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i MK Company Overview

= Over 1000 packaged UST systems installed
= Sell, Rent and Operate Remediation systems

= Over 1.25 Million hours of direct operational
experience @ > 96% uptime, PFP.

= 50 Thermal Remediation Systems (DPVE plus
steam and electricity, 200°F)

= Directly invested in success
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EVOLUTION OF EQUIPMENT
SELECTION

 Market Forces

e UpTime demands
o Efficiency

e Reuse/refurbish

e Simultaneous Multiple
Technologies

e Software/ algorithms
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Outdoor Systems




Wooden Shed




Trailerized System







DVPE Pre-fabricated Package

Small footprint
Maintenance friendly
Reuse for multiple site clean-ups



Equipment Procurement :

New equipment purchase
Used equipment
Factory Refurbished equipment

Rental equipment/pay for service

General trend is Refurbished, some New, some Rental,
very few used.
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Air Sparge Generalities

3-5 CFM per point

Pressure = water overburden + soil
overburden

Tighter well spacing vs SVE
ROI ~ depth under contamination

Size SVE for at least twice the sparge air flow
rate
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Air Sparge Selection

Rotary Vane: 20 PSI, small, efficient, low cost
Rotary Lobe: 15 PSI, loud, efficient, low cost
Rotary Claw: 32 PSI, loud, hot, high cost

Rotary Screw Compressor: 120 PSI, inefficient,
nigh cost, oil contamination

Ozone: oxidation technology, generally < 60
PSI, low flow, high cost



Rotary Vane




SVE & DPVE: Focus on the Vapor

® Relative pore volumes
of Vapor vs Liquid
Extracted

® Vapor is Much Easier to
Extract Than Liquid
From Porous Media

®* 90% of the Mass is
Recovered in the vapor

Environmental Inc.



Dual Phase - Principle of Operation

AWS 1

Liquid Ring
Pump

© 2001 MK Environmental Inc. All Rights Reserved.
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SVE Selection

Regenerative Blower : 1-7” Hg, small, efficient,
ow cost. SVE only.

Rotary Lobe: 1-15”Hg , loud, efficient, low cost

Liquid ring 15-28"Hg, quiet, large, efficient,
nigh cost

Rotary Claw: 1- 25”Hg , small, loud, hot, high
cost



Regenerative Blower
* Upto7” Hg

Single-stage version







Rotary Lobe Blower

e Typically 15” Hg maximum
e \/ery noisy
e Hot

e Susceptible to water carry-over



Rotary Claw Blower




Dual Phase Extraction — Qil Seal

. 0.0 HP LRP SKID
. 500 ACFM AIR FLOW

e AWS-1CLEAR PVC
STILLING WELL & INLET




Inside the Liquid Ring Pump

® SHAFT, SEAL, INLET PLATE & IMPELLER



i Oil Sealed Liquid Ring

= Advantages:
= Quiet
= No tap water required
= Self Contained
= Disadvantages:

s Constant 10-20 PPM oil concentration In
exhaust stream

= High operating temperature, typically 180°
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i Manifold

Inefficient: competing flows
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Good: Independent flows







2" PVC PIPE REDUCED TO 2"
93% REDUCTION IN CROSS SECTION AREA




Understanding Gained from IAtM’s Advanced Data Analysis (ADA)
Assessments at nearly 100 Problem Sites Guides Remedial Selection.

Average Soil TPH-DRO (mg/kg) by Depth

100% SVE Systems
evaluated were less
effective at reducing —
] &=
mass in the N
. . . m
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of daily river data.
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deeper wells and a
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through Modeling, LLC"




Understanding Gained from IAtM’s Advanced Data Analysis (ADA)
Assessments at nearly 100 Problem Sites Guides Remedial Selection.

100% of DPE Systems
that operated 6+ years
missed typically
submerged deep
mass.

79% of all DPE
systems evaluated.

Average Soil TPH-DRO (mg/kg) by Depth

Depth BGS (ft)

-
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mmm Average Soil TPH-DRO (mg/kg) by Depth

== =9(th Percentile DTW

Average DTW Wettest Two Months
Average DTW 10 Months of Year too Deep

4600

4600

4600

IAtM calculates
DTWs from decades
of daily river data.

A

If deep mass exists
below the 90"
percentile DTW,
then an injection
technology is also
required.

: “Iipre sw

through Modeling, LLC’



Understanding Gained from IAtM’s Advanced Data Analysis (ADA)
Assessments at nearly 100 Problem Sites Reveals Common Design Short-falls.

ADA discovers that 89% of DPE Systems and 80% of all Remedies evaluated
overestimated design ROI leaving gaps in spatial coverage.

Actual ROI of 17 feet leaves
many gaps in vapor recovery
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Understanding Gained from IAtM’s Advanced Data Analysis (ADA)
Assessments at nearly 100 Problem Sites Guides Remedial Design.

Maximum LIF Response ‘

firms gaps in vapor recovery.

W=7

After numerous ADA Evaluations
MDEQ changed its SOP to use a
maximum design vapor ROI of 25 feet.
This has improved cleanup at new sites.

MW-31-5
MW-31-4  TP-1lif

Areas with the following may require _——MW-31-3 TP.s1is
smaller design ROIs of 10 feet:
v High diesel mass areas without
overlapping ROIs (this site). = L |
v' Grassy areas with surface short- : f\i }\/I AN N 5 aie
circuiting. ¢ A VO ENRE AR W) Cah) o - MW-16
v’ Areas with poor condition of o N v Nl M

concrete.

v’ Areas with tight clay.

Max LIF | |
RE%

B\ e /
MW-3-8 </~
. -

b, ?.///
SN

ASPHALT




.
Ll
—
<
—
(ol
Ll
@
O
<
2,
AV
2,
o
L
O
>
=
O
L




Mississippi Overview Pre 2015

Approximately 180 systems 2000- 2015
95+% Dual Phase

20-30 HP average system

70% <3.5 years

30% >6 years

Few sites in the middle



Dual Phase Extraction
Evolution of Design

e Changed Standard Operating Procedure
e 25" ROl maximum, determines qty. of wells

e Well bottom and screen determined by PID
readings, NOT current water table.

® |[ncrease HP to 40, 50 or greater
e 3” piping, 4” wells
e Reevaluate at ~2.5 years

e Average clean up has decreased from 3.5 to
2.5 years
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- Tennessee DPVE

® 2009 - 2015 purchased 190 DPVE (New)

* (83) 25 HP, (38) 30 HP & (69) 40 HP all DVPE
(300-500 AFM)

e Trend is towards 40 all HP systems. Two locations
with (3) x 40 hp systems in parallel.
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~ Contamination Sites Closed wit

*® 187 sites

* (40) were Drinking Water (DW) sites
* (1) were Free Product (FP) sites

* (10) were both DW & FP sites

* Average time to clean-up: 2.64 years




MK SITE OPTIMIZATION SOFTWARE ARCHITECTURE

Client Applications

w ﬁ’ Trending Al and DI
Dashboards T e TGk

% @ S — =2~ cey  View Clients
P R | P R | il i
ther standar Elae it el e
icati

ation
change metho
““““““““““““““““““““ : MK CLOUD w

Let’s start instrumenting some sites



SITE OPTIMIZATION SOFTWARE (SOS)

SUMP TRANSFER PUMP CYCLE COUNTS
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SITE OPTIMIZATION SOFTWARE (SOS)-

PREDICTIVE DATA ANALYSIS
« Early warning indicator of reduced
 Reduce downtime
o Significant Energy Cost savings
 Optimize personnel management
« Assist the Project manager in evaluations
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General Trends

Shorter Duration to Closure

More realistic ROl and better screen placements
Larger systems / higher flows. Time is money.
More durable industrial equipment

Piping and installation improvements

Training, improved analytics

Use of Multiple technologies, simultaneously or
In series



MK ENVIRONMENTAL

Edward Tung, P.E.
847 778 3213

Special Thanks to TDEC, MDEQ and IATM


mailto:etung@mkenv.com

Design, Optimization, and Termination of Air-
Based Remediation Technologies

LUST Corrective Action Webinar Series
November 16, 2021
Virtual Conference




Definitions & Cautionary Note

The companies in which Royal Dutch Shell plc directly and indirectly owns investments are separate legal entities. In this, “Shell”, “Shell Group” and “Group” are sometimes used for convenience where references are

n o

made to Royal Dutch Shell plc and its subsidiaries in general. Likewise, the words “we”, “us” and “our” are also used to refer to Royal Dutch Shell plc and its subsidiaries in general or to those who work for them. These
terms are also used where no useful purpose is served by identifying the particular entity or entities. “Subsidiaries”, “Shell subsidiaries” and “Shell companies” as used in this presentation refer to entities over which Royal
Dutch Shell plc either directly or indirectly has control. Entities and unincorporated arrangements over which Shell has joint control are generally referred to as “joint ventures” and “joint operations”, respectively. Entities
over which Shell has significant influence but neither control nor joint control are referred to as “associates”. The term “Shell interest” is used for convenience to indicate the direct and/or indirect ownership interest held by

Shell in an entity or unincorporated joint arrangement, after exclusion of all third-party interest.

This presentation contains forward-looking statements (within the meaning of the U.S. Private Securities Litigation Reform Act of 1995) concerning the financial condition, results of operations and businesses of Royal
Dutch Shell. All statements other than statements of historical fact are, or may be deemed to be, forward-looking statements. Forward-looking statements are statements of future expectations that are based on
management’s current expectations and assumptions and involve known and unknown risks and uncertainties that could cause actual results, performance or events to differ materially from those expressed or implied in
these statements. Forward-looking statements include, among other things, statements concerning the potential exposure of Royal Dutch Shell to market risks and statements expressing management’s expectations,

" ow (IR ELT (L]

beliefs, estimates, forecasts, projections and assumptions. These forward-looking statements are identified by their use of terms and phrases such as “aim”, “ambition”, “anticipate”, “believe”, “could”, “estimate”, “expect”,
“goals”, “intend”, “may”, “objectives”, “outlook”, “plan”, “probably”, “project”, “risks”, “schedule”, “seek”, “should”, “target”, “will” and similar terms and phrases. There are a number of factors that could affect the future
operations of Royal Dutch Shell and could cause those results to differ materially from those expressed in the forward-looking statements included in this presentation, including (without limitation): (a) price fluctuations in
crude oil and natural gas; (b) changes in demand for Shell’s products; (c) currency fluctuations; (d) drilling and production results; (e) reserves estimates; (f) loss of market share and industry competition; (g) environmental
and physical risks; (h) risks associated with the identification of suitable potential acquisition properties and targets, and successful negotiation and completion of such transactions; (i) the risk of doing business in
developing countries and countries subject to international sanctions; (j) legislative, fiscal and regulatory developments including regulatory measures addressing climate change; (k) economic and financial market
conditions in various countries and regions; (I) political risks, including the risks of expropriation and renegotiation of the terms of contracts with governmental entities, delays or advancements in the approval of projects
and delays in the reimbursement for shared costs; (m) risks associated with the impact of pandemics, such as the COVID-19 (coronavirus) outbreak; and (n) changes in trading conditions. No assurance is provided that
future dividend payments will match or exceed previous dividend payments. All forward-looking statements contained in this presentation are expressly qualified in their entirety by the cautionary statements contained or
referred to in this section. Readers should not place undue reliance on forward-looking statements. Additional risk factors that may affect future results are contained in Royal Dutch Shell's Form 20-F for the year ended

December 31, 2020 (available at www.shell.com/investor and www.sec.gov). These risk factors also expressly qualify all forward-looking statements contained in this presentation and should be considered by the reader.

Each forward-looking statement speaks only as of the date of this presentation, November 16, 2021. Neither Royal Dutch Shell plc nor any of its subsidiaries undertake any obligation to publicly update or revise any
forward-looking statement as a result of new information, future events or other information. In light of these risks, results could differ materially from those stated, implied or inferred from the forward-looking statements
contained in this presentation.

We may have used certain terms, such as resources, in this presentation that the United States Securities and Exchange Commission (SEC) strictly prohibits us from including in our filings with the SEC. Investors are
urged to consider closely the disclosure in our Form 20-F, File No 1-32575, available on the SEC website www.sec.gov.

Copyright of Shell International
November 2021


http://www.shell.com/investor
http://www.sec.gov/

Outline

m why air-phase remediation

B design considerations
m soil vapor extraction (SVE)
m air sparging (AS)
m multi-phase extraction (MPE)
B bioventing/biosparging

m “Exit Strategy Toolkits”

m case for change air treatment (thermal oxidizers) for soil vapor

_ extraction (SVE) system - Hartford, lllinois
B contents/recommendations

Copyright of Shell International

November 2021



BACKGROUND - AIR PHASE
REMEDIATION




Motivation Behind Selecting Air-Based Technology:
LNAPL Recovery vs. Concentration and Plume Longevity

BASE CASE

(no remediation)

= 1 ,
$c l
50% LNAPL Reduction B £ 075 oA
(vertical) ‘ 2 © B i
SE 05 .
0 |
50%LNAPL Reducdion 2 josl—E ;
(in flow direction) GW c_"é 8 ' i
' Q
nd

025 05 0.75 1

Relative Time

D
20% LNAPL Redudtion Saturation

(e.g., hydraulic recovery) GW |:>

80% Consthituent Concentration
Redudion in LNAPL

air-based remediation

technologies affect

from ITRC, 2009 composition (risk)

* assumes groundwater flow is left to right, plug flow through
the source, equilibrium dissolution, and no biodegradation

Copyright of Shell International
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Geotracker Study — 12,000+ sites (McHugh et al. 2013)

Air-Based Remediation SVE s it o BENZENE
More Effective Than N g P — |
ir Sparging 30 —— -
LNAPL Recovery' Pump and | 01 . _ i (*) Statistically
Effect of Remediation | Significant (p<0.05)
Dual-Phase - = o
Technolo_gy on Source Extraction f6as 5 (**) Statistically
Attenuation Rate In-Situ Enhanced | 3% — - ’ Significant (p<0.01)
Biodegradation [** ‘
p— Chemical Oxidation |2 : ’
N Soil Excavation i =
Other Technologies I‘_

16— ** |

KEY air-based remediation LNAPL Recovery 2064 i Source: McHugh et al., 2013
technologies enhance 1 . % .
POINT .
attenuation rates 0 0.1 0.2 0/3 0.4 0.5 0.6
< WORSE BETTER >

Copyright of Shell International Medlan Attenuatlon Rate (yr1)
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Design Considerations/Issues:
Air Phase Remediation Technologies

MINIMAL TO MODERATE
INEFFECTIVE EEFFECTIVENESS EFFECTIVE
INTRINSIC PERMEABILITY, k (cm?)
10-1¢ 10-14 1012 107 103 10-° 104 107

—cLAY ] l’_l’?’?l—|‘

[ GLACIAL TILL ]
— SILT, LOESS | k is determined in the field from

pilot or permeability tests

[F CLEAN SAND ]
[T CLEAN SAND |

PRODUCT COMPOSITION

- LUBE OILS |
|- FUEL OILS -
| — DIESEL —]
[ KEROSENE |
Copyrigh of Shell Inernational I— GASOLINE |

November 2021 7




AIR SPARGING




Design Considerations/Issues: Air Sparging

FLOW VISUALIZATIONS

LOW INJECTION RATE HIGH INJECTION RATE

Jietal. (1993)

AIRFLOW AFFECTED BY SMALL-
SCALE HETEROGENEITY

I —
v TIT

Copyright of Shell International

air channels generally collapse
to fewer conduits over time

can be overcome to a degree
by pulsing

small scale heterogeneities can
greatly affect airflow

pulsed, high injection-
rate sparging (e.g., 1
— 8 pulses/day)

generally improves air
distribution over
continuous sparging

1000

100

10

Mass removal (mg/min)

o
[
o

(=)
o

Mass removal (mg/min)
—_—
- o

=
—

STEADY VS. PULSE

steady sparge

D

46% octane
removal ——

cumulative removed 46%

—>

water table
lowered

92%

1000 2000 3000 4000

Time [min]

pulsed sparge

83% octane

water
table

ll lowered

removal — 11—

! cumulative removed 83% ; 99%,
mass removal rate [mg/min]

0 1000 2000 3000 4000

Time [min]

Bruce (written communication)

November 2021
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Design Considerations/lIssues: Air Sparging

IDEAL AIR FLOW

I' Land surface

Air sparging and soil venting under isotropic conditions

REALITY

Air sparging and soil venting under heterogeneous conditions

Copyright of Shell International

T mws
Port Hueneme
0 30
Scale [ft]
@ MPs, N8
@ MP12,N12 0 @ MP10,N10
Mw2
@ VP2 N2
MP6, N6 @ N. @ MP4, N4
PS5
Ve
MP1 N1 gy 05 @ MP3,N3
mwi [] Mw3
@ VP7, N7 @ P55 @ Mp3, N3
war ] [ mwo
— I ® - multi-level sampler and
Oa- monlto_rlng_SVE we neutron access tube
@ - SVE directional wells - air injection well
@ MP11,NIL

Bruce (written communication)

geyser at MW -- took about a month to
depressurize after AS turned off...took 6
months for MW located ~1000 ft away from
nearest sparge point to depressurize post AS
shut down

air distribution is often variable,
making monitoring a challenge

November 2021
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Design Considerations/Issues: O, Delivery

O, Distribution

Shallow Aquifer @ 18 Weeks

O, Distribution
Deep Aquifer @ 18 Weeks

20+

15

10+

104

15

20

25

D7 9 \ D10 DN D12 D13
+ 6\% «+ o+ o+ O+

\
X01
+

X02 X0
- —
]

a
-‘J

o+% [+

S

D14

++

D15 D16

| |
D13 D14
+ o+

1 1 1 1
D10 [}H /D12
T

+ —
D7

u 10

must understand O, demand

how you inject is important

Copyright of Shell International

LEGEND
RED = OXYGEN PULSED INJECTION SYSTEM (12 ft3 - 0,/d) U2 i
GRAY = MICROBUBBLE (3,200 ft3 - 0,/d) + i
BLUE = DIFFUSION (0.76 ft — 0./d) 0
5 10 15 % 3 P 35 30 2 20 5 0 5 ¢ £ 1 15 2 2

November 2021 11



Other Design Considerations/Issues: Air Sparging

e
Lo

v injection wells not properly developed - often Cljee o
. . ” Infection Soil Vapor
see monitoring wells developed but sparge wells " - v Extracon
get ignored . Ml

v injection wells silting up, especially under
pulsing conditions - can be addressed, in part,
using blank casing at the bottom of the sparge well

Air Containing He [

v iron precipitation - can be an issue if

concentrations in groundwater exceed 10 — 20 "'
mg/L o ‘“;‘l’nﬁﬁ_;?ié‘? .
Extraction
v well completion not competent, especially for W
pulsed or biosparging injection - can be '
addressed, in part, by completing the wells with a o “©

bentonite/cement mixture

Copyright of Shell International HELWMTRACERDZ COR
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SOIL VAPOR EXTRACTION




Design Considerations: Soil Vapor Extraction (SVE)

Relative Applicability vs. General Contaminant Mass Distribution

TYPE 3: contaminant mass

Atmaspheric Air Sé?ffﬁhﬁfg :?ia'::fnr M:ﬁ:; ;'; L3 TYPE 1: contaminant mass TYPE 2: contaminant mass
in vadose zone near the water table f:l:‘lira“y below the water
Blower or sirwater | ] vacuum [ | O i I Fine-grained layers increase Mass in capillary fringe increases
S Eﬂ:?nd Separon Hloows Treatment , potential for concentration potential for concentration
- Ground Surface ’/f tailing and rebound tailing and rebound
e E uzrl:ilarir‘lg \
Wall \Water \
: 152 e Table ; \\
Monitoring Paint Installation \G:zmm Capillary fringe 4 b 4
Soil Vapor Extraction Well (Optional)
; ; ; GENERALLY
B the more LNAPL mass is distributed above the SUITABLE LESS SUITABLE A CONSIDER |
water table, the better (little remediation of
: adapted from Truex et al. (2013
confined/submerged sources — must couple w/ AS) P uexetal. (2013)

B difficult to remediate mass in low-permeability soils (rebound) - rebound testing (soil-gas monitoring after
system shut down) recommended for validation

other challenges: GW mounding/large fluctuations in water table, short circuiting, frozen condensate lines

B SVE recommended as an alternative to sub-slab depressurization for VI mitigation

Copyright of Shell International
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Design Considerations: Soil Vapor Extraction (SVE)

Normalized Vacuum

'E‘ 1.0

g o Regressed Vacuum Distribution Line

o M~

e

= L s ry

o h"“\-..

% 0.1 | e

= - ""-..‘

3 o e

& i .

- o ﬁ"\.

el L ““'ﬁ“_

= e,

[+] A~

L 001 - - - - . - -----"—‘f»..‘ A

o E P

.E C H e

8 - : N

'E i Effective Radius of Vacuum Influence RN

E \ I h"“--.
0.001 1 | I | |

a 10 20 30 40 50 60

Radial Distance, Feet

70

Fig. 7 — Effective Radius of Vacuum Influence Normalized Pilot Test Vacuum Data Plot

m ROI can extend beyond where vacuum is measurable

m soil-gas (O,, CO,, COCs) concs vs. time
m tracers (He, SFy) are relatively easy/repeatable

P=P

applied

vapor flow

vacuum # flow
tracers and temperature

measurements can be
beneficial for assessing
ROI

B temperature can be used as an indicator of ROl and to assess total mass removal (e.g., nested thermistors) monitoring

(flow, concs) (Sweeney and Ririe, 2014)

Copyright of Shell International
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Design Considerations: Soil Vapor Extraction (SVE)

MASS DISCHARGE ESTIMATES
CONCENTRATION & FLOW PROFILING

i ' ' _ Tt : CONC- MASS
] optlmlzg via extra(_:tlon well-specific CLOW ENTRATION  DISCHARGE
monitoring/regulation (flow, concs) 5 2 b S .
B conduct profiling of in-well flow & ‘ N /
contaminant concentrations under g — ’ r— |
active extraction £ 2 ,/ E \ = =
(=]
B pilot testing and simple spreadsheet ® E I
models to design well configurations i - " - T | sera 000)
0 20 40 60 0 20 40 60 0 5 10 15 0 20 40 60
s Cumulative Soil Vapor Cumulative TCE Conc.  Soil Vapor Production TCE Vapor
Flow (scfm) (mg/im3) (scfmift) Concentration (mg/m?®)

Radius of Remediation (MW-3 Pilot Test) Modeled ob d Air P
oaeled vs. serve Ir Pressures

Pilot Test MW-3

i
IS

1.E+00

[
N

[
o

=
m
o
=

|
|

—

iy

==Model Predictions

® Test Data

Radius of Remediation (m)

Dimensionless Pressure

1.E-02

0 0.5 1 15 2 25 3 35 4

Time (yrs) 1.E-03
0.01 0.1 1 10 100
Copyright of Shell International Radius (m)
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Design Considerations: Soil Vapor Extraction (SVE)
SEALED SURFACE OPEN SURFACE

2 Pore Volumes Per Day

KEY surface cover, soil layering can greatly affect
air distribution and clean-up times

POINT

Copyright of Shell International
November 2021 17



Pulsed SVE: A Sustainable
Remediation Alternative

B CO, emissions (~1 year, 1 site)

: 69%
B without pulsed SVE = 1,698 tons CO, reduction
B with pulsed SVE = 528 tons CO, in CO,
emissions

Reduction of CO, Emissions
due to Implementation of
Pulsed SVE: 1,170 Tons

CO; Emissions
with Pulsed SVE:
528 Tons

issions
c0, Em 1,

During regular
operations, influent
concentrations were

too low, so supplemental
fuel was needed.

co,
A
A

Pulsed operation allows VOC
concentrations to accumulate
during downtime so that higher
concentrations can be treated
when the system is operating.

Supplemental Fuel

High Water Table

Vapors only
accessible
when water
table is low.

Low Water Table

10

Carbon Dioxide (CO,) Emissions Following Implementation of

Pulsed Soil Vapor Extraction (SVE)
May 8, 2020 to June 28, 2021

Copyright of Shell International
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MULTI-PHASE EXTRACTION

Dual Phase Extraction, Bioslurping,
Vacuum Extraction/Groundwater
Extraction (VE/GE), Vacuum-Enhanced
Recovery or Skimming




MPE: General Applications and Observations

Extraction Unit (Equipment Trailer)

Consider LNAPL transmissivity when se|ec’ring hydrduhc recovery teclmo|ogy

GENERAL APPLICATIONS e e Ity A
B submerged LNAPL (dewater) PP - - MPE R
B relatively thick, lower-permeability formations M e - ——
B confined LNAPL o D ’
<+— Skimming —>
B |[ower-volatility LNAPL i . <+— Socks/Bailing |-»
Jp— ’ . .
B interim remedy (emergency response) : | 0.1 1.0 0
L LNAPL Transmissivity (f2/day)
GENERAL OBSERVATIONS = DUAL PHASE EXTRACTION (DPE) MASS RECOVERY

250.00 + B00.00

CUMULATIVE RECOVERY

MASS RECOVERY |

GROUNDWATER | %
EXTRACTION

’
/ VAPOR
EXTRACTION (SVE) | %

B difficult to operate (stinger/drop tube adjustment)

DPE commissioning |

8
g

B relatively costly O&M (instrumentation, uptime,
adjustments over time, treatment of multiple fluids,
LNAPL/water emulsification in treated liquids w/ single
pump configurations)

g
g

B
8

g
8

8
8
ONTHLY MASS RECOVERY (kg)

B most mass loss through vapor extraction - difficult to
pull liquids (vs. air w/ SVE) through formations

&
8

CUMULATIVE COMBINED MASS
RECOVERY (kg)

ﬂﬂwﬂﬂﬂﬂﬂagnmm

mmmmmm
ﬂﬂaawwﬂﬂﬁaﬂﬂﬂ

&
« m& g é g =

0.00

B liquid removal does not affect risk, only timeline
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M

=3Hydrocarbon Recovery by Groundw: i ——Hydrocarbon Recovery I:rvSVE sl Combined Hydrocarbon Mass Recovery (Cumulative)
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Design Considerations (MPE):. what Can Go Wrong?

B inadequate dewatering — too much or too
little

m difficulty in optimizing in real-time
(permanent installations)

m inability to pull LNAPL through low
permeability formations

m LNAPL recovery can easily diminish once
water fills pore space adjacent extraction
well (water is the wetting fluid vs. LNAPL)

B noise pollution

Copyright of Shell International

- ———

i . Cement/
grout

' J/ Bentonite 1 E
\_*/ﬂpack ;‘\

: B
e AN

"* saturated
zone

- Permeability too high + Good air flow - Permeability too low
- No drawdown through - No expansion of the
+ Too much water exposed, vadose

extracted impacted soil « No soil gas flow
MACRO-SCALE PORE SCALE

b —

wetting fluid
-“‘—-.
(water)

— .
— non-wetting

fluid (LNAPL)

LNAPL arteries can easily be “snapped” or by-passed
during extraction making LNAPL recovery difficult
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BIOVENTING/BIOSPARGING




Bioventing/Biosparging

B more sustainable than SVE or AS (O&M, CO, footprint — no
treatment)

Bioventing - Air Extraction

B targets aerobically biodegradable & volatile COCs
(e.9., < Co)

B effectiveness monitoring (other than COCs):
pressure, temperature, DO, alkalinity, pH, redox,
EC, anions/cations (Fe, S, Mn), soil-gas
(O,, CO,, CH,) concentrations

B smaller ROI than AS/SVE (deep sources —*

Biosparging
B O, as alternative to air @ sites w/ high O, demand (LNAPL sources)

B injection wells can be clogged by elevated TPH concentrations (e.g.,
> 50,000 ppm) from biofouling or high (e.g., > 10 mg/L) dissolved
Fe*? (precipitation)

B again, pulsing limits channelization (e.g., 1 — 8x/day)

Copyright of Shell International

Bioventing - Air Injection

y -"A 7 /;‘é
l | =

W////%.%E%/////%

% From Hinchee et al. (1992)

o

Biosparge

S0IL
MMMMM

Puge: 7
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Bioventing/SVE: CO, Rebound Following SVE
INn Situ Respirometry Test soil gas probe

depth below land surface

B rates of hydrocarbon (C H,, — e.g., benzene CHy)
degradation are proportional to rates of O, utilization and CO,
production (assuming conditions in the vadose zone are aerobic)

C.H,+(n+0.25m) O, 22n CO, + (0.5 m) H,O

=
o
[
<
14
[
=
L
O
<
O
S
O
o

B assess site specific biodegradation rates by 600

. TIME (HOURS
B measure O,, CO, before test (test well or soil-gas probes) : )

B extract air (bioventing/SVE)

0, 4,
o, g,
Fanage.
1,

B shut system off and monitor ARapig o, soil gas probe
y Reroni gy S Pespiagy depth below land surface
0,, CO, rebound (test well or Soil Oty Moy =
soil-gas probes) e ronai 2
,:,':m ot g, <
B evaluate biodegradation rates I T, =
. . e e Y Y g Z
by fitting a line through the data ST ey DI e e, L
. . T T Y et oS et Q
(slope) or applying a simple o z
analytical solution > o
o

400 600 800
TIME (HOURS)

Lahvis and Baehr (1996)

Copyright of Shell International Hinchee and Ong (1992) e o
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Bioventing (Injecting Air):

A PVI Mitigation/Remediation Technology

0 I ! &= [ -\I
+ | =
+ + - - e
-2 - .
2 M + + 3 + M
: +
+ + + +
'_'-4 * * Horizontal well-1
'E'-G- + -

+4+++++

PRE - VENTING
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SOIL-GAS
DISTRIBUTION

O,

: : 20
0 1 L |\’
: 15
21 & i
: K ) .
?4_ + +
H—G* + + ' )| .
g * -

. . : o
| ‘A TPH

U
i
+4

I
\, 140
I + =
+ S 4 o
. '/\-—_
+ \mlgggti well-1 59— . il
-+

[mg/T]
. 200
: * + 150
T - 160

; o+ + 0 “\f“v\;

Luo et al. (2013)

AFTER 60 DAYS

Aerobic Vapor Migration
Barrier (AVMB)

ITRC Technology Information Sheet
Vapor Intrusion Mitigation Team | January 2020

Aerobic Vapor Migration Sarier. (AVMB)
Apalicabilty s & method of vapar intmysion miigation and rsmedistion

This ITRC Technotogy Information Sheet describes 2 novel method for
yapar infrusion () miigation involving the defivery of aimespheric
{ambient) air around and beneath a buiding faundation that serves as an
erabic biodegradation barrier prevening hydrocarboy

Ihe subsurface to indoor air. The methog f releva

Design Considerations

Conceptually, AVMB invakes the injection of ambient air (0;)  [9US ¥ Conompuisizationof an AoticVapar
elows and around a buiing foundation o orenqy maintain

an aerobic biotegradation Darrier that prevents certain reactive (&9, petroleum) hydrecarbons from migrating fo
Indoor air. The fschnology is also appirapie - ASgAINg aCuls VI iSsues elated 10 meihane g o fammailty)
o, 2erobic bedgracaon of most pelrafau myeeng, 2 of concem for Vi (and methanc) has begn s
documented. Such hya gencrally biodeg i in the subs at rates that exceed rates of

I‘“:ﬂ Regulatory Acceptance for New Solutions
Ji

https://vim-l.itrcweb.prq/aerobic-
vapor-mitigation-barrier-avmb-tech-
sheet/
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"GETTING TO CLOSURE"... MORE
CONFIDENTENTLY, MORE SUSTAINABLY




Case for Change:
Improving Remedial Decision Making

GENERALIZED FRAMEWORK FOR REMEDIAL DECISION MAKING "/‘Q
,EOLLGATE

<

Select

_ Remedy &
Es-tabllsh: : Establish Conduct
1) Remedial Objectives Remedial Remediation

2) Closure Endpoints Metrics and ' Continue Remediation/ |
Tollgat
oligates Revise Strategy 1

Identify
risks -
SPR

Close

Site/ NFA

Linkage
(LNAPL
mobility)

f"""'

Develop CSM in Tiered Framework, engage community stakeholders

Copyright of Shell International
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Case for Change: Poorly Defined Remedial Concerns

ACTIVE SYSTEM 10 Ib/d disconnect drives
| air (BULK) unnecessary active
_ hydraulic 39V Yapor . remediation
o e \ excavation  recovery extraction  sparging v
™~ / N -~ END POINT

! Y | 1

I > - REGULATORY

I [ —c - CRITERIA

& (CLEAN-UP LEVELYS)
FREE-PRODUCT

I REMOVAL MASS REDUCTION

I (max. extent practicable) =~ (CONVENTIONAL)
| RISK

| - (COMPOSITION)
I | NATURAL SYSTEM
| |groundwater  mp biodegradation
I IMPACTED SITE I _
| | 2| | — 1k

I NATURAL ATTENUATION
I_ e — ‘/ (COPCs)

KEY e must shift the mindset if

Copyright of Shell International POINT “ Concern |S reaChlng MCLS




Case for Change: No Alignment Upfront on Key
Metrics/Tollgates, Knowing What Data to Collect ... When

EXISTING SITES NEW (IDEAL) SITES
start
- - ( .
i i neﬁOt'at'n%’ Man... l wish | could have
- | 5 collecting data collected that data from
: c|l=; the outset
2 : start ola.
S i negotiating, IS :
= 5 collecting data = :
Q I ch |
O : :
c ; - :
O | 1 . . g |
O | Regulatory Criteria @) ' Regulatory Criteria
p— ] - - - F - - . - o mm - e e - e e . -
i i !

{ 22| Time ' Time
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“EXIt Strategy”
“Getting to Closure” More Efficiently ==

B |ISSUE: active remediation poorly optimized or operated beyond Lol §

oolkits:

beneficial life (risk reduction/sustainability)

B limited upfront agreement on

B missed opportunities to collect key data (no documentation of

remedial objectives

performance metrics (data collection needs, analyses, metrics, tollgates)

transition thresholds

baseline condition — e.g., natural attenuation rates)

limited use of available tools

practical guidance is lacking

m GOAL:

v systematic MLE approach to initiating/ evaluating /

terminating active remediation

v' optimized (less “unnecessary) active remediation
v" more confident remedial decision making
v" more successful stakeholder communication

Copyright of Shell International
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GWSdat - http://gwsdat.net/home/

https://clu-in.org/download/contaminantfocus/ER-0430-MassFluxToolkit.pdf



“Exit Strategy” TOOIkItS;‘fiCiently
Getting to “Closure” More E

What’s Different (Key Elementi).
B baseline natural attenuation rate
| NSZD assessment

performance metrics
transition thresholds
validation criteria

multiple lines of evidence (MLE)

sustainability focused (technical,
economic, social)

Technology Specific Factsheets:
B Compendium (general framework)

B SVE

B Bioventing
B LNAPL Hydraulic Recovery

B Natural Attenuation / Natural
Source Zone Depletion (NSZD)

Format:
H generally short (4 — 8 pages) )
' S
W illustrative (p|OtS’ tablesf’ flgure ’Environ_mental
B links to further information HERS Consulting In.
B highlight data collection/analyses ¢ )
(not a checklist) ARIS Dshe

B post CSM (remedial decision
making)

Copyright of Shell International

SOIL VAPOR Ex TRACTION (SVE) Fac TSHEE T/

This factsheat Provides information tg

Vapor extraction {SVE}. The information is
intended to heip:

a) optimize SVE remediation
performance, and

b} transition from SVE to hatural
attenuatisn, Passive remediation, or
“no further action”,

This factsheet should be read in conjunction
with the overarching Compendium
document Providing the troader context on
tools and methods to support remedial
decision making.

This factsheat is nat intendegd to provide
detailed guidance 0N SVE and assumes thata
sufﬁciently detailed conceptual site model
(CSM) has been developed ang SVE has been
selected as an appropriate technology to
Meet agreed remedia concerns and
objectives (A endvx!andAggendixll .
Additional detafis On SVE design and
implementation can be found in USACE
{2002), ys EPA (1981), us EPA {1984}, us
EPA (1997), us EpA (2008}, ca EPA DOTSC
(2010}, us EPA {2017} and ys EPA (2018},

Remedia) Concerns and Objectives

The broader considerations for establishing remadi
concern and fiability/risic associated with site sensitivity ang recep
requirements, site development drivers, sustainabihty, and economic factors. Th
and criteria shoylg Incorporate the notion of technical practicability,

Typical remedial objectives 2associated with syg applications ara g;
below a risk-based threshold at 5 Paint of compliance (e.g., groun
probe}, or to achieve risk-based mass discharge or mags | o
defining COC-specific criteria based on Mass recovery rates of total petroley
kg/day) as such criteria are generally a function of site lithology and ara
based compositional objectives based on Specific COCs, Reme

timelines tq achieve the objectives,

Porbarman s anan,s,

SVE - Technology Summa
=== ECMioqy Summary

SVE is a remedial techng logy capable of addressing both
Eomposition-based con, <erns for soil vapor plumes and bulk
mass reduction for residually impacteq soil, but ge nerally is
not effective in addressing saturation-based cq ncerns (a5
defined in the ECCOMpanying Compendiym, document)
unless implementeg in conjunction with multi-phase
extraction. The technology is implementeg by inducing
contralled air flow through PuUmping, which enhances
volatilization and remoyal of volatile canstituents in light
Nan-aqueous phase Jiquid {LNAPL} ang Petroleum
hydrocarbon contamination inthe unsaturated zone.
Because higher volstility vocs 21 removed at higher rates,
SVE targets remediation of lighter molecular weight
contaminants of concern [€0Cs), including risk-drivers such

The rate of phase change and mass removal from Svg
typically decreases during the treatment | ife cycle. During
early stages of remediation, the Primary mass removal is
from air path Ways of low resistance (higher Permeabiiity
s0ils), where adsorbed chemicals OF Non-aguecus phase
liquids (napL) partition into the maving air. When the mass
in higher permeability or jower moisture content sails
becomes mostly depleteq, the rate of Mass removal may
approach a lower asymptotic limjt, Additional info rmation
on SVE (Echnﬂlbgy is provided in Appendix |

al objectives and criterig include the potential
tcrcunsideratiuns, regulatory

November 2021
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LNAPL Source Depletion Time (yr)

10000

1000

100

10

0.1

0.01

0.001

Baseline Assessment:
NSZD Measurements - Predicting Time for Source Depletion

Source Depletion Time from Biodegradation in Vadose Zone Based on LNAPL Saturation

Fixed Values: ——T x Saturation = 2E-3 m
Porosity = 0.3 =T x Saturation = 4E-3 m
. _ LNAPL density = 730 kg/m’ T x Saturation = 8E-3 m
\ Saturation = Average —T x Saturation = 2E-2 m
\ Saturation over interval ——T x Saturation = 4E-2 m
\ \ ——T x Saturation = 86-2 m
——T x Saturation = 2E-1 m
\ ——T x Saturation = 4E-1 m
Mm-Tus,anp,nlo’ Time = My / (M, x 365)
M, = mass HC (g/m’) Time = Time for mass loss (yr)
'|T = Hydrocarbon thickness (m) M, = Mass loss rate {g]mz-day]
Po= LNAPL (0il) density lkgfmil 6 = soil porosity (dimensionless)
S. = Average LNAPL (oil) saturation (dimensionless)
0.1 5 10

Copyright of Shell International

LNAPL Mass Loss Rate (g-TPH/m?2-day)

1 https://www.gsienv.com/product/natural-attenuation-tool/

100

requires initial
mass/concentration estimate and
extrapolation of measured
attenuation rates (challenging)

can predict using a model

current options for dissolved
phase:

B Source DK!
B US EPARemFUEL?

B uncertainty in source discharge
model and source zone
biodegradation

B likely underpredicts attenuation
when significant anaerobic
biodegradation is occurring

order of magnitude
estimates

2 https://lwww.epa.gov/water-research/remediation-evaluation-model-fuel-hydrocarbons-remfuel November 2021 11



https://www.gsienv.com/product/natural-attenuation-tool/
https://www.epa.gov/water-research/remediation-evaluation-model-fuel-hydrocarbons-remfuel

Performance
Metrics (SVE):

Saturation-Based

Cconcern

(Subsurface Metrics)

Copyright of Shell International

kS

Table 2. Performance Metrics for Saturation-Based Concern

Metric

Methods

Relative Cost

References/Tools

SUBSURFACE METRICS

LNAPL transmissivity

Bail-down or skimming test
Oil-water ratio
Other methods

Low to moderate

ITRC LNAPL Guidance (2018) ASTIM
E2856-13
API Transmissivity Guide

wells

wells

LNAPL footprint Time-series measurements in perimeter Low ITRC LNAPL Guidance (2018}
(presence/absence |wells

in wells)

LMNAPL thickness in  |Time-series measurements in LNAPL body |Low ITRC LNAPL Guidance {2018}

Mobile LNAPL

Compare actual to residual LNAPL
saturation; estimated from vertical
equilibrium (VEQ) model or lab
measurements)

Moderate to high

APl LDRM
ITRC LNAPL Guidance

LNAPL saturation
profile

Estimate from saturation in soil samples or
estimate from TPH and/or

Estimated from VEQ model during or after
system operation

Moderate to high

ITRC LNAPL Guidance (2018)

LNAPL velocity

Estimate from transmissivity or VEQ model

Moderate to high

API Interactive Guide
APl LDRM

sediment (aquatic
environment)

measurements to assess pore scale
mobility; and/or evaluate migration

NSZD rate (bulk) Unsaturated zone biodegradation rate Low to high MNatural Attenuation — Overview and
(CO; efflux, soil gas gradient, temperature related Factsheets
methods)

LNAPL movement in |Metrics for advective NAPL movement: Low to high ASTM E3282

Reyenga (2021)

Subsurface rebound
test

Turn system off temporarily and monitor
response (e.g., LNAPL thickness in wells,
transmissivity)

Moderate to high

See Compendium Factsheets ITRC LNAPL
Guidance
CRC Care 2015

Geochemical
parameters (e.g. O3,
CHa) indicative of
natural attenuation

Soil gas and/or groundwater sampling and
analysis

Low to moderate

Remediation Toolkits?
ITRC LNAPL Guidance (2018}

November 2021 12




Transition Thresholds: Examples KEY

S = Saturation-based
recovery of 95% of LNAPL based on decline curve analysis (S) C = Composition-based
LNAPL transmissivity below ITRC (2018) threshold of 0.1 to 0.8 ft?/day
(S)
v concentrations or mass discharge at or approaching criteria within

accepted statistical certainty (C)

v active mass recovery rates similar to or less than NSZD or natural
attenuation rates (S) (C)

v’ ratio of GHG emissions per unit reduction in mass or concentration is
rapidly increasing (S) (C)

v' ratio of costs per unit reduction in mass or concentration is rapidly
increasing (S) (C)

AN

AN

multiple lines of evidence are used to increase confidence in transition to alternative
remediation or monitored natural attenuation

Copyright of Shell International
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Transition Thresholds:

| source

EXPANDING

STABLE

11l. source IV. former source

EXHAUSTED

SHRINKING

T1. Groundwater Plume is Stable or Shrinking
(see Toolkit 2)

Subsurface Concentrations
and/or GW/SV Mass Discharge

N
o

[any
[e)]

=
N

(o]

N

Criteria

Concentration or Mass Discharge

o

Time

T2. Concentration/Mass Flux Approaching
Asymptote or Criteria (see Toolkit 2)

Examples

Mass Removal Rates for SVE
vs. NSZD
20
L 16
= SVE
=
T 12
o
e
& 8
@
——g Py P /:\
= 4 3 Y
NSzZD
0
0 5 10
* example units kg/day Time

Mass Removal Rate vs. GHG
Emissions (TPH & COPC)
20 20

o Mass c

b= o

S 16 Removal Rate 162

= 3

> o

212 125

IS >
& T -
v 8 GHG g ¥
© Emissions 3 2
= g £
4 45"

(V2]

@2

0 0 &

w

0 5 10 o

* example units kg/day Time %

T5. Active Mass Removal Rate Approaching or
is Less than NSZD Rate (see this Compendium)

T6. Normalized GHC Emissions (or other metric)
Increasing with Little Benefit from Continued
Operation (see Toolkit 4)

Concentrations and/or Mass
Removal Rate
= 20
>
£
5 16
[a'
a
o 12
= o
° £s
Rl
©
= 4 Threshold
S S S
c 0 |
o
© 0 5 10
Time

Rebound Test

N
o

Cycle Mm Ma Mr
4‘};16 1(blue) 16 2.9 -
o« 2 (orange) 3.4 22 1.2
@
312 3 (grey) 23 19 1.0
1S
&
» 8
£
4
t'. Q—o
0
0 5 10

Time

T3. Extracted Soil Gas Concentration/
Mass Removal Rate Approaching Asymptote or
Risk-based Threshold (see Toolkit 2)

Copyright of Shell International

T4. Acceptable Mass Discharge and Mass
Removal Rate (see this Compendium -
- Appendix Ill)

Mass Removal Rate vs. Cost

20 20 =
Mass %
I 16 Removal Rate 16 g
© 9]
o 3
© c
é 12 12 _g
] S
e g 8 ©
a -
< z
=4 4w
g
0 0 +
0 5 ) 10 S

* example units kg/day Time

Concentration Ratio of Light to
Heavier Fraction or Compounds

o 16

T

o

c 12

.0

©

b= 8

c

ot

s 4

S Threshold

o J |
0 5 10

Time

T7. Normalized Cost Increasing with
Little Benefit from Continued
Operation (see Toolkit 4)

T8. Concentration Ratio Approaching
Asymptote or Risk-based Threshold
(this Compendium)
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Validation: Rebound Testing

20

16

12

Mass Removal Rate

Rebound Test
Cycle Mm Ma Mr
M 1 (blue) 16 29 -
™ (2 (orange) 3.4 2.2 1.2
3 (grey) 23 18 190
M,
M.,
Mﬂ k‘. H Mu
5 10
Time

Copyright of Shell International

Simple models (Brusseau et al. 2010; Truex et al. 2013)
m 15t pore volume of mass that is removed after system restart:

n
My, = ) (Ci = Ca)QiAT;
i=1

M,, = mass removed 15 pore volume after start up; C; = conc. system turned on;
C, = conc. at end of previous cycle; AT, = time 1 pore volume; T = rebound period

m average mass during rebound (M,) often occurs from low
. M :
permeability zones: M, = % , where T = rebound period

m convergence in rebound flux M, (diffusive) with active flux M,
suggests approaching end of operational life

More complex models:

m “SVEET” quantifies mass discharge and impact of remaining

vadose zone contaminant sources on groundwater
https://bioprocess.pnnl.gov/SVEET Request.htm

m “VIETUS” quantifies mass discharge on soil vapour intrusion
Into building https://bioprocess.pnnl.gov/VIETUS Request.htm

November 2021 15
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Key Take Aways

m air-based remediation (SVE, MPE, AS) preferred for petroleum hydrocarbon
remediation (risk reduction/attenuation rate standpoint)

B biosparging/bioventing are generally underutilized — potential @
sustainable alternatives to end-of-life, underperforming
engineered systems (SVE, AS, MPE)

B we can do better w/ respect to operating air-phase (or any)
remediation systems more sustainably & improving remedial

decision making
m aligning on remedial concerns and goals
m aligning on baseline, performance, transition, and validation metrics (and associated data
needs, tollgates)
B incorporating the natural assimilative capacity into remedial paradigm
B taking advantage of the myriad of tools available

Copyright of Shell International
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THANK YOU, SPEAKERS!

Edward Tung | M.K. Environmental,
InC.

Matthew Lahvis | Shell Global
Solutions (US) Inc.




UST Inspector Training Series: https://neiwpcc.org/our-

progra ms/undergrou nd-storage-tanks/ust-training-resou rces-

inspection-leak-prevention/webinar-archive-inspector-training/

LUST Corrective Action Series: https://neiwpcc.org/our-

programs/underground-storage-tanks/lust-training-resources-

corrective-action/webinar-archive-corrective-action/

LUST Line: https://neiwpcc.org/our-programs/underground-

storage-tanks/I-u-s-t-line/

National Tanks Conference: https://neiwpcc.org/our-

programs/underground-storage-tanks/national-tanks-conference/



https://neiwpcc.org/our-programs/underground-storage-tanks/ust-training-resources-inspection-leak-prevention/webinar-archive-inspector-training/
https://neiwpcc.org/our-programs/underground-storage-tanks/lust-training-resources-corrective-action/webinar-archive-corrective-action/
https://neiwpcc.org/our-programs/underground-storage-tanks/l-u-s-t-line/
https://neiwpcc.org/our-programs/underground-storage-tanks/national-tanks-conference/

NE
S
P

LUST CORRECTIVE
ACTION WEBINAR
SERIES:

AIR SPARGE, SOIL VAPOR

EXTRACTION, AND DUAL-

PHASE EXTRACTION AT LUST 11/16/2021
SITES




	USING ZOOM
	Tanks Program
	LUST Corrective Action webinar series:��Air Sparge, Soil Vapor Extraction, and Dual-phase Extraction at LUST Sites
	Today’s Speakers 
	Q&A
	Thank You, Speakers! 
	Slide Number 7
	LUST Corrective Action webinar series:��Air Sparge, Soil Vapor Extraction, and Dual-phase Extraction at LUST Sites
	FINAL_E. Tung_11.16.21.pdf
	Air Sparge, Soil Vapor Extraction, and �	Dual-phase Extraction at LUST Sites			 		
	MK Company Overview
	Slide Number 3
	EVOLUTION OF EQUIPMENT SELECTION
	1994
	Outdoor Systems
	Wooden Shed
	Trailerized System
	Slide Number 9
	 DVPE Pre-fabricated Package
	Equipment Procurement :
	SVE/AIR SPARGING
	Air Sparge Generalities
	Air Sparge Selection
	Rotary Vane
	SVE & DPVE: Focus on the Vapor
	 Dual Phase - Principle of Operation
	SVE Selection
	Regenerative Blower
	Rotary Lobe Blower
	Rotary Lobe Blower
	Rotary Claw Blower
	Dual Phase Extraction – Oil Seal
	  	Inside the Liquid Ring Pump
	Oil Sealed Liquid Ring
			DPVE System Montgomery AL 
	Inefficiencies
	Manifold
	Slide Number 29
	2” PVC PIPE REDUCED TO ½” �93% REDUCTION IN CROSS SECTION AREA
	Slide Number 31
	Slide Number 32
	Slide Number 33
	Slide Number 34
	          HOW MUCH RISK IS ACCEPTABLE?
	Mississippi Overview Pre 2015
	Dual Phase Extraction�Evolution of Design
	TDEC Closure Success Rate Based on Technology (2015)
	Tennessee DPVE
	Contamination Sites Closed with DPVE 
	SITE OPTIMIZATION SOFTWARE (SOS)
	SITE OPTIMIZATION SOFTWARE (SOS)
	SITE OPTIMIZATION SOFTWARE (SOS)
	General Trends
	MK ENVIRONMENTAL 

	FINAL_M. Lahvis pt1_11.16.21.pdf
	Design, Optimization, and Termination of Air-Based Remediation Technologies
	Definitions & Cautionary Note
	Slide Number 3
	Slide Number 4
	Motivation Behind Selecting Air-Based Technology:  �LNAPL Recovery vs. Concentration and Plume Longevity
	Air-Based Remediation More Effective Than LNAPL Recovery:��Effect of Remediation Technology on Source Attenuation Rate�
	Slide Number 7
	Slide Number 8
	Slide Number 9
	Slide Number 10
	Slide Number 11
	Other Design Considerations/Issues:  Air Sparging
	Slide Number 13
	Slide Number 14
	Slide Number 15
	Slide Number 16
	Slide Number 17
	Pulsed SVE: A Sustainable Remediation Alternative
	Slide Number 19
	MPE:  General Applications and Observations
	Slide Number 21

	FINAL_M. Lahvis pt2_11.16.21.pdf
	Slide Number 1
	Bioventing/Biosparging
	Slide Number 3
	Bioventing (Injecting Air): �A PVI Mitigation/Remediation Technology
	Slide Number 5
	GENERALIZED FRAMEWORK FOR REMEDIAL DECISION MAKING
	Slide Number 7
	Slide Number 8
	“Exit Strategy” Toolkits:�“Getting to Closure” More Efficiently
	Slide Number 10
	Slide Number 11
	Slide Number 12
	Slide Number 13
	Slide Number 14
	Slide Number 15
	Slide Number 16
	References
	Slide Number 18
	Slide Number 19




