point. Similar increases were observed for Lake Perris surface
water spiked with 20 ppb MTBE, when Total BTX at 300 ppb was added to the influent.
These increases in GAC usage caused by the presence of BTX resulted in estimated unit
treatment cost increases of over 25 percent for both water types.

An important finding of the RSSCT study was observed during the testing that included Total
BTX. As shown on Figures 3.7 and 3.8, effluent MTBE levels continue to rise higher than the
influent level (C/Co >1) after reaching saturation. This effect is attributed to MTBE desorption
from the GAC matrix as the more strongly adsorbed BTX compounds move downgradient in
the column and displace previously adsorbed MTBE molecules. Because of this effect,
desorption is an important phenomenon to consider when designing GAC treatment systems
and sampling protocol, particularly for weakly adsorbing compounds, such as MTBE.

6.3.5 TBA Load

No direct comparison of RSSCT results can be made that clarify the impact of TBA on GAC
effectiveness for MTBE removal; however, based on several RSSCT's with similar treatment
conditions (Arcadia groundwater, PCB GAC; see Figure 3.9), it appears that the addition of
100 ppb TBA did not dramatically affect MTBE breakthrough behavior.

It is important to note that the effluent of the RSSCTs was not monitored for TBA; as such, it
is unknown when, or if, TBA broke through the RSSCT column. This is important to note
because at the California case study site, in both laboratory and full-scale testing, TBA broke
through the GAC system rapidly, prior to MTBE breakthrough. These results suggest that TBA,
if regulated, may drive GAC-changeout criteria at sites impacted with both MTBE and TBA.
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6.3.6 GAC Type

No RSSCTs were performed that allow for direct quantitative comparisons between coconut
shell GAC and coal-based GAC; however, indirect conclusions can be drawn from some of
the tests. Figure 3.10 shows that under similar test conditions (Arcadia groundwater, 100 ppb TBA),
coconut shell performed better than coal-based GAC, removing higher MTBE concentrations
(1,000 ppb versus 200 ppb) at approximately the same usage rate. The similarity of the test
results suggests that, in comparison to coal-based GAC, coconut shell GAC is more effective
for MTBE removal from Arcadia groundwater.

This tentative conclusion is consistent with the results of isotherm testing (Partnership, 2000)
and with the California case study where coconut shell GAC outperformed coal-based GAC;
however, as discussed by Calgon (2000), it should be noted that the natural variability of
coconut shell carbons is reportedly more difficult to control than that of coal-based carbons,
which come from source materials that are generally homogeneous. This variability of
coconut shell carbons may cause the need for increased QA/QC efforts during the approval
of GAC products for changeout events.

In spite of the conclusion about GAC type effectiveness given above, the Kansas case study
suggests that coal can sometimes work as well as needed. In addition, coal-based GAC is
expected to be cheaper per pound though, at most sites, it is expected that, overall, coconut
shell will be more cost-effective. Of course, site-specific testing is necessary for the selection
of optimum GAC and other design parameters.

6.4 Cost Comparison to Other Technologies

This section discusses the estimated unit treatment costs for GAC in comparison with those
of other technologies. The cost estimates presented here and those costs previously reported
in the Treatability report (Partnership, 2000) were developed using a number of important
costing assumptions. These assumptions are not meant to be representative of all sites and,
therefore, those cost estimates should be viewed primarily for comparative purposes. The
cost presented here are expected with be accurate within +50 percent.

Table 6.1 presents estimated costs for several technologies, including air stripping, AOPs,
adsorptive resins, and GAC. These costs, which were developed for both the Treatability report
and this report, were estimated for a 600-gpm flow rate system treating MTBE in water with
moderate NOM fouling conditions.!3 As shown, there are three separate entries for air stripping
(packed tower, low profile, packed tower with off-gas treatment), along with estimates
previously developed for GAC, AOP, and resins. The new costs developed for GAC in this
report, which used the results of column testing, are presented at the bottom of Table 6.1.

13. A number of standardized costing assumptions were used to develop these estimates. Details are presented
in Appendix A.
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Table 6.1
Comparison of Reference Cost Estimates for Different Technologies

Treatment Unit Treatment Cost ($/1,000 gals)
Technology 20 ppb* 200 ppb® 2,000 ppb®
Air Stripping, Packed Tower 0.34 0.37* 0.91%*

(Partnership, 2000)

Air Stripping, Low Profile 0.92 1.09 1.09
(Partnership, 2000)

Air Stripping, Off-gas Treatment Not Reported 1.09 1.09
(Partnership, 2000)

Advanced Oxidation Processes 0.90 0.95 1.19
(Partnership, 2000)

Adsorptive Resins 1.01 1.17 1.38
(Partnerhship, 2000)

GAC 0.77 1.15 2.37
(Partnership 2,000)

GAC 1.05 1.26 2.24
per column testing of this report®

A Removal rates >97.5 percent.

B Removal rates >99.5 percent.

C Predicted based on RSSCT testing (see Table 4.1 and Appendix A).
* May require off-gas treatment.

Primary assumptions for cost estimates given above; 600-gpm systems; moderate NOM fouling; system design life 30 years.

Consider first the GAC cost estimates generated previously (Partnership, 2000) in
comparison with those developed for this report. At the two higher influent MTBE scenarios
(200 and 2,000 ppb), estimated unit treatment costs were within 15 percent. Unit costs for
the 20-ppb scenario, however, varied by 36 percent ($1.05 versus $0.77 per 1,000 gallons),
as the computer model predicted better full-scale GAC performance than the column testing.
As discussed in Section 6.1, column testing indicated that the model underestimated
changeouts per year by 50 percent for the 20 ppb scenario, causing unit treatment costs for
GAC to rise by 36 percent from those estimated using the modeling results.

Table 6.1 can also be used to see which technologies are cost-competitive for varying influent
MTBE concentrations. From a comparative view, GAC appears to be the least cost-effective
technology of the four treatment technologies evaluated in the Treatability report (Partnership, 2000),
especially at higher MTBE concentrations. At 2,000 ppb, the unit treatment costs of the
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technologies range from $0.91 to $2.24 per 1,000 gallons. GAC has the highest estimated
costs for this treatment scenario, and it appears that air stripping, either with or without off-
gas treatment, is the most cost-effective selection. Resins and AOP are competitive with
stripping cost-wise, though neither of these emerging technologies has well documented
treatment reliability (Partnership, 2000).

For 200 ppb MTBE, the estimated unit costs for a packed tower air stripper with no off-gas
treatment are once again the least expensive ($0.37/1,000 gallons). If off-gas treatment is
required, the remaining technologies all become cost-competitive. Unit costs for the other
technologies, including GAC ($1.26/1,000 gallons), varied by no more than 33 percent,
which is well within the expected accuracy of the estimates.

The results at 20 ppb influent MTBE were similar to those for 200 ppb. The unit treatment
cost estimated for air stripping without off-gas treatment was $0.34/1,000 gallons, which was
more than 2.5 times cheaper than AOP, the closest cost competitor ($0.90/1,000 gallons).
GAC unit costs were estimated to be $1.05/1,000 gallons, which is within 20 percent of the
estimated cost for AOP. Excluding air stripping with packed towers, GAC is cost-competitive
with all of the other technologies at 20 ppb.!4

The reader should note that the estimated costs were developed using specific assumptions
that allowed for a direct comparison between technology costs. As such, the cost magnitudes
presented here are only relevant considering the specific costing assumptions used for the
estimates (e.g., 30-year design life, percent markups for design, contingency, etc.). The
Kansas case study site shows that actual project costs can be lower than those generically
estimated using the costing assumptions of this report. As such, the cost estimates presented
here should be used primarily for comparative purposes.

Given the effective performance of GAC and the low project costs at the Kansas case study
site, it may be that GAC is more likely to be selected as a technology of choice than the cost
comparisons on Table 6.1 suggest. In spite of its apparently higher costs versus other
technologies, it is important to remember that GAC is a simple technology to implement.
Design and capital costs are usually significantly less than more innovative technologies
(AOPS, adsorptive resins), and achieving effluent with non-detectable contaminant levels is
the expected performance for GAC. Also, no off-gas treatment or air discharge permits are
required, and regulatory agencies generally view GAC as reliable. Considering these
advantages, GAC is an important technology to consider when evaluating treatment options
for removing MTBE, particularly for low influent MTBE levels.

14. If the estimated usage rate for the Kansas case study site is used in the Partnership’s cost estimating
structure, the calculated unit treatment cost is $0.86/1,000 gallons.
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6.5 Summary and Future Considerations
The major findings of this report include the following:

* Through modeling, column testing, and case studies, it has been shown that various
types of GAC can successfully remove MTBE from groundwater, surface-water, and
drinking-water sources.

* Computer modeling presented in the Partnership’s Treatability report (2000) generally
underestimates GAC usage; the results of column testing are more conservative and
more reliable.

» Background water quality plays a large role in GAC effectiveness. The GAC usage
rate is substantially higher when background NOM levels are high.

* GAC is more likely to be cost-effective for relatively low concentrations of MTBE.
Based on cost estimates prepared for this research and the Treatability report, GAC is
cost-competitive with most other technologies when MTBE is at or below 200 ppb.
The exception is air stripping without off-gas treatment, which is consistently the least
expensive treatment method where allowed.

« EBCT is an important variable to consider when designing GAC systems for MTBE
removal. Column testing suggests that longer EBCTs (e.g., 20 minutes) are required
when background NOM is high. Uncertainty remains as to whether low influent
MTBE concentrations also require longer EBCTs for optimal MTBE removal.

* Column testing shows that the presence of BTX can increase the GAC usage rate for
MTBE removal substantially. MTBE desorption from the GAC matrix, which results
in effluent MTBE levels exceeding influent levels, should be expected when BTX is
present.

* Column tests show that TBA breaks through GAC systems rapidly. Not enough data
are available to determine the impact of TBA on GAC effectiveness for MTBE.

* It appears that coconut shell GAC will be more cost-effective for MTBE removal
under most situations; however, as shown by one of the full-scale case studies, coal-
based GAC can sometimes be cost-effective for low concentrations of MTBE.

The American Water Works Association is currently sponsoring research on the effects of
GAC surface chemistry and pore structure on the adsorption of MTBE and atrazine from
natural waters. This study, which is being performed by North Carolina State University, is
expected to be completed in 2001. Other topics for future GAC research might include:

* Incorporation of dynamic column testing results as calibration data for computer
modeling (which would allow for additional scenarios to be analyzed and, eventually,
may allow computer models to be used with greater confidence for predicting GAC
performance for MTBE removal).
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Correlation of column testing with full-scale coconut shell GAC performance.

Clear quantitative performance comparison of coconut shell GAC with high-grade
coal-based GAC under dynamic testing conditions.

Research on coconut shell GAC variability.

Development of an analytical test that reliably quantifies the expected NOM fouling
potential of different waters.
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Appendix A: GAC System Cost Estimates

This appendix presents cost estimates for a range of MTBE-treatment scenarios using GAC
technology. The cost estimates were developed based on the results of dynamic column
testing (see Section 3 of this report), 1998 price quotes from carbon vendors, and standard
cost estimating assumptions for feasibility-level evaluations (Partnership, 2000). The cost
estimates presented here are considered to be accurate within +50 percent. For field
applications, the actual carbon usage rates for site-specific conditions should be obtained via
testing with site water, if higher accuracy cost estimates are required.

Table A-1 presents an example cost spreadsheet to illustrate the methods used for estimating
costs. Details regarding the assumptions used in developing the predicted carbon usage rates,
which impact the estimated O&M costs, are presented in Section 4; summaries of the
changeout frequencies for the principal treatment scenarios and the sensitivity analyses are
presented in Tables A-2 and A-3, respectively. Assumptions used for developing O&M labor
costs for the principal treatment scenarios and the sensitivity analyses are presented in Tables
A-4 and A-5, respectively. The assumptions used for developing the cost estimates are listed
below.

General Assumptions

Influent MTBE concentrations: 20 ppb, 200 ppb, 2,000 ppb.
Effluent water contains no detectable MTBE (<0.5 ppb).
System flow rates: 60 gpm, 600 gpm, 6,000 gpm.

No pretreatment of influent water is required.

Assumptions for Capital Costs

Carbon adsorption unit: Standard Carbonair vessels rated for the appropriate range of flow
rates; costs for adsorber systems based on 1998 price quotes from Carbonair for purchasing
and installing specific models. Capital cost includes initial fill with virgin, coconut shell
GAC at $1.25/pound (unit cost based on 1998 vendor price quote). All systems designed as
a single line or parallel lines of three GAC vessels in-series.

Piping, Valves, and Electrical: 30 percent of capital cost for carbon adsorption unit.

Site Work (e.g., clearing, grubbing, foundation placement): 10 percent of capital cost for
carbon adsorption unit.

Contractor O&P: 15 percent of capital cost for carbon adsorption unit, site work, and piping,
valves, and electrical.
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Table A-1

Example Cost Spreadsheet: Estimated Costs for Carbon Adsorption

System Parameters: 60 gpm
20 ppb influent MTBE concentration

Effluent contains no detectable MTBE (0.5 ppb)

Item Cost
Carbon Adsorption Unit' $105,110
SUBTOTAL+A40 $105,110
Piping, Valves, Electrical (30%) $31,533
Site Work (10%) $10,511
SUBTOTAL $147,154
Contractor O&P (15%) $22,073
SUBTOTAL $169,227
Engineering (15%) $25,384
SUBTOTAL $194,611
Contingency (20%) $38,922
TOTAL CAPITAL $233,533
AMORTIZED CAPITAL’ $18,820
ANNUAL O&M $61,407
TOTAL ANNUAL COST $80,226
TOTAL COST PER 1,000 GALLONS TREATED $2.54

Summary of Annual O&M Costs

Item Unit Quantity Unit Cost Cost

Replacement Carbon’ event 2.1 $3,125 $6,563
Changeout Labor/Transport event 2.1 $1,000 $2,100
O&M Labor’ year 1 $21,000 $21,000
Analytical Testing’ samples 156 $200 $31,200
Power ($0.08/kWh) kWhr 6,800 $0.08 $544

ANNUAL O&M $61,407

I Carbon system size: three 5,000-pound vessels in series.

2 Amortization based on 30-year period at 7-percent discount rate.

3 Based on $1.25 per pound and 5,000 pound/event; changeout frequency per Table A-2.

4 Includes analytical sampling, oversight during changeouts, and general system O&M.

5 Based on three samples per weekly event, 52 weeks per year.
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Table A-2
Predicted Carbon Usage Rates, Vessel Life, and Changeout Frequencies:
Primary MTBE Treatment Scenarios

Influent MTBE Measured Usage Rate® Predicted® Vessel Life Predicted® Changeouts
(ppb) (Ib/1000gal) (days) per Year
20 0.35 175 2.1
200 0.51 120 3.0
2,000 1.19 52 7.1
Conditions: 60-gpm systems (moderate NOM fouling, no other contaminants).
Influent MTBE Measured Usage Rate”® Predicted® Vessel Life Predicted® Changeouts
(ppb) (Ib/1000gal) (days) per Year
20 0.35 132 2.8
200 0.51 91 4.0
2,000 1.19 39 9.4

Conditions: 600-gpm systems; two lines of 300 gpm (moderate NOM fouling, no other contaminants).

Influent MTBE Measured Usage Rate” Predicted® Vessel Life Predicted® Changeouts
(ppb) (I1b/1000gal) (days) per Year
20 0.35 79 4.6
200 0.51 54 6.7
2,000 1.19 23 15.6

Conditions: 6,000-gpm systems; 12 lines of 500 gpm (moderate NOM fouling, no other contaminants).

A Fifty-percent breakthrough of MTBE per RSSCT results (see Tables 3.1 and 4.1).
B Calculated based on measured usage rate and system design (flow rate per line).
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Table A-3
Predicted Carbon Usage Rates, Vessel Life, and Changeout Frequencies:
Sensitivity Analysis Scenarios

Measured Predicted® Predicted®
Influent Water Conditions Usage Rate® Vessel Life Changeouts
(Ib/1000gal) (days) per Year
High Fouling 0.75 62 59
Moderate Fouling 0.35 132 2.8
Low Fouling 0.30 154 24
Conditions: 600-gpm system, 20 ppb MTBE, no other contaminants (NOM fouling varies).
Measured Predicted® Predicted®
Influent Water Conditions BTX/TBA Load Usage Rate® Vessel Life Changeouts
(1b/1,000gal) (days) per Year
High NOM Fouling 300 ppb Total BTX 1.07 43 8.4
20 ppb MTBE
Low NOM Fouling 1,977 ppb Total BTX 1.68 28 13.2
1,958 ppb MTBE
Moderate NOM Fouling 100 ppb TBA 1.01 46 8.0
1,030 ppb MTBE

Conditions: 600-gpm system (MTBE varies, NOM fouling varies, BTX/TBA varies).

A Fifty-percent breakthrough of MTBE per RSSCT results (see Tables 3.1 and 4.2).
B Calculated based on measured usage rate and system design (flow rate per line).

Detailed configurations for each system are included in Appendix A.
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Estimated Labor Costs for GAC Systems: Principal MTBE Treatment Scenarios

Table A-4

Influent Sampling | Analytical Sampling | Predicted GAC Changeout | General O&M | Total Annual | Total Annual
Concentration | Frequency Annual Labor” Changeouts | Annual Oversight“ | Annual Labor” Labor Labor Cost®
(ppb) (samples/wk) (hours) per Year® (hours) (hours/wk) (hours) $)

2,000 3 156 7.1 28 208 3924 $31,000

200 3 156 3.0 12 104 2N $22,000

20 3 156 2.1 8 104 268.4 $21,000
Conditions: 60-gpm systems — One line of three vessels in-series.

Influent Sampling | Analytical Sampling Predicted GAC Changeout | General O&M | Total Annual | Total Annual
Concentration | Frequency Annual Labor* Changeouts | Annual Oversight® | Annual Labor” Labor Labor Cost®
(ppb) (samples/wk) (hours) per Year® (hours) (hours/wk) (hours) $)

2,000 5 260 9.4 75 416 751.2 $60,000
200 5 260 4.0 32 208 500 $40,000
20 5 260 2.8 22 208 490.4 $39,000
Conditions: 600-gpm systems — Two lines of three vessels in-series.
Influent Sampling | Analytical Sampling | Predicted GAC Changeout | General O&M | Total Annual | Total Annual
Concentration | Frequency Annual Labor” Changeouts | Annual Oversight“ | Annual Labor” Labor Labor Cost®
(ppb) (samples/wk) (hours) per Year® (hours) (hours/wk) (hours) $)
2,000 25 1,300 15.6 749 1,664 3712.8 $297,000
200 25 1,300 6.7 k) 1,040 2661.6 $213,000
20 25 1,300 4.6 221 520 2040.8 $163,000

Conditions: 6,000-gpm systems — Twelve lines of three vessels in-series.

A One hour/sample.

B See Table A-2.

€ Four hours/changeout for each line of GAC vessels.

D General system oversight and maintenance (e.g., pressure checks, backflushing):
for 60-gpm system: 4 hours/week at 2,000 ppb; 2 hours/week at 200 ppb and 20 ppb.
for 600-gpm system: 8 hours/week at 2,000 ppb; 4 hours/week at 200 ppb and 20 ppb.
for 6,000-gpm system: 32 hours/week at 2,000 ppb; 20 hours/week at 200 ppb, and 10 hours/week at 20 ppb.

E Labor rate at $80 hour.
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Table A-5
Estimated Labor Costs for GAC Systems: Sensitivity Analysis Scenarios

NOM Fouling
Sampling | Analytical Sampling | Predicted GAC Changeout | General O&M | Total Annual | Total Annual
Water Frequency Annual Labor* | Changeouts | Annual Oversight” | Annual Labor” Labor Labor Cost®
Type (samples/wk) (hours) per Year® (hours) (hours/wk) (hours) )
Lake Perris 5 260 5.9 47 208 521 $42,000
(High Fouling)
Arcadia GW 5 260 2.8 22 208 493 $39,000
(Moderate Fouling)
Tahoe GW 5 260 24 19 208 490 $39,000
(Low Fouling)
Conditions:
600-gpm systems — Two lines of three vessels in-series.
Influent MTBE = 20 ppb (unless otherwise noted); effluent contains no detectable MTBE (<0.5 ppb).
BTX/TBA Load - Varies as noted.
Sampling | Analytical Sampling | Predicted GAC Changeout | General O&M | Total Annual | Total Annual
Water Frequency Annual Labor* | Changeouts | Annual Oversight” | Annual Labor” Labor Labor Cost®
Type (samples/wk) (hours) per Year® (hours) (hours/wk) (hours) )
20 ppb MTBE 5 260 8.4 67 208 544 $43,000
300 ppb Total BTX
1,958 ppb MTBE 5 260 132 106 208 587 $47,000
2,000 ppb Total BTX
1,030 ppb MTBE 5 260 8 64 208 540 $43,000
100 ppb TBA
Conditions:

600-gpm systems — Two lines of three vessels in-series.
Influent MTBE = 20 ppb (unless otherwise noted); effluent contains no detectable MTBE (<0.5 ppb).

A One hour/sample.

B See Table A-3.

€ Four hours/changeout for each line of GAC vessels.

D Four hours/week; includes general system oversight and maintenance (e.g., pressure checks, backflushing).

E Labor rate at $80/hour.
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Engineering: 15 percent of capital cost for carbon adsorption unit, site work, piping, valves,
electrical, and contractor O&P.

Contingency: 20 percent of all other capital costs.
Total capital amortized over 30-year system design life using a 7-percent discount rate.
Assumptions for O&M Costs

Replacement GAC: Carbon changeouts using virgin, coconut shell GAC at $1.25/pound (unit
cost based on 1998 vendor price quotes). Estimated changeout frequency based on results of
column testing (see Tables 4.1, 4.2, A-2, and A-3).

Changeout Labor/Transport: Estimated costs based on 1998 vendor price quotes
($0.10/pound for transport to off-site regeneration facility); assumed $1,000 minimum cost
per changeout event.

O&M Labor: Estimated costs for analytical sampling, GAC changeout oversight, and general
system O&M (e.g., pressure checks, backflushing). Detailed assumptions presented in Tables
A-4 and A-5.

Analytical Testing:

60-gpm systems - three samples per week per line (1 influent, 1 midfluent, 1 effluent).
600-gpm systems - five samples per week per line (1 influent, 2 midfluent, 2 effluent).
6,000-gpm systems - twenty-five samples per week per line (1 influent, 12 midfluent, 12 effluent).
Assumed testing cost - $200 per sample, Method 524.2.

Power: Assumed unit cost at $0.08 per kilowatt-hour; kilowatt-hours estimated based on flow
rate and bed depth.

Note: These assumptions were discussed in greater details in the Partnership’s Treatability
report (2000).
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Appendix B: GAC System Case Studies

Case Study: Public-supply Wells, California Site

Site Background

Public water-supply wells impacted by MTBE from an extensive release of MTBE-enhanced
gasoline.

MTBE Concentrations in Groundwater

MTBE levels of 100 to 300 ppb expected in water-supply wells during full-scale testing. TBA
detected in site groundwater up to approximately 50 ppb. No background water-quality data
available; low to moderate NOM fouling expected.

Results of Column Testing

Dynamic column testing was performed using site water. Two different treatment scenarios were
modeled, using both coal-based GAC and coconut shell GAC. Summary results are as follows:

Scenario 1: 200 ppb MTBE, no TBA

Coal-based carbon:

Usage rate at 100-percent MTBE breakthrough = 1.2 pounds/1,000 gallons
Usage rate at 50-percent MTBE breakthrough = 1.75 pounds/1,000 gallons
Usage rate at initial MTBE breakthrough 2.3 pounds/ 1,000 gallons

Coconut shell carbon:

Usage rate at 100-percent MTBE breakthrough = 0.4 pounds/1,000 gallons
Usage rate at 50-percent MTBE breakthrough 0.55 pounds/1,000 gallons
Usage rate at initial MTBE breakthrough 0.7 pounds/ 1,000 gallons

Scenario 2: Approximately 1,000 ppb MTBE and 50 ppb TBA

Coal-based carbon:

Usage rate at 100-percent MTBE breakthrough = 1.9 pounds/1,000 gallons
Usage rate at 50-percent MTBE breakthrough = 13.3 pounds/1,000 gallons
Usage rate at 50-percent TBA breakthrough 19.0 pounds/1,000 gallons

Coconut shell carbon:

Usage rate at 100-percent MTBE breakthrough = 0.5 pounds/1,000 gallons
Usage rate at 50-percent MTBE breakthrough 3.5 pounds/1,000 gallons
Usage rate at 50-percent TBA breakthrough 4.7 pounds/1,000 gallons
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Full-scale System Design

Flow rate: 300 gpm.

Vessel configuration: Two 20,000-pound vessels in-series.

EBCT = unknown.

GAC type: Bituminous coal, mesh size unknown.

Expected influent concentration levels: 100 to 300 ppb MTBE, 50 ppb TBA.
Design treatment standards to be established by full-scale testing.

Results of Full-scale Testing

The full-scale test was performed for approximately 6 weeks; the system operated at approxi-
mately 300 gpm. During the testing period, MTBE influent levels ranged from 100 to 280 ppb
(average 175 ppb).

MTBE breakthrough of the lead GAC vessel occurred after 1 to 2 days. System operators
have speculated that this rapid breakthrough was attributable to iron fouling of the GAC
matrix. The GAC vessel remained on-line in the lead position for the remainder of the testing,
though it required periodic backflushing to maintain proper flow dynamics.

After 3.5 weeks, MTBE breakthrough of the lag vessel occurred. Ignoring the contribution of
the lead vessel, the GAC usage rate based on the first MTBE detection from the lag vessel was
estimated to be 1.9 pounds/1,000 gallons. The results of a comparable RSSCT from this report
(test R7, coconut shell GAC) show 0.8 pounds/1,000 gallons at first breakthrough. These data
suggest that coconut shell GAC may perform better than coal-based GAC at this site.

Following MTBE breakthrough, the influent water was spiked with TBA, which broke
through the GAC system within several days.

Cost

No cost data are available.

Key Findings

In both laboratory and full-scale testing, TBA broke through the GAC system rapidly. In
laboratory column tests with approximately 1,000 ppb MTBE and 50 ppb TBA, TBA broke
through the coal-based and coconut shell GACs sooner than MTBE. In the full-scale test,
TBA broke through the GAC system within several days of being spiked into the influent
water. These findings suggest that TBA, if regulated, may drive GAC changeout criteria at
sites impacted with both MTBE and TBA.

Based on results of column testing performed for this site, it appears that coconut shell GAC
is substantially more effective for MTBE removal than coal-based GAC. For one scenario
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(200 ppb MTBE, no TBA), coal-based GAC usage rates at 50- and 100-percent breakthrough
were more than three times higher than those measured for coconut shell GAC.

Also, results of the full-scale test indicate that GAC fouling from iron or biogrowth can
dramatically impact system performance.

Case Study: Public-supply Wells, Kansas Site

Site Background

Public water-supply wells impacted by MTBE-enhanced gasoline that leaked from a UST
system. The well field is approximately 1,700 feet downgradient of the UST site. The source
area has undergone active remediation using soil vapor extraction and air sparging for
approximately 1 year.

MTBE Concentrations in Groundwater

MTBE levels up to 285,000 ppb measured near the source-area free product.

MTBE levels up to 184 ppb (single hit) in supply wells. Typical MTBE concentrations are
below 20 ppb in supply wells.

With the exception of a single hit of TBA (21 ppb), no other contaminants were detected in
supply wells.

No background water quality data is available.

Full-scale System Design

Flowrate: 450 gpm maximum.

Vessel configuration: Two 20,000-pound vessels in-series.

EBCT = 15 minutes.

GAC type: Bituminous coal, 8 x 30 mesh.

Expected influent concentration levels: <20 ppb.

GAC vessel design lifetime: 1.2 years for 20 ppb MTBE at 200 gpm.

Design treatment standards: Remove MTBE to non-detectable concentrations.
Treatment system is designed to be operated by city employees.

Treatment System Performance

GAC system put on-line in May 2000.
System flowrate since startup = approximately 300-gpm average.

Since system startup, influent MTBE levels have stayed below 20 ppb, except for a single
detection of 184 ppb (2.5 weeks after system startup). Figure B-1 shows the trends of influent
MTBE concentrations through January 2001. As of January 17, 2001, the average influent
concentration to system has been approximately 21.2 ppb.
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Figure B-1 GAC system for public-supply wells, Kansas site.

As shown on Figure B-1, the first MTBE detection in system’s mid-fluent (between lead and
lag vessels) occurred after 30 days of operation, soon after the brief period of high influent
concentrations. This corresponds to an approximate GAC usage rate at first breakthrough of
1.5 pounds/1,000 gallons.

For an average influent of 21 ppb MTBE, 50-percent breakthrough of the lead vessel
occurred after approximately 209 days, which corresponds to an approximate GAC usage
rate of 0.22 pounds/1,000 gallons. Assuming influent concentrations stay similar, this
50-percent usage rate can be used to predict the lifetime of the lag vessel (and subsequent
vessels) after it replaces the current lead vessel.

As of January 17, 2001, midfluent concentrations (from the lead vessel) appear to be increasing
steadily, with the latest measured concentration at 12.7 ppb. The lead vessel is still on-line as
of May 9, 2001, indicating a current usage rate of 0.13 pounds/1,000 gallons. No recent
effluent data are available.

Since system startup, the operators have backflushed the GAC vessels approximately once per
month. During the first backflushing event, MTBE concentrations in the backflush water were
measured to be 9.6 ppb. On another event, backflush water at the end of the procedure (after
approximately 13,000 gallons had been backflushed) was measured to have 22.9 ppb MTBE.
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The GAC changeout criteria for this system are flexible. While the treatment goal is no
detectable MTBE in system effluent, the site operators have the flexibility to use other water
sources if effluent from the system temporarily contains detectable MTBE. As such, the
system can be used more aggressively (maximizing GAC saturation).

Cost
Total project cost = $233,000.

Cost includes the installation of the GAC system, including concrete slab, plumbing and
piping, GAC vessels, initial GAC fill and one refill, control building, 2 years of O&M, and
2 years of sampling.

Cost does not include system design and local government supplied labor.

Note: The cost for this system is particularly low because of oversight by cooperating
local/state government agencies, competitive bidding between local GAC contractors, and
generally lower costs in Kansas.

Key Findings

Bituminous coal-based GAC can perform well for MTBE removal at certain sites. As such,
system designers should consider evaluating coal-based GAC during feasibility analysis and
treatment system design, though coconut shell GAC is expected to perform better than coal-
based GAC under most conditions. At this site, the coal-based GAC usage rate was
approximately 0.22 pounds/1,000 gallons at 50-percent MTBE breakthrough, well below
what would be expected based on the column test results presented in this report for coconut
shell GAC (e.g., 0.30 pounds/1,000 gallons). The surprising performance results of this case
study indicate that bench-scale testing with site-specific water and candidate GACs is a
critical step for accurately predicting performance and determining optimum system design.

Based on the costs presented for this case study, the costs for installing and operating full-
scale GAC systems can be significantly less under some circumstances than those presented
in Section 4 of this report. The discrepancy between these costs is attributed in part to the
conservative assumptions made for the Section 4 cost estimate (e.g., fixed-percent costs for
plumbing and electrical, contractor O&P, engineering, site work, and contingency). Also, as
stated above, the system costs at this site are particularly low because of oversight by
cooperating local/state government agencies and competitive bidding between local GAC
contractors.
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