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ABSTRACT 

A literature review and case study of Vacuum Enhanced Recovery (VER) 

tcchnology also known as bioslurping. is presented in this project paper. W e  literature 

rsvien- \vas conducted to investigate historic and current VER design and pilot study 

practices. The case study presents the field activities and results of an actual VER pilot 

study conducted at an operating retail petroleurn facilit?. The results of the pilot study 

were used to assess the feasibility of VER t e c h n o l o ~  to remediate hydrocarbon impacted 

soi1 and groundwater and to design a full scale VER system for the site. 

The pilot study results indicated a high level of contaminant mass removal from the 

subsurface and a large zone of groundtater influence. Consequently. VER was deemed an 

acceptable remediûtion technology for the case site. The full scals system was designed to 

draw 8.60 am5/min (300 acfm) of air and 57 Lpm of \vater from the subsurface at an 

operating vacuum of 437 mm Hg. (1 8 in. Hg). The system employed a 30 hp oil-sealed 

liquid vacuum pump attached to eight individually plumbed estraction \ r r l ls.  An initial 

mass rcrnoval rate of 1.430 kg/day of total petroleiim hydrocarbons \vas estimated. 

VER is a relatively ne\v subject in the field of remediation engineering. Additional 

research should focus on methods to lirnit the uncertainty in design due to site-specific 

heterogeneities. less onerous methods of applying numerical modeling to simulate rnuiti- 

phase flou- in the subsurface. and additional case studies to improtre pilot study protocol 

and VER system design. 
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1 INTRODUCTION 

Petrolsum product releases are a common cause of groundwater and soil 

contamination. Hydrocarbon constituents typically partition into four distinct set  

interrelated phases; non-aqueous phase liquids (NAPL) adsorbed to saturated or 

unsaturated soil particles, free phase NAPLs. soluble constituents dissolved in the 

groundxater. and volatile constituents in the soil pore space of the vadose zone. Since 

these four phases are related by equilibrium partitioning. and interphase mass transfer, 

effective site investigation and remediation activities must address each phase. In addition, 

since timely, economic site restoration will ultimatelj. depend on maximizing mass removal 

of the constituents in each phase. the selected remedy must not only address each 

constituent phase, but address each in the most efficient marner u-ith respect to the rate of 

mass removal (Hansen, et. al., 1994). 

Various technologies are available for the remediation of subsurface petroleum 

contamination. Some technologies focus specificall~. on the remediation of a single phase 

of contamination (dissolved phase. adsorbed phase. vapour phase or free product) whereas 

others are capable of remediating multiple phases simultaneously. Conventional 

groundwater pump and treat technology has been applied at numerous sites to reduce 

dissohved phase contarninants in the subsurfiace. The basis of this technolog)- is the 

extraction of groundwater from the subsurface using submersible pumps. surface pumps or 

pneumatic pumps and treating the ground~vater on the surface. Pump and treat activities 

have received much criticism over the past decade because, in many cases, the actual 



benefits gained from the technology are far outweighed by the costs. Due to the excessive 

costs associated with this technology. pump and treat operations tend to be limited to 

projects where there is an imminent or projected health risk associated with exposure to 

contarninated water. The effectiveness of conventional pump and treat technology is 

Iimited in low transmissivity soils and thin saturated zones. These conditions result in small 

capture zones thereby requiring numerous recovery wells (Granskog et al., 1 994). 

Vacuum enhanced recovev (VER) technology, aIso knoun as bioslurping. has 

been successfully used to remediate petroleum contamination (free phase. adsorbed phase. 

dissoIved phase and vapour phase) at numerous sites across North Arnerica. This 

technology involves the application of a medium to high vacuum to both the saturated and 

unsaturated soi1 zones to recover petroleum contamination. The applied vacuum tends to 

draw contaminants. including contarninants previously trapped in fractures, into the 

extraction point for recovery. This technology is particularly suited for remediating low 

permeable formations such as silts, clays, saprolites and bedrock. VER is a custom 

practice in the construction industry (Pon-ers, 198 1). The technology was revitalized in the 

en\.ironmental industv to control ând recover petroleum hydrocarbons in groundwater 

(Blake et. aI.: 1989). 

VER technology offers several distinct advantages for addressing petroleum 

contamination. First, it is typically much more effective at recovering petroleum 

contamination in low permeable formations than traditional pump and treat methods 

(including free product skimmer pumps). Second. the remediation is in sifrr. therebj* 

causing minimal disturbance to regular operations at the subject property. Third, the COS~S 



associated with the technology (both capital and operation and maintenance costs) are 

comparable to other applicable technologies. Fourth, the increased movement of air 

(osygen) in the subsurface enhances the potential for indigenous biodegradation of the 

contaminants, thereby accelerating the remediation process. 

One disadvantage associated ~vith VER technology is the generation of a 

\vaste\\-ater stream which results in higher capital and maintenance costs. as well as more 

stringent institutional requirements, ie. discharge permits. A second disadvantage 

associated Lvith bioslurping is the occurrence of channeling. Channeling occurs when 

contamination is recovered from preferential migration pathways in the subsurface. 

Channeling may result in only the partial recovery of contaminated soi1 vapours and 

groundwater, thus rninimizing the effectiveness of the remediation. The effects of 

channeling may be reduced by cycling or pulsing the extraction system on and off rather 

than operating continuously. 

Estracted petroleum \-apours from VER systems ma>- be discharged directly to the 

atmospliere if concentrations are sufficiently low and appropriate regrilatory approïals 

have been granted. Altematively. the estracted vapours may be treated. Vapour treatment 

mas be accomplished using vapour phase carbon adsorption, intemal  combustion^ 

catalyticlthermal oxidation, bioremediation or combinations thereof. Extracted 

proundlvater mai  also require treatment depending on applicable regulator?. requirements 

for the site. 

The objectives of this project were to: 

(1) provide technical and histoncal background information on VER technolog).: 



( 2 )  discuss practical methods for designing VER systems for the remediation of 

petroleum contaminated soi1 and groundwater; 

( 3 )  outline VER pilot study met ho do log^ and 

(4) provide an esample pilot study and conceptuai VER system design. 

The scope of work for this project entailed the following tasks: 

( 1 ) Conduct a literature revien- on VER technology and common practices associated 

with designing VER systems: 

( 2 )  Present current information on VER pilot study methodology; and 

( 3 )  Present a case study of actual VER pilot study results and full scale system design. 



2 LITEIUTURE REVIEW 

2.1 VER Principles 

Al1 liquid recovery remediation systems operate by removing ground~vater or 

NAPL at a controlled rate. thereby creating a hydraulic gradient towrd  the recovery well. 

The area within which the NAPL or ground\vater moves toward the recovery well is 

defined as the captrrre zone (Suthersan. 1 997). The capture zone of a particular recovery 

weil is limited by the transmissivity (the rate at w-hich water moves through a unit thickness 

of the aquifer) of the formation and the esisting natural gradient. Typically. the capture 

zone can be increased by increasing the extraction rate from the recovery well. However, 

the estraction rate is limited by the maximum allowable drawdown in the well which 

cannot esceed the saturated thickness of the aquifer. Drawdown is defined as the 

difference bet~veen the static water level (no pumping) and dynamic water level (during 

pumping) in the recovery well. The hydraulic gradient cannot be increased by increasing 

the pumping rate if drawdouns have reached their Iimiting value (Aj~aswami~  1994). 

As mentioned previouslj-. VER is a technique of applying a high vacuum or 

nsgative pressure on a recovery ive11 and the formation. By appl~ring a vacuum, the 

transmissivity of the aquifer and the hydraulic gradient toward the recovery well are 

increased by increasing the net effective drawdown. The net effective drawdown is the 

difference betu-een the static and dynamic \vater level in the recovery well plus the amount 

of vacuum that is applied to the subsurface. The increased transmissivity and drawdown 

results in a corresponding increase in the rate of groundwater estraction (yield). This is the 



fundamental principle behind VER systerns (Suthersan. 1997). in addition, vacuum- 

enhanced pumping promotes continuity in the NAPL phase, ie. lower capillary pressure 

and feu-er air pockets in the capillary fringe (Battelle. 1996). 

Increased groundu-ater extraction rates and residual hT.4PL recovery through the 

use of VER has been reponed 61. Blake and Gates (1986). Reisinger et al. (1993) reported 

enhancing groundwater extraction by a factor of 47% as a resuh of vacuum extraction 

(BatteIle, 1996). 

NAPL recovery is ofien attempted by using skimming or drmvdown pumping 

techniques. Preliminan data from short-term bioslurper tests conducted by Battelle for the 

Air Force Center for Environmental Excellence (AFCEE) and the NFESC indicate that the 

NAPL recovery rate by bioslurping is up to six times the rate of skimming and as much as 

twice the rate of dra\vdoun pumping (Battelle. 1996). Mathematical modeling programs 

comparing conventional purnping technology to bioslurping ha\re predicted that free 

product mass remo\.al from the affected soils \vil1 be tw-ice as fast when bioslurping 

technolog. is used (Parker. 1995). Furthemore. the total volume of groundwater 

pumped. and hsnce the \vater treatment costs. may be substantially less with bioslurping 

systems tlian with conventional serial technology applications (Bames and McWhorter. 

1995). 

The lifting heiglit of goundu-ater via suction may appear to be a limitation of VER 

technology. In theon-. the suction lifi attainable with an estremely efficient vacuum pump 

is approsimately 7.6 metres (35 feet). depending on elevation (Powers, 198 1). Ho~vever, 

lifts greater than the theoretical maximum can be attained when the extracted fluid is not 



only water, but a mixture of soil gas and groundwater (Powers. 198 1). A mixture of soil 

aas. water and NAPL has a specific gravit). less than one and. therefore. can be lified s 

higher than a standard water column (Battelle. 1 996). Another phenornenon that c m  help 

achieve greater than theoretical suction lifi is liquid entrainment or entrapment which 

occurs when the p r i m q  extraction fluid is soil gas, rather than a liquid (Battelle. 1 996). 

At high velocities. estracted soil tas  can entrain \vater droplets and carry them to the 

surface via slug flou- at high liquid estraction rates. A \.ertical air f loa velociv of 914 

metres per minute) should be applied to ensure sufficient lifi (Suthersan, 1997). 

VER also increases the mass removal of volatile and semi-volatile contarninants by 

masirnizing dewatering and facilitating \.olatilization from previously saturated sediment 

via the increased air movement. In addition. the mass rernoxal of aerobically biodegradable 

contarninants \vil1 be enhanced by the resulting increase of subsurface osygen levels 

(Suthersan. 1997). The air flo~v created by the vacuum also causes NAPL to flow towards 

the w l l .  The pressure gradient creatrd in the air phase results in a driving force on the 

WAPL that is significantly greater than that \\.hich can be induced by pumping the WAPL 

with no air flo\v. Also of importance is the fact that the air flou- created by the vacuum 

actually increases the NAPL content around the rvell. That is. the NAPL tends to 

accumulate around the we11 so that it  is easily estracted (Battelle, 1996). 

VER is not applicable in every situation. The technology is limited in use to 

specific geological and hydropological settings within a limited range of conditions. 

Based on data collected from numerous applications of VER systems under different 

hydrogeological conditions, some basic guidelines have been developed (Blake et. al.. 



1989). VER systems are normally considered as a remedial option for the following 

conditions (Suthersan, 1997): 

Low transmissivity formations (less than 6200 litres per day per metre [lpdm]: 

Lorv hj-draulic conducti\-ities (from IO-' to 1 0" millimetres per second [mds] .  may 

be possible at less than IO-' m d s  if some secondary permeability esists); 

. Perched NAPL and groundwater layers; 

Total fluids recoven; in low permeability formations: 

. Formations consisting o f  interbedded sand and clay layers; 

O Formations \vith h i t e d  saturated thickness: and 

Low permeability fractured systems. 

A tliorough understanding of site conditions. combined with properly perfomed. 

site-specific pilot studies are essential to designing an effective full scale VER systern. The 

following subsection outlines the protocol for a VER pilot study. 

2.2 VER Pilot Study Protocol 

The objectives of VER pilot studies should be to: (1) determine the effectiveness of 

the VER technology to rernediate al1 phases of the subsurface petroleum contamination to 

acceptable levels; (2) determine the approsimate time required to reduce petroleum 

hydrocarbon concentrations below the applicable criteria; and (3) obtain data necessary to 

design an effective and efficient remediation system. 

Prior to conductinp a VER pilot study, sufficient site characterization data must be 

obtained to determine if the pilot study is worthwhile and. if so, to design an effective pilot 

study strategy. If geologic characteristics vary significantly at the site. pilot studies at more 



than one location may be required (Battelle, 1996). 

Typical site characterization requirements include an understanding of the original 

contaminant release(s)? characterization and volume estimates of the contaminants of 

concern (COCs). geological and hjdrogeological characteristics. physical soi1 parameters. 

ie. moisture content. particle size. lateral and vertical eatents of the COCs. risk associated 

~vith surrounding land use requirements. and relevant governrnent and third party concerns. 

In order to design an effective and efficient VER remediation systern. the follo\ving 

design parameters must be determined through data collected during the pilot study: 

Zone of groundwater influence: 

Zone of vapour (vacuum) influence; 

. Initial NAPL recovery rate; 

Aerobic biodegradation rates; 

. Total petroleum hydrocarbons mass removal rate: 

Potentid for channelling or short circuiting: 

. Estracted air f lo~v rate: 

Estractrd groundwater flow rate; and 

. Maximum vacuum that can be applied to the subsurface. 

Based on the above parameters- the following design criteria c m  be established: 

Number and spacing of extraction wells: 

Optimum extraction well design; 

Sizing of VER system equipment; 

Estracted groundwater treatment requirements; 



Extracted vapour treatment requirements: 

Aerobic biodegradation potential and 

. Time required for remediation. 

It should be noted that the pilot study results may, in fact? indicate that VER 

technology is not an appropriate remediation alternative for the site. 

The planning phase is extremely important to a successful pilot study. Critical 

issues to consider include selection of the test location (on the site) and duration, 

estraction well construction details , the number and spacing of estraction and observation 

wells to be used during the test, and data to be collected during the test (Sittler et. al., 

1993) . 

The test location should have geological characteristics representative of the site 

and the entire impacted area. It mal bs necessaq- to perform multiple tests if the site 

geology is very heterogeneous. Typicallj., in most srnaIl, well assessed sites, a satisfacton; 

design study can be run for approsimately eight to ten hours. Larger. more complex sites 

require Ionger test. Most tests should be able to be completed nith 24 to 38 hours (Sittler 

et. al.. 1993). Other sources state that the pilot test should be operated for at least five 

days, or as Iong as four weeks (Battelle, 1996). 

Depending on the site hydrogeological conditions. it is recommended that at least 

four monitoring wells be installed at 3,9, 15, and 30 metres au-ay from the test recover). 

well. Special attention must be given to the design of the monitoring n-ells to ensure that 

they are screened at the appropriate depth to facilitate the measurement of the pilot stud?. 

parameters (Suthersan, 1997). It is also recommended that monitoring wells be installed 



with the screened intervals at varying depths. The deepest screen should be placed such 

that the top of the screen is located approsimately one metre above the water table or 

liquid interface. The shallowest screen should be placed I to 1.5 metres below land surface 

in the vadose zone (Battelle, 1996). 

The recovery well should be installed in the impacted area and shouId be screened 

both in the unsaturated and saturated zones. The recornmended diarneter of the extraction 

w l l  is sither 50mm or I OOrnm. The \seIl should be constructed of schedule 40 poly-vinyl 

chloride (PVC)? and screened ~vith a slot size that 1vil1 minimize the transport of soi1 fines 

into the u-ell. HoIlow stem auguring is the recommended drilling rnethod. Whenever 

possible. the diameter of the annular space should be at least twice the diameter of the 

w l l s  outside diameter. The annular space should be filled with clean silica Sand and sealed 

with a wet bentonite grout (Battelle. 1996). 

Prior to initiating the pilot test! baseline data must be collected from the monitoring 

wells. Baseline data typically includes the following: 

Headspace combustible vapour concentrations: 

Headspace osygen concentrations: 

Depth to water: and 

Distance from extraction point. 

During the pilot study. data is obtained periodically from the monitoring wells and 

from the pilot system. Parameters measured at the monitoring wells during the test are: (1) 

induced \-acuum responses; (2) headspace combustible vapour concentrations: (3) 

headspace osygen concentrations; (1) headspace carbon dioxide concen~ations: and (5) 



ground~vater level fluctuations (drawdown). The induced vacuum responses are measured 

every ten to thirty minutes. The headspace combustible vapoui oxygen. and carbon 

dioside concentrations are measured every thirty to sixty minutes. Drawdown is measured 

approsimately eveq- sisty minutes. 

System parameters monitored are: (1) applied (wvelI head) vacuum: (2) system 

vacuum; (3) vapour phase flou. rate (air extraction rate); (4) groundwater extraction rates; 

(5) NAPL recovery rate (6 )  effluent combustible vapour concentration: (7) effluent 

osygen concentration; and (8) effluent carbon dioxide concentration. System performance 

data is recorded approsimately every thirty to sixty minutes. Both system and monitoring 

point data should be recorded more frequently during the first hour of the test. 

Estracted groundwater and vapour samples are collected during the pilot study in 

order to determine the following information: (1) potential groundwater treatment options; 

(2) potential groundwater discharge points; (3) vapour treatment options; and (4) 

contaminant mass removal rates (Cushman-Ball. 1999). NAPL recoveq- rates should be 

monitored ew-ery thiny minutes for the first t ~ - O  hours of the test. every two hours for the 

nrs t  ten hours. then e v e v  twelïe hours until the test is complete. This procedure 

simplifies differentiation of the initial slug o f  NAPL recovered during the start of  each test 

from sustainable NAPL recovery (Battelle, 1996). 

In situ biorespiration tests may be conducted prior to and afier the VER pilot study 

to determine the osygen utilization rate. High oxygen utilization rates (e-g.. > l  %/day) are 

a good indication that bioslurper-mediated aeration would effectively improve microbial 

activity. If oxygen utilization rates are low. yet significant contamination is present. other 



factors such as high clay content. low moisture content. nutrient limitation. and/or 

contaminant levels tosic to microorganisms may result in limiting biodegradation. Site- 

specific variables affecting rnicrobial degradation should be identified to determine whether 

the conditions c m  be improved to implement enhanced bioremediation (Battelle, 1996). 

For a complete guide to conducting in situ biorespiration tests see Hinchee et. al. (1  992). 

Various methods of interpreting pilot study data to predict zones of influence are 

currently being utilized. The methods include: (1) graphical; (2) analflical: and ( 3 )  

numerical. 

The graphical rnethod of evaluating groundu-ater level fluctuation data during a 

pilot study provides a simple and efficient means of predicting capture zones. This method 

consists of perfoming a linear regression analysis on the drau-donn data collected from 

monitoring points during the pilot study. Specifically, linear regression is performed on a 

semi-logarithmic plot of the maximum dra\vdown obsened at each monitoring point near 

the end of the piIot test versus the distance from the estraction \vell to the monitoring 

points. The point at n-hich the regressed line intersects a dra\vdoum of O metres (the s- 

asis) is considered the maximum radius of groundwater influence for the recovev well. 

Based on the results. an effective radius of groundwater influence can be inferred at a 

speci fic operat ing vacuum w-ith an expected groundwater and vapour extraction rates. 

The zone of vapour or vacuum influence can also be determined graphically. 

Similar to the graphical method for groundwater influence, the vacuum measured at the 

monitoring points is graphed versus the distance to the extraction well on a semi-log plot. 

A best-fit line is drawn through the points and the zone of influence is determined as the 



distance at which a suficient level of vacuum \vil1 be present to induce air flow. This "cut- 

off '  vacuum Ievel has been previously defmed as 2.54 mm (O. 1 inch) of water or 10% of 

the applied vacuum at the extraction well. This arbitrary cut-off vacuum level is an 

empirical value based on prior esperience and geological conditions (Anderson, 1993). 

The effects of a full scale VER system can be predicted simply by drawing circles 

with radii equal to the inferred zones of influence on a map of the site. An extraction weI1 

is placed at the centre of each of the circles. The number and locations of the extraction 

Melk are determined when the circles on the map completely envelope the contamination 

plume. As a consenrative measrire, wells are placed such that adjacent zones of influence 

overlap each other. 

The graphical method is a simple and practical means to predict zones of influence 

and. therefore. determine the number and pIacement of extraction wells in a conservative 

manner. However, the method is Iimited in that it does not consider the additive effects of 

several extraction welis operating simultaneously and does not allow for the manipulation 

of system operating parameters. That is. the effects of operating the system at different 

Ixcuurns or estraction rates cannot be visualized. The limitations in the method may 

require that the engineer apply over consemative \alues resulting in excessive capital costs. 

On the other hand, the system may be under designed if the full scale system operates at a 

Io\\-er vacuum than the pilot system (for some unforseen reason) and the effects of 

operating at a lower vacuum are not understood or considered. 

The anaiytical method for predicting capture zones of VER systems employs 

traditional groundwater pumping calculations with some modifications to allow for the 



dewatering of the soi1 in the vicinity of the extraction well and the negative pressure 

imparted on the subsurface. 

In a conventional pump and treat situation in a low permeability formation, the 

Cooper-Jacob method can be applied to predict the discharge rate from an extraction well. 

but the obsen-ed drawdo~cn must be corrected for dewatering first (Suthersan. 1997). The 

dewatering correction is as follo~vs: 

u-here : 

- 
5, 

- theoretical dra\vdo\\n corrected for dewatering. in metres 

- 
su 

- actual drawdown. in metres 

b - - aquifer thickness, in metres 

This theoretical dra~vdoun may be further modified. to include the effscts of the 

negative pressure imparted on the subsurface. by: 

xvhere: 

s,. - dra~vdo\\n corrected for vacuum on estraction \vell. in metres 

- 
3, 

- theoretical dratvdonn corrected for den-atering. in metres 

P - - negative pressure imparted on the subsurface. in metres of water 

The Cooper-Jacob equation then allows calculating the discharge using the 

following equation: 



0 - - discharge? in gallons per minute (gpm) 

- 
S,. 

- drawdown corrected for vacuum, in feet 

T - - transmissivity. in gallons pcr day per foor (gpd/ft.) (T=Kb) 

t - - pumping time, in days 

1- 
- - borehole radius, in feet 

S - - storage coeff~cient 

Standard capture zone equations can now be employed to calculate the distance to 

the stagnation point (Y,). the capture width at the \veli (o,). and the upgradient capture 

width (CO) as follo\vs (Suthersan, 1997): 



n-here: 

I - - hydraulic gradient in d m  

The analytical method tj-pical ly resul ts in an overestimated capture zone. 

Con~equently~ a consemative and logical approach must be applied when employing this 

method, The esample given above is only one of many potential analytical techniques for 

capture zone predictions. Other methods also incorporate modifications of traditional 

groundwater recovery calculations. 

The numerical method for predicting capture zones is ofien onerous and costly. 

Numerical modeling can be performed using prograrns such as VISUAL MODFLOW and 

other well known groundmater/contaminant transport sofiware packages. iMost 

oroundwater modeling programs. hou-ever. are not able to incorporate dewatering and 
b 

vacuum and vacuum effects. More recent modeling prograrns such as BIOSLURP have 

been developrd to incorporate multiphase flow and vacuum effects. Any numerical 

modeling effort \vil1 require an increased amount of site data and repetitive field calibration. 

The main advantage of the numerical rnethod is the ability to mode1 the effects of several 

full scale VER system options u-hich u-ould optirnize s>-stem design. Therefore. the 

numerical method should only be ernployed at ueq- large cornples sites where projected 

rrmediation costs warrant the additional design cost. 



3 CASE STUDY 

The following case study presents the results of a VER pilot study and VER system 

design for an operating retail gasoline facility (Cushman-Ball. 1999). 

3.1 Site Oven-iew 

The facility currently operates as a rerail gasoline station and convenience store in 

the province of Alberta. Two grades of gasoline are stored in two separate fibreglass 

underground storage tanks (USTs) on the property. The USTs are located northeast of the 

store building and gasoline is dispensed from four dispensers located immediately north of 

the store building. A site plan is provided as Figure 1. 

The store comprises the east end unit of a single story strip maIl building with no 

basement. The property consists of an asphalt covered area to the east and north of the 

convenience store irnmediately adjacent to the building. Landscaped grass covered areas 

are located further to the north and east of the store building. The grounds are relatively 

flat. Surface drainage at the site appears to be directed ton-ards the catch basins located on 

the parking lot and in the Street. Regional surface drainage appears to be mainly to the 

northeast towards a creek located approximately one kilometre northeast of the subject 

property. 

The building is municipally senriced ~vith \vater. storm and sanitary sewerage 

sysiems. electricity and natural gas. The subject property occupies a total area of 

approsimately 2,200 square metres and is located on the southwest corner of an 

intersection. The property is situated in a commercial and residential area. The property is 



bounded to the north by a busy highway followed by a strip plaza; to the east by a small 

road followed by commercial properties; to the south by a laneway followed by residential 

properties; and to the west by commercial properties. 

Based on previous environmental site investigations, the geology at the site 

comprised of approsimately O to 2 feet of fill, followed by 2 to 4 feet of fine-grained sand 

with sorne clay. followed by stiff. fractured clay with some silt which estends to a depth of 

25 feet below ground surface (bgs). Medium grained. wet sand was obsenred at 24 to 26 

feet bgs in some boreholes. 

The water table \vas located approximately 5 to 6 metres below ground surface 

(mbgs). Based on the groundwater elevations in the monitoring wells, ground~vater 

beneath the site appeared to flou- to the northeast. Based on the observed geology. the 

hydraulic conductivity of the soi1 appears to be between 10" to c d s .  

In 1997. a UST systems leak test identified a potential breach in the premiurn 

gasoline piping. C~nsequently~ environmental investigations were conducted to determine 

potential impacts to the subsurface. Estensive petroleum hydrocarbon contamination was 

identified at the site. Free phase NAPL \jas identified in several of the monitoring weils 

near the USTs. The NAPL appeared to be relatively fresh premium grade gasoline. The 

groundwater contamination consisted of typical petroleum constituents including benzene, 

toluene' eth>*lbenzene and xylenes (collecti\.elg termed BTEX), methyl tertiq-butyl ether 

(MTBE) and total petroleum hydrocarbons (TPH) with compounds having five to fi fieen 

carbon atoms. The dissolved phase plume extended laterallg beneath the entire propew 

and beyond the property boundai). to the north, east and only slightly to the south. The 



soi1 contamination appeared to be located primarily in the northeast corner of  the property 

at a depth of 3.6 to 7.2 rnetres beloLv ground surface. Isoconcentration contours 

(isopleths) for total petroleum hydrocarbons (TPH) are presented in Figure 2. 

The risks associated with the petroleum hydrocarbon contamination appeared to be 

Iimited to potential vapour impacts to subsurface structures- including nearby residential 

basement and utility corridors. and third pmy real estate Iiabilities. No potable or 

industrial groundwater weIls were identified within a 500-metre radius of the subject 

property. 

In the summer of 1998. a bioslurping pilot study was conducted to evaluate the 

feasibility of VER technology to capture and remo\-e subsurface petroleum contarnination- 

A prirnary objective of the pilot study \vas to quanti6 the mass of contaminants that could 

be recovered as well as the estent of influence of a full scale systsm. The mass of 

contaminants recovered was determined by recording air and groundwater f l o ~ .  

measurements and collecting vapour and groundw-ater samples for analysis of petroleum 

const ituents during testing. The radius of influence \vas detemined by measuring the 

vacuum response. headspace combustible vapour concentrations, headspace osygen 

concentrations. and ground~vater level fluctuations at select monitoring points at various 

radial distances from the extraction points. 

The VER pilot study consisted of t~vo sepante tests. The first test involved 

estracting from a 50-mm diarneter u-el1 and the second test involved extracting from a 100- 

mm diameter well. The two tests u-ere conductrd separately to compare the performance 

of estracting from a 50-mm \el1 compared to a 100-mm well. The following sections 



describe the pilot study activities and resuits. 

3.2 Pilot Study Equipment 

The pilot tests were conducted using a 7.5 horsepower. oil-sealed liquid ring 

vacuum pun~p (LRVP). A liquid/vapour separator \ a s  ernpioyed upstream of the vacuum 

pump to facilitate the measurement of the \-apour phase and liquid phase flow rates 

separatel-. Estracted groundwater \vas contained in two. 1900-litre (500-gallon). plastic 

tanks and subsequently transported offsite to a licenced disposa1 facility. The pilot study 

system \vas powered by a 25.000-Watt diesel generato- capable of providing sufficient 

230 Volt, 3 Phase poxver. 

The VER system estracted vapour and groundwater from the extraction uells 

tlirough a 25-mm diameter, PVC reinforcsd. clear hoss. One end of the hose was attached 

to the inlet of the liquid/\*apour separator and the other end t a s  placed approximately 

3OOmm to 450mm from the bottom of the estraction well. A 600-mm long p o l ~ i n y l  

cliloride (PVC) pipe. with a compression fitting and a 6-mm dilution valve. \vas attached to 

the top of the extraction u-ell. The hose \vas inserted into the well. through the 600-mm 

long PVC pipeo and the compression fitting \vas subsequently tightened to seal the \ \dl .  

The masimum well head vacuum kvas achieved by ensuring that a tight seal was applied on 

the estraction well. The 6-mm dilution val\-e allowed for ambient air to be drawn into the 

extraction urell to assist in lifting the ground~vater out of the well. if required. 

Applied vacuum \vas monitored on a fised vacuum gauge uith a measuring range 

of O to 762 millimetres of mercury (mm Hg) located upstream of the vapour-liquid 

separator. The discharge stack of the pilot system, which \vas constructed of 50-mm 



diameter PVC, was fitted with one 9.5-inch female quick connect pon for effluent 

combustible vapour and osygen concentration monitoring. Vapour phase flow rates were 

measured using a rotating vane anernometer at the outIet of the discharge stack. The 

anemometer providsd air flow velocity data in units of meters per second ( d s )  which wsre 

later used to calculate vapour flow rates in units of actual cubic metres per minute 

(arn3/min). The estracted groundwater volume \vas measured. in units of litres (L). by a 

digital flow totalizer locaied bettveen the liquids transfer pump and the plastic holding 

tanks. The total volume was then used to calcuIate the estracted groundwater flow rate? in 

units of litres per minute (Lpm) for various time intemals. 

Induced vacuum responses were measured with Magnehelic gauges capable of 

nisasuring from -25 to 23. or -253 to 254. ndlimetres of u-ater (mm HzO). Headspace 

combustible vapour and osygen concentrations were measured with a mode1 RKI Eagle 

portable gas detector. The R U  Eagle displayed the combustible vapour concentrations in 

units o f  parts per million volume (ppmv). o r  percent of the lower esplosive limit (% LEL)? 

and osygen concentrations in units of percent by volume (%). The groundwater level 

tluctuations u-ere measured with a Solinst Mode1 122 interface probe in units o f  meters. 

The monitoring points consisted of  previously installed monitoring wells. In order 

to facilitate the measurement of induced vacuum responses, and headspace combustible 

vapour and osygen concentrations without removing the 50-mm well caps which normally 

cap the wells, the well caps were fitted with brass. female. quick connect finings. The 

monitoring points used to measure drawdoun were lefi open to the atmosphere throughout 

each test. 



3.3 Extraction Well Construction 

A monitoring well? designated as MW-8, was previously installed as part of a 

subsurface investigation at the subject property. The monitoring well kvas constructed of 

50-mm diameter. Schedule 40. PVC. number 1 O-slot welI screen with 50-mm diameter. 

Schedule 40, PVC riser pipe. The well was completed to a depth of 7.6 mbgs with riser 

pipe from O to 1.5 mbgs and screen from 1.5 to 7.6 mbgs. Clean graded sand \vas placed 

around the well screen up to 300mm above the top of the screen. A benronite seal was 

placed above the sand pack. from 0.30 to 1.2 mbgs. and sufficiently hydrated to allow 

swelIing. The remaining borehole annulus \vas sealed with concrete to the existing grade. 

The well \vas equipped lvith a lock-in cap and protective manhole cover completed flush 

with the esisting grade. 

A recovery w-ell, designated as RW-2. nias previously installed to faciIitate the 

reco\.eF of free product and contaminated groundn-ater. The recovev well \vas 

constructed of I 00-mm diameter. Schedule 40. PVC. number 1 O-slot well screen with 100 

mm diameter. Schedule 40. PVC riser pipe. The well was completed to a depth of 7.6 

mbgs ~vith riser pipe from O to 1.5 mbgs and screen from 1.5 to 7.6 mbgs. Clean graded 

sand \vas placed around the weU screen up to 600mm above the top of the screen. A 

bentonite seal \vas placed above the sand pack. from 0.3 to 1 mbgs, and sufficiently 

hjvdrated to allo\v sweIIing. The remaining borehole annulus \vas sealed with concrete to 

the esisting grade. The \el1 \vas equipped with a lock-in cap and protective manhole 

cover completed flush u-ith the esisting grade. 



4 PILOT STUDY OBSERVATIONS 

The pilot study comprised two distinct tests and utilized several of the esisting 

monitoring \vslls at the site. During the first test, groundwater and soil vapours were 

estracted from MW-8 (a 50-mm diameter well). During the second test. ground\vater and 

soil vapours Xvere estracted from a 100-mm diameter L-ell. RW-2. The locations of the 

monitoring wells are presented in Figure 2. 

4.1 Test 1: Extraction from a 2-inch Diameter Well 

Test 1 consisted of a 480-minute VER pilot test by estracting from monitoring well 

M W-8 of 50-mm diameter. Al1 baseline data were recorded prior to starting the VER pilot 

system. 

4.1.1 Pilot System Data 

The pilot system was operated such that the maximum vacuum was applied to the 

extraction u-el1 throughout the test. The applied ~veI1 head vacuum was measured at 533 

rilm Hg for the first 90 minutes of the test and decrsased to 508 mm Hg for the remainder 

o f  the test. The estracted air flow rate ranged from approximately 0.53 to 0.68 am5/min 

~vi th  an average of 0.62 arn5/min. The well head vacuum and extracted air flow rate data 

for Test 1 are presented graphically in Figure 3. 

The estracted groundwater f lo~v  rate fluctuated throughout Test 1 ranging from a 

masimum of approxirnately 6.4 Lpm at the begiming of the test to a minimum of 1.4 Lpm 

at 90 minutes. An average extracted groundwater flow rate of 2.9 Lpm was calculated 

from the data obtained during Test 1. The extracted groundwater flow rate data for Test 1 



are presented graphically in Figure 4. 

Effluent combustible vapour and oxygen concentrations were measured at the 

sample port located on the discharge stack of the pilot system and are presented in Figure 

5. The measured combustible vapour concentrations indicate that combustible vapours 

remained in excess of 1 1,000 ppmv (1 00% LEL) for the duration of Test 1. Due to the 

fact that the gas detector had a measuring limit of 100% LEL. fluctuations in combustible 

\,apour concentrations could not be obsened beyond this Iimit. The high effluent vapour 

concentrations and relatively high extracted air flow rate indicate that an adequate 

contaminant mass rernoval rate may be achieved with a VER system. Estimated mass 

removal rates are discussed in Section 5.0. 

The effluent osygen concentrations indicate that osygen concentrations decreased 

f ron~  9.1 % at the beginning of Test 1 to 7.2% at 130 minutes into the test. The osygen 

concentrations increased steadiIy from the 130-minute mark to 10.1% by the end of Test 1. 

Based on the increasing effluent osygen concentrations. it  appears that ambient air ma)- 

have been entering the subsurface through grass covered areas located near the extraction 

well. The increased osygen concentrations in the subsurface may enhance the 

biodegradation of petroleum contarninants in the soi1 and groundwater. 

Al1 pilot system data for Test 1 are presented in Table 1. 

4.1.2 Monitoring Point Data 

Induced vacuum. headspace combustible vapour concentrations and headspace 

osygen concentrations were measured at the following seven monitoring points throughout 

the pilot test: MW-13, MW-20, MW-7. MW-18? MW-14, MW-17. and MW-1 1. 



Groundwater leve1 fluctuations (drawdown) were measured at the foliowing six monitoring 

points throughout the pilot test: Ri!Qz RW-1, BH-I, BH-2, BH-3, and MW-1 5. The 

results are discussed in the following section. 

The induced vacuum measurements in each monitoring point are presented 

graphically in Figure 6 .  These measurernents indicate that there \vas no vacuum response 

observed at five of the seven monitoring points, The highest response was observed in 

monitoring point MW-20 (5 mm H,O) located approsimatety 1 1.3m away from the 

extraction well. A vacuum response was also observed in monitoring point MW-13 (1.3 

mm H,O) located approsimately 1 lm avay from the extraction well. 

The combustible vapour concentrations in each monitoring point are presented 

graphically in Figure 7. These measurements indicôte that combustible vapours remained 
L 

in escess of ! 1.000 ppmv (100% LEL) in monitoring points MW-13 and MW-18 for the 

duration of the pilot test. Due to the fact that the gas detector had a measuring limit of 

100% LEL, fluctuations in combustible vapour concentrations could not be obsenred 

beyond this limit. Monitoring points which had baseline vapour concentrations belon- 

100% LEL indicate that the combustible \-apour concentrations fluctuated throughout Test 

1 .  The combustible vapour concentration in MW-14 increased from 4,920 ppmv prior to 

the pilot test to greater than 1 1,000 ppm\. (100% LEL) at 30 minutes into the test. Based 

the headspace combustible vapour results' the 8-hour VER pilot test \vas not effective in 

rsducing the vapour concentrations in the subsurface. 

The headspace osygen concentrations in each monitoring point are presented 

eraphically in Figure 8. These measurements indicate that oxygen concentrations increased 
C 



sIightly in monitoring points MW-20 (5%) and MW-7 (9%) and decreased in M W 4 3  (- 

20%). MW-1 8 (-6%), MW-14 (-45%), MW-17 (-25%) and MW-1 1 (-35%) throughout 

the course of the test. The decrease in osygen concentrations may be attributed to a lack 

of sufficient ambient air recharge in the monitoring points. 

Al1 monitoring point data related to the induced vacuum. headspace combustible 

vapour concentrations and headspace osygen concentrations are presented in Table 2. 

The induced vacuum response data \vas graphed versus the distance from the 

extraction well to the monitoring points. The graph is presented in Figure 9. A linear 

regression anal~sis  was not performed on this data due to a lack of correlation. The 

purpose of performing a regression analysis is to determine the appropriate spacing of 

additional extraction wells based on an estiniated radius of vapour influence. Since 

regression data was not aw~ailable~ a consenrative radius of vapour influence of 5.5 metres 

was estimated based on field observations and esperience at similar sites. 

The groundwater fluctuation data (drawdown) data for each monitoring point for 

Test 1 are presented graphically in Figure 10. The data indicates that a significant 

dra~vdown \\.as obsewed at the monitoring points. The greatest drawvdoun \vas observeci 

in monitoring point RW-1 (170mm) located approsimately 4.2m avay from the extraction 

well. The least dra\vdo\vn Las observed in monitoring point MW-1 5 (5Omm) located 

approsimately 2 j m  away from the estraction \vellt near the centre of I ' ~  Street N.E. Al1 

drawdown data obtained during Test 1 are presented in Table 3. 

A linear regression analysis wvas performed on the drawvdoun data collected during 

Test 1 to detemine the effective radius of ground~vater influence for bioslurping from a 



%-mm extraction teil .  Specifically, linear regression kas performed on a semi- 

logarithmic plot of the masimum drawdown observed at each monitoring point at the end 

of the pilot test versus the distance from the extraction well to the monitoring points. The 

purpose for the analysis \vas to determine the appropriate spacing of additionai estraction 

wlls. The linear regression data is presented graphically in Figure 10. 

From Figure 10, the point at u-hich the regressed line intersects a drawdown of 

Omm (the s - a i s )  is considered the masimum radius of groundxater influence for 

bioslurping. Based on the bioslurping pilot test results. the linear regression data. and 

esperience at similar sites, an effective radius of groundwater influence of X4rn for each 

50-mm extraction well can be espected at an operating vacuum of 508 mm HzO with an 

average extraction groundn-ater flow rate of approsimately 2.9 1 Lpm. 

4.2 Test 2: Extraction from a 100-mm Diameter Weil 

Test 2 consisted of a 280-minute VER pilot test by estracting from monitoring well 

RiIr-2 of 100-inch diameter. A11 baseline data were recorded prior to starting the VER 

pilot slfstem. 

4.2.1 Pilot System Data 

The pilot system \vas operated such that the masimum \ w u u n i  uas applied to the 

extraction weli throuahout the test. The applied well head vacuum \vas measured at 495 

nim Hg at the beginning of the test and decreased steadily ro 414 mm Hg by the end of the 

tesr. The estracted air f lo~v rate ranged from approsimately 0.9 1 to 1.1 O am5/min with an 

average of 1 .O2 arn5/min. The n-el1 head vacuum and estracted air flow rate data for Test 2 

are presented graphically in Figure 1 1. 



The extracted groundwater flow rate data for Test 2 are presented gaphically in 

Figure 12. The extracted groundwater flow rate fluctuated throughout Test 2 with a 

minimum of 4.20 Lpm. observed at 180 minutes, and a ma.imum of 6.97 Lpm observed at 

the end of the test. The estracted groundtvater flow rate decreased steadily from 6.06 

Lpm to 4.20 Lprn for the initial 180 minutes of Test 2: at Lvhich point it began to min 

heavily. Beyond 180 minutes, the extracted groundn-ater flow rate increased steadily to 

6.97 Lpm. Overall the average extracted ground~vater flotv rate was calculated to be 5-75 

Lpm. 

Effluent combustible vapour and oxygen concentrations are presented graphically in 

Figure 13. Effluent combustible vapour and osygen concentrations xere measured at the 

sample port located on the discharge stack of the pilot system. The measured combustible 

irapour concentrations indicate that effluent combustible trapours remained in excess of 

1 1-000 pprnv (100% LEL) for the duration of Test 2. The high effluent vapour 

concentrations and relatively high estracted air flow rate indicate that an adequatr 

contaminant mass rerno\fal rate can be achieved tvith a VER system. Estimated mass 

rernoval rates are discussed in Section 6.0. 

The effluent oxygen concentrations indicate that osygen concentrations increased 

steadily from 6.5% at the beginning of the test to 12.3% by the end of the test. Based on 

the increasing effluent osygen concentrations, it appears that ambient air may have been 

entering the subsurface through g r a s  covered areas located near the estraction well. The 

increased osygen concentrations in the subsurface mas enhance the biodegradation of 

petroleum contaminants in the soi1 and groundwater. 



Al1 pilot system data for Test 2 are presented in Table 4. 

4.2.2 Monitoring Point Data 

lnducsd vacuum, headspace combustible vapour concentrations and headspace 

o y g e n  concentrations were measured at the follow-ing seven monitoring points throughout 

the pilot test: MW-8, MW-13. MW-20. MW-7. MW-1 8. MW-14. and M W 4  1. 

Groundwater level fluctuations (drau-doivn) Lvere measured at the foilowing five 

monitoring points throughout the piIot test: R W l .  BH-1. BH-3. BH-3, and MW-1 5 .  The 

results are discussed in the following sections. 

The induced vacuum measurements in each monitoring point are presented 

craphically in Figure 14. The induced vacuum measurements indicate that there \vas no 
C 

vacuum response obsenred at f i \ r e  of the se\.en monitoring points. The highest response 

Las obsenped in monitoring point MW-8 (1 1.4 mm H 2 0 )  located approximately 4m aiva). 

from the extraction \vell. A \acuum response \vas also observed in monitoricg point MW- 

70 (1.3 mm H,O) located approsimately 14.6rn an-ay from the estraction well. 

The rneasured Iiradspace combustible Lapour concentrations indicate that 

combustible vapours rsmained in escess of 1 1 .O00 ppnn- (1 00% LEL) in monitoring points 

MW- 13 and MW- 18 for the duration of the pilot test. Monitoring points which had 

boseline vapour concentrations belon- 100% LEL indicate that the combustible vapour 

concentrations generally increased in the monitoring points throughout Test 2. The 

combustible vapour concentration in MW-8 increased from 5.500 pprn\. prior to the pilot 

test to greater than 1 1.000 ppmv (1 00% LEL) by the end of the test. Based the headspace 

combustible vapour results, the 280-minute VER pilot test \vas not effective in reducing 



the vapour concentrations in the subsurface. 

The headspace osygen concentrations in each monitoring point are presented 

~raphically in Figure 16. The oq-gen concentrations decreased in al1 the monitoring points 
t 

tliroughout the course of Test 2. The greatest decrease in headspace osygen concentration 

n-as observed in MW-1 1 (-70%). The decrease in oxygen concentrations ma? be 

attributable to a lack of sufficient ambient air recharge. 

AI1 monitoring point data for Test 2 related to the induced vacuum. headspace 

con~bustible vapour concentrations and headspace osygen concentrations are presented in 

Table 5. 

The induced vacuum response data \vas graphed versus the distance from the 

extraction u-el1 to the monitoring points. The graph is presented in Figure 17. A linear 

regression anaiysis [vas not performed on this data due to a lack of correlation. The 

purpose of perforniing a regression analysis is to determine the appropriate spacing of 

additional extraction u-ells based on an estimated radius of vapour influence. Since 

regression data tvas not available, a consen-ative radius of vapour influence of 13.7 metres 

\vas estimated based on field obsen~ations and esperience at sirniIar sites. 

The groundrvater fluctuation data (drau-dmvn) indicate that a significant drawdo\\-n 

\vas o b c e n ~ d  at the monitoring points. The greatest drau-do~5-n was obsewed in 

monitoring point RW-1 (1,ljOmm) located approsimately 3.511 a\vay from the extraction 

well. The least dra\vdoivn was obsened in monitoring point MW- 15 (97mm) located 

approsimately I l .  1 m an-ay from the extraction well. The dra\vdo\\n data for each 

monitoring point for Test 2 are presented graphically in Figure 18. Al1 drarvdown data 



obtained during Test 2 are presented in Table 6. 

A linear regression analysis kvas performed on the drawdown data collected during 

Test 2 to determine the effective radius of groundw-ater influence for VER frorn a 100-mm 

estraction we11. Specifically. linear regression \vas performed on a semi-logarithrnic plot of 

the maximum drawdown observed at each monitoring point at the end of the pilot test 

versus the distance from the extraction well to the monitoring points. The purpose for the 

analysis \vas to determine the appropriate spacing of additional extraction wells. The linear 

regression data are presented graphically in Figure 18. 

From Figure 18, the point at which the regressed line intersects a drawdo~m of O 

feet (the s-asis) is considered the masimum radius of groundwater influence for VER. 

Based on the VER pilot test results, the linear regression data. and esperience at sirnilar 

sires' an effective radius of groundwater influence of 24.41-n for eacli 100-mm extraction 

well can be espected at an operating vacuum of 411 mm Hg with an extraction 

groundwater flow rate of approsimately 5.57 Lpm. 



5 MASS REMOVAL ESTMATES 

Estracted groundwater and vapour samples were collected during the pilot study in 

order to determine the following information: (1) potential groundwater treatment options; 

(2) potential groundwater discharge points; (3) vapour treatment options (if required): and 

(4) contaminant mass rernoval rates. 

The following paragraphs present the calculations and analytical results employcd 

to estimate the mass removal rates for both the vapour and liquid phase effluent streams. 

Results from Test 1 and Test 2 are compared to determine whether a greater mass removal 

rate is achieved by extracting from a 50-mm or a 100-mm diarneter estraction weI1. 

5.1 Vapour Phase Rlass Removal Rate 

A grab sampie of the estracted vapour \vas collected during estraction from MW-8 

to estimate the mass removal rate of petroleum hydrocarbon contamination in the form of 

vapour. The vapour sample \vas collected \vhite the VER pilot system was operatincg at a 

rnasinium flo\v rate of 0.68 am'lmin. The sample \vas collected in a 5-litre Tedlar bag from 

the sampling port located on the discharge stack of the pilot system. The sampie in the 

Tedlar bag was then separately draun across three pairs of carbon tubes using a calibrated 

S KC Aircheck persona1 smpling pump. Each pair of tubes was set up in series with the 

first tube don-nstream of the Tedlar bag designated as the front sample and the second tube 

as the back sample. The three pairs of tubes had a flou- rate of approsimately 156.1 

mL/min (milliiitres per minute) of sample drann across them for periods of 3. IO and 20 

minutes. respectively. T e  ten minute sarnple, designated as VER-FI O, VER-B 10 \vas 



submitted to Clayton Laboratory Services of Novi, Michigan. The carbon tube samples 

were analyzed for benzene. toluene, ethylbenzene, and sylenes (BTEX) using NIOSH 

iMethod 150 1 and total petroleum hjrdrocarbons (TPH) using NIOSH Method 1550. The 

vapour analytical results for BTEX and TPH are summarized in Table 7. 

The analytical results for the carbon tube sarnples are reported in units of mas .  pg 

(micrograms). These mass units n-ere calculated into mass concentrations, pfl, 

{micrograms per litre) using the following equation: 

Vapour phase concentration of the compound in p-fi 

Vapour phase mass of the compound in pg deterrnined bj- analysis of carbon 

tube sample 

Sampling time in minutes 

Sample pump flow rate in mL/min. (1  56.1 mL/min.) 

Conversion of mL to L 

These concentrations u-ere then converted into mass removal rates using: 

- 
M,. = C, x Q,. x 1.44 x IO-) 

ivhere: 

- 
AT ,. = Vapour phase mass remoïal rate of the compound in kilogrms per da' 



(Wday) 

0,. = Extracted vapour flow rate in arn3/min 

1.43 s 1 O-' = Conversion to kgday 

Based on the vapour phase mass removal rates calculated using the analytical rssults 

and the equations given above, an initial vapour phase mass removal rate of 1 13 kg/day of  

total petroleum hydrocarbons is estimated per 50-mm extraction well and 179 kdday per 

i 00-mm estraction weli. This rate is expected to decrease significantly as the remediation 

progresses. Calculatsd vapour phase concentrations are presented in Table 7. 

5.2 Liquid Phase Mass Removal Rate 

A grab sample of the estracted goundivater \vas collected during extraction from 

M W 8  to estimate the mass removal rate of petroleum hydrocarbon contamination in the 

form of  liquid and to evaluate potential groundn-ater treatment alternatives. The sample 

\vas collected at 240 minutes into Test 1 from the discharge hose of the pilot system. The 

sample was placed in three 40-mL glass vials. five 1-L arnber glass bottles. two 500-mL 

plastic jars, one 250-mL plastic jarr turo 125-mL plastic jars. and two 100-mL glass bottles. 

The sample \vas stored on ice and shipped to Phillip Analytical Services Corporation of 

Mississauga. Ontario. for analysis of BTEX? trichloroethylene (TCE). methyl tert-butyl 

etlier (MTBE). TPH: metals, mercury. phenols. biolo_gical osygen demand (BOD). total 

suspended solids (TSS). pH, oil and grease. total oil and grease. nutrients. flashpoint. and 

microtosicity. All samples were analyzed pursuant to the municipal sanitary sewer use 

bylaw. For the purposes of this report, only the analflical results for BTEXI MTBE and 

TPH are discussed. The analytical results for BTEX, MTBE and TPH are summarïzed in 



Table 8. 

The analytical results for the extracted groundwater samples were reported in units of 

concentration, pg/L. The concentration values and extracted groundwater flow rates were 

used to calculate the liquid phase m a s  removal rate by applying the following equation: 

- 
M, = C, x Q, x 1.44 x 1 0 - ~  (5.3) 

Liquid phase mass removal rate of the compound. kgday 

Liquid phase concentration of the compound, pYg/L. 

Extracted groundwater flow rate. Lpm 

Conversion to kglday 

Based on the analytical results and the equation given above, an initial liquid phase 

nlass removal rate of 0.07 kg/day is estimated per 50-mm estraction well and 0.15 kdday 

per 100-mm extraction well. This rate is espected to decrease significantly as the 

remediation pro, oresses. 

5.3 Total Mass Removal Ratc . 

The total (vapour phase and liquid phase) mass removal rates for Test 1 and Test 2 

were estimated by performing a mass balance calculation for the vapour and liquid effluent 

streams. The mass balance \vas performed by adding the mass removal rates calculated for 

the vapour phase and liquid phase for each test. 

Based on the mass balance calculations, a total mass removal rate of 1 13 Ibdday is 

estimated for each 50-mm extraction well and 179 kg/day for each 100-mm extraction 
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well. The total mass removal rate estimates indicate that approximately 99.9% of the 

contaminant mass removed is in the form of vapour. This is  pica al of bioslurping systems 

operating at gasoIine contaminated sites due to the fact that a hi& degree of turbulence 

during the vacuum enhanced extraction process results in the volatilization of the 

petroleurn hq-drocarbons present in the groundwater. These rnass rernoval rates, however, 

do not account for any enhanced biodegradation of the petroleum hydrocarbons caused by 

the VER systern. The rnass removal calculations are presented in Table 9. 



6 CONCEPTUAL DESIGN OF VER SYSTEM 

6.1 Design Summary 

The proposed remediation system for this site was selected based on the abiIity of the 

technology to significantly reduce ùie concentrations of adsorbed phase, free phase. 

dissolved phase and vapour phase petroleurn hydrocarbon contamination at the site. The 

effecti~re clean-up duration and cost effectiveness of the proposed system have been taken 

into consideration. 

The system \vil1 utilize eight extraction wells. Each well \vil1 be plurnbed individually 

from manifolds located in the equipment building. The locations and nurnber of extraction 

wells to be employed for the bioslurping system are determined by analysis of the pilot 

study data and consideration of the following objectives: 

The radii of influence for both the groundlvater and soi1 vapour extraction must 

enveIope the zone of contamination to a reasonable extent. 

Due to the heterogeneous geology of the contarninated area. additional extraction 

xells must be installed to address any petroleum constituents that nmy be trapped in 

fractures and intermittent sand layers. 

The system must be designed to maximize operating flesibility to optimize 

performance and minimize clean-up time. 

A schematic of the VER system is presented in Figure 19. The locations of the 

extraction wells and the zones of groundwater and vapour influence are presented in Figure 

20. The components of the system are summarized as follows: 



Extraction Svstem 

Eight extraction wells 

Vapour/liquid separator tank 

Oil-seaIed liquid ring vacuum pump (LRVP) 

Transfer pumps and tanks 

Pressure. temperature. and flow controls and gauges 

Water Treatment 

Oilhvater separator tank 

Transfer pumps 

Low profile air stripper 

Based on the pilot study results. an effective radius of vapour influence of lX7m for 

eacli 100-mm diameter extraction ~vell can be espected at an operating vacuum of444 mm 

Hg with an air flow rate of 1.08 am3/min. Also. an effective radius of groundwater 

influence of 24.41-11 for each 100-mm diarneter estraction Lvell. completed to a depth of 

7.6rnbgs. can be expected at an estncted groundwater flo\v rate of 5.7 Lpni. The 

predicted areas of influence for vapour and ground~vater are presented in Figure ?O. 

The proposed extraction system will be designed to process a minimum of 8.60 

am3/min of soi1 vapour and a ma.imum of j7 Lpm of groundwater simultaneously from the 

eight extraction points at an operating vacuum of 457 mm Hg. A mixed Stream of 

groundwater and soi1 vapour will be pumped into the vapour/liquid separator. Separated 

liquid \vil1 be pumped from the \.apour/liquid seprator tank to the oilhvater separator tank 

. Product from the oilhvater separator will be collected in a 205-litre dmm as required. 



The remaining water will be transferred to a low profile air stripper. The low profile air 

stripper will reduce the influent water petroleum hydrocarbon concentration by 

approsimately 90%. The treated goundu-ater will be discharged to the site sanitary sewer 

pursuant to a Sewer Discharge Permit. 

The vapours from the vapourAiquid separator witl vent from the top of the unit and 

pass through the Iiquid ring vacuum pump and the vapoudoil separator tank. No vapour 

treatrnent for this type of system is required in the province of Alberta. In order to 

minimize any potential public health or safety concerns related to the discharge of 

petroleum vapours. the discharge rate will be manually controlled to reduce the emissions 

to an acceptable level. The discharge stack will be designed such that dispersion is 

rnasimized. and that the most likely point of impingement is furthest from the most 

sensitive receptor. 

The vapour eshaust stream will be discharged through a 1 50-mm diameter stack 

extending approsimately eight feet above the top of the system building. The stack wiI1 

terminate beneath the convenience store roof to eliminate the potential for vapours to enter 

ihe store building through roof-mounted ventilation systems. The top of the discharge 

stack will have a ninety degree elbow in order to direct the vapour stream awaay from the 

residential area. 

Although treatment of vapours is not required in this particular jurisdiction- it is 

required in most parts of the North Amerka and. therefore. typically requires design 

consideration. Se\.eral options exist for treating vapour discharges for these types of 

remediation systems. Treatment options include thermal osidation. catalj'tic oxidation. 



carbon adsorption, biotreatment and reinjection. The type of vapour treatment system 

employed will depend on the m a s  or concentrations of contaminants being treated, the air 

flow volume and the discharge criteria. 

6.2 Mass Removal Estimates 

Based on the results of the VER pilot study, an initial vapour phase mass removal 

rate of 179 kg/day is estimated for each 100-mm extraction well and an initial liquid phase 

niass removal rate of O. 15 kg/day is estimated for each 100-mm extraction well. Therefore 

the total espected mass rernoval rate is espected to be 179.2 kgday for each 100-mm 

extraction well. Given that the proposed system utilizes eight extraction wells. the total 

mass removal rate is expected to be approxirnately 1,430 kglday. This rate is expected to 

decrease signi ficantly as the remediation progresses. 

6.3 System Components 

6.3.1 Recovery Wells 

Groundwater and soi1 vapour \\.il1 be estracted from eight recovev \vel ls desipnated 

as RW-1 through RW-8 at the proposed locations identified in Figure 20. 

The proposed recovery wells ail1 estend to a depth of approsimately 7.6 mbgs. The 

screen intenral will be from 3 to 7.6 mbgs, straddling the water table and extending 

througliout the zone of contamination in both the saturated and unsaturated zones. The 

recoveq- u-el1 screens will be constructed of 100-mm diameter. Schedule 40 PVC pipe 

machine sloned to 0.254mm. Clean graded sand will be placed around each well screen UP 

to a minimum of 3OOmm above the top of the screen. A bentonite slu- will be placed 

abo\-e the sand pack to a depth of 1 mbgs to seal the borehole annulus. The remaining 



borehole m u l u s  Al1 be filled with concrete to 0.6 mbgs. Each well ni11 be equipped with 

a Iock-in cap and a steel vault. Proposed extraction well details are presented in Figure 21. 

6.3.2 Well Head Construction 

The recovery ~velIs \vil1 be secured iaside a steel vault (0.6m by 0.6m by 0.6m). The 

steel vault will be installed 6mm above grade and secured by concrete. The concrete will 

be sioped towards the esisting grade to prevent \vater accumulation near the extraction 

well. The steel vault will be trafic-bearing. Well head construction details are presented 

in Figure 21. 

6.3.3 Liquid Ring Vacuum Pump 

Pump performance cunres were revie~ved to determine the size of the liquid ring 

\.acuurn pump that would provide the required air flou- rate at the estimated operating 

vacuum. The results of the review indicated that a 30-horsepower (hp) oil-sealed LRVP 

ivill be required to extract groundn-ater from the eight extraction wells. The 30-hp LRVP 

is capable of pumping both vapours and groundwater n-ith an air flow capacity of 

approsimately 10.75 am2/min at a vacuum of 157 mm Hg. Seal oil cornes into direct 

contact ~vith process fluid (groundtvater and vapours). The seal oil is cooled in order to 

maintain proper operating conditions. 

6.3.4 VapourILiquid Separator 

Liquid and subsurface vapours $vil l be extracted simul taneously from the recovery 

iipells using the LRVP. The liquid Stream uill be tangentially separated from the vapour 

Stream in the vapoudliquid separator. The separator vesse1 will be sized to provide 

adequate separation up to the maximum vapour/liquid flow rate developed by the LRVP. 



The separator vessel will be of carbon steel construction with a removable head for intemal 

inspection of the tank. A demisting pack will be installed on the vapour discharge port of 

the vessel. further enhancing its ability to remove entrained liquids from the vapour stream. 

The vapour/liquid separator u+ill be designed to remove 99.5% of droplets from the 

incoming t.apour/liquid Stream. The vessel will be equipped with a sight tube to observe 

the collection of  liquids and ultrasonic level controls that allow the PLC to actuate a 

transfer pump for discharging of liquids to the nater treatment module of  the system. 

6.3.5 Recovered Liquids Transfer Pump 

Recovered liquids will be transferred from the vapour/liquid separator to the water 

treatment module by a 1 .O hp-esplosion proof. progressive cavity pump. The pump will be 

chemically compatible with petroleum hydrocarbons and be able to transfer liquids from the 

vapour/liquid separator while the LRVP is in operation. 

6.3-6 OiVWater Separator 

The oi1h.ater separator will be designed to process up to 57 Lpm of  liquids 

discliarged from the vapoudliquid separator. This \-essel will be designed to separate non 

ernulsified hydrocarbon product from the liquid stream. with a separaiion efficiency of  99% 

for oil droplets greater than 40 microns in diameter. The vessel will be constructed of 

eposy coated mild steel and will contain a PVC coalescing pack for suspended solids 

control and enhanced separation of free oil. Reco\-ered product will be manually skimmed 

and collected in a 705-litre steel drum as required. Ultrasonic le\.el switches will be 

installed in the oil/\vater collection chamber to allow control of the transfer pump and to 

warn of a high level alarm. 



6.3.7 Low Profile Air Stripper 

Effluent water will be pumped from the oivwater separator to a low profile air 

stripper by a M-hp centrifuga1 purnp. Al1 transfer pumps utilized for the bioslurping 

system will be petroleum hydrocarbon compatible. The loiv profile air stripper wiil be 

designed to remove approsimately 90% of the petroleum hydrocarbons in the e'ttracted 

groundwater. The treatment efficiency of the air stripper is based on model mns 

conducted by the manufacturer. Mode1 runs are conducted for an increasing number of air 

stripper "trays" until the desired efficienq- is achieved or surpassed. Based in the results of 

the model runs. the air stripper will consist of three. stainless steel trays. a 1 -5-hp esplosion 

proof- regenerative blower to supply the stripping air, ultrasonic lsvel switches to activate 

alarm situations. influent and effluent sample ports. a flow meter. a pressure gauge. a 

pressure sensor. and a sump site tube. A 34-hp centrifuga1 discharge punlp u-il1 transfer 

the treated liquids to the sanitan. sewer. The air stripper \vil1 be cleaned and inaintained on 

a frequency suggested bu the supplier to enhance performance and estend useful life. 

6.3.8 Systern Protection 

The bioslurping SJ-stem will be constructed inside an 3n1 by J.6m by 2.4m liigh 

building. The building uill be a pre-engineered unit brought to the site pre-assembled and 

then mounted on a 4.4m by 5.9m concrete pad. The building \vil1 be u-ired with at least 

one explosion-proof 1 10V light and will include an esplosion-proof eshaust fan and a fresh 

air vent. The building \vil1 also be insulated and uill include an explosion proof heater. 

Since the LRVP \vil1 be located inside the building the atmosphere inside the building will 

be classified as Class II Di\ision 1 according to the Canadian Standards ~ssociation 



(CSA). Explosion proof motors will be utilized inside the equipment building. A non- 

esplosion proof control panel and breaker will be mounted on the outside of the equipment 

building. 

6.3.9 System Controls 

The bioslurping system will be controlled by a programmable logic controller (PLC) 

and one main electric control panel. The PLC and electric control panel \vil1 be located in a 

nonhazardous area outside of the equipment building. A licensed electrical contractor will 

adhere to al1 applicable Federal. Provincial and local codes during the electrical installation. 

System controls are illustrated in Figure 19 and are surnrnarized as follows: 

High-high level control snitch in the \-apoudliquid separator will shut down the 

system: 

High level control switch in the vapour/liquid separator will activate the recovered 

1 iquids trans fer pump (TP- I ) J 

Lo~v level control suitch in the vapour/liquid separator u i l l  deactivate the recovered 

liquids transfer pump (TP- 1 ); 

Lo~v-low level control switch in the vapour/liquid separator \vil1 shut down the 

system; 

High-high temperature control sivitch in the seal oil recirculation line will shut d o m  

the system; 

High-high level control switch in the \-apoudoil separator \vil1 shut down the system; 

Lo\v level control switch in the vapour/oil separator \vil1 shut down the system: 

High-High level control switch in the oil/water separator will shut down the system; 



High level control switch in the oilhvater separator will activate the liquids transfer 

pump (TP-2) to the air stripper: 

Low level control switch in the oilhvater separator \vil1 deactivate the liquids transfer 

pump (TP-2) to the air stripper; 

High air pressure control sensodswitch on the stripper blower \vil1 shut do \n  the 

bioslurping system; 

High-high level control su-itch in the air stripper sump will shut dou-n the bioslurping 

system: 

High level control switch in the air stripper sump will activate the final discharge 

pump (TP-3); 

LOU- level control switch in the air stripper sump will deactivate the final discharge 

pump (TP-3); 

Lo~v-low level control switch in the air stripper sump \vil1 shut down the bioslurping 

system: 

High/lou- temperature switch uithin the building \vil1 shut down the system. 

Remote telemetry \\-il1 be integrated into the remediation system ?O interface with the 

system instrumentation and motor controls. Telemetry will enable remote monitoring and 

control of various system components via an auto-dialer system. The auto-dialer will 

no t ic  the operator during an alarrn situation. 

6.4 Mechanical and Electrical 

6.4.1 Piping 

Al1 piping within the bioslurping system building \vil1 be Schedule 40 steel with 



threaded or butt welded connections. Subsurface piping will be 50-mm or 25-mm 

diameter? Schedule 80 PVC with al1 connections thoroughly cemented to form air-tight 

seals. Petroleum-resistant. high vacuum, 1-inch diameter hose \vil1 estend €rom the end of 

the subsurface piping located in the extraction \el1 vault to a depth of approximately 7.2 

rnbgs insids the extraction well. Above ground system piping located within the 

compound, \vil1 be 50-mm diameter, Schedule 80 PVC. A 25-mm diameter, Schedule SO 

PVC discharge pipe will cas.  treated groundwater to the Store 22106  sanitary sewer. 

6.4.2 Fittings and Valves 

Schedule 40 steel fittings, and steel and brass valves will be used kvithin the systsm 

building. Schedule 40 and Schedule 80 PVC fittings will be used to connect well head 

assemblies, conduits, and al1 extraction piping outside of the systsm building. 

6.4.3 Electrical 

Electrical wiring within the system building \vil1 be CSA certified as Class 1, Division 

1.  hazardous location installations and wilI be completsd in accordance with the any 

applicable Federal, Provincial or local codes. Equipment installed in the treatment system 

building will be CSA and Undenvriters Laboratories (UL) listed and approved. The VER 

system shall be inspected and certified by a Calgary Electric System inspecter upon 

installation. Equipment located inside the building shall be NEMA 7 (Class 1. Group A. B. 

C or D hazardous locations - indoor) approved. The control panel shall be mountrd 

outside the building. in a nonhazardous location, and be NEMA 3 (outdoor - 

weatherproo f) approved. 



7 CONCLUSION 

VER technology is a practical remediation alternative at sites that have been 

irnpacted by petroleum hydrocarbons. The technolog simultaneously addresses al1 forn~s 

of petroleum contamination (free phase. adsorbed phase. dissol\-ed phase. and vapour 

phase) and is applicable in low transmissivi~ formations where traditional pump and treat 

methods are ineffective. Since there are limitations to VER technology. a thorough 

understanding of the site and a uell planned and properly conducted pilot study are 

required to determine the efficiency of the technology and optimize system design. 

Based on the literature review. VER is a relatively nevi subject in the field of 

remediation engineering. The earliest references date back to 1986 with the rnajority of the 

references dated more recent than 1992. This indicates that this is a relatively new field 

and additional research is required. Specific areas of research should focus on methods to 

lirnit the iincertainty in design due to site-specific heterogeneities. less onerous methods of 

applying numerical modeling to simulate multi-phase flou- in the subsurface. and additional 

case studies to improve pilot study protocor and VER system design. 

A case study is presented discussing pilot study activities and results. The results of 

the pilot study \vere subsequently employed to design a full scale VER system. Although 

the performance of the VER system is not discussed herein. it should be noted that specific 

protocoIs do esist for monitoring the system over time to ensure that the clean-up 

objectives are being met and tliat the predictions of the pilot study are being validated. 

System performance monitoring is also an area ~vhere additional research is required. 



In conclusion, VER technology is being applied at more contaminated sites in North 

America everyday. Although the technology is based on a relatively simple premise, it has 

facilitated the remediation of contaminated sites that may have othenvise been too costly 

or technically irnpractical to clean up. As additional research is conducted, environmental 

engineers will attain the knowledge to design more efficient and cost effective systems. 

Eventually? continued research and developrnent in the tields of rernediation and prevention 

will provide the public with a cleaner, safer environment. 
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TABLES 



Tnble I 

VER Pilot Systciii Data 
TEST I 

Extrnctian from Wcll MW-8 (50-nini diamctcr) 

Wcll Hcad 
Extractcd EMuent Combustiblc Systcm Ertrvctcd Air Extracted Air 

Croundwltcr Time Vclocity Flow Ratc Vapour 
Vacuum Vacuum Flow Rate Concentration' 

1 

(minutes) (mm Hg) (in. Hg) (mis) (am31m in) (LW) ( P P ~ V )  
10 533 559 4.4 0.53 6.50 1 1,000 
45 533 559 4.5 0.55 1.50 1 1,000 
90 533 5 5 9  4.5 0.55 1.40 1 1,000 
130 508 533 5 .O 0.6 1 3.70 1 1,000 
170 SOS 533 5.6 0.68 - 1 1,000 
340 508 533 5.5 0.67 I .JO 1 1,000 
300 52 1 533 5.5 0.67 1 1,000 
400 508 533 5.5 0.67 - 1 1,000 
470 508 533 5.5 0.67 - 1 1,000 

Minimum 508 533 4.4 0.53 I .JO 1 1,000 
Maximuni 533 559 5 .fi 0.68 6.50 1 1,000 

Notes: - 

EMuent Oxyge~ 
Concent ration 

(Vol. Va) 

. .- 

IO. 1 

Coiiibiisiiblc viipoiir coiicciitraiioiis ci~tcrcd iis 1 1,000 ppiii ( 100% 1,131.) rcpresciii iiii cr;cccdericc o f  [tic giis dctecior 
iiiciisiiriiig riiiigc. Alilioiigh ii viiliic of  1 1,000 ppiii wiis iiscd for ditta iiitcrprctatioti piirposcs, tlic iictiiiil coiiibiisiiblc 
viipoiir coiicciitrat ion cscccdcd I I ,000 ppiii. 

il1111 I lg 
ppiiiv 
I..piii 

iiiii31iiiiii 
riils 

Vol. % 
IdEl, 

- Milliriictrcs of  iiicrciiry vaciiiiiii 
- Parts pcr iiillioii by voluiiiç 
- I h c s  pcr iiiiiiiite 
- Aciiiiil ciibic tiicircs pcr iiiilii~ic 
- Mctrcs pcr secorid 
- I'crcciit by voliiiiic 
- I,ower csplosivc liii\ii 
- Mciisiireiiicrit liai tnkcii 



Table 2 

Monitoring Point Data 
TEST I 

Extraction from Well MW-8 ( S m m  diameter) 

Heridspace Headspace Monitoring Time Point 
Induccd Combutibie Vapour Oxygen Radial Distance 
Vacuum Concentration' Concentration 

(minutes) (mm H2O) ( P P ~ V )  (Vol. %) (met res) 
O MW- 13 - 1 1.000 7.1 10.9 
10 MW-13 0.00 - - 10.9 
20 MW-13 0.00 - - 10.9 
30 MW-13 - 1 1.000 8.1 10.9 
50 MW-13 0.00 - - 10.9 
60 MW-13 - 1 1 .O00 8.6 10.9 

I O0 MW- 13 0.00 - - 10.9 
1 I O  MW-13 - 1 1.000 8.1 10.9 
1 40 MW-13 0.00 - - 10.9 
150 MW-13 1 1 .O00 7.3 10.9 
180 MW-13 0.00 - - 10.9 
220 MW-13 - 1 1,000 6.7 10.9 
240 MW-13 0.00 - - 10.9 
300 MW-13 0.00 - 10.9 
3 10 MW-13 - 1 1 .O00 6.2 10.9 
3 70 MW-13. - I 1,000 5.8 10.9 
3 80 MW-13 0.00 - - 10.9 

420 MW-13 1.30 - - 10.9 
440 MW-13 - 1 1 .O00 5.7 10.9 

'/O Change 0% -20% 
O M W-20 - 35 19.9 11.3 

-. 
1 O M W-20 2.50 - - 11.3 
20 M W-20 2.50 - - 11.3 
30 M W-20 - 20 20.7 11.3 
50 M W-20 3.80 - - 11.3 

60 M W-20 - 60 20.9 11.3 
1 O0 M W-20 3 -80 - 11.3 
110 M W-20 - 60 20.9 11.3 
1 40 M W-20 3.80 - - 11.3 

150 M W-20 - 15 20.9 11.3 
180 M W-20 3.80 - - 11.3 

220 MW-20 - 30 20.9 11.3 
240 M W-20 3.80 - - 11.3 

3 O0 M W-20 5.10 - - 11.3 

3 I O  M W-20 - O 20.9 11.3 
3 70 MW-20 - O 20.1 11.3 
3 80 M W-20 5.10 - - 11.3 

420 M W-20 5.1 O - - 11.3 

440 M W-20 - 5 20.9 11.3 
O/O Change -86% 5% 

Zontinued ... 



Tsbk 2 (Continucd) 

Monitoring Point Data 
TEST 1 

Extraction f o m  Well M W 4  (Semm diameter) 

Monitoring Heads pace Headspacc 
Time 

Point lnduc* Combustible Vapour Osygen Radial Distance Vacuum Concentration1 Concentration 
I 

(minutes) (mm Hz0) ( P P ~ V )  (VOL %) (met res) 
O M W-7 - 490 17.4 12.9 
1 O M W-7 0.00 - - 12.9 
20 M W-7 0.00 - - 12.9 
30 M W-7 - 660 15.5 12.9 
50 M W-7 0.00 - - 13.9 
60 M W-7 - 550 17.3 12.9 
100 M w-7 0.00 - - 12.9 
110 M W-7 - 500 17.6 12.9 
1-10 M W-7 0.00 - - 12.9 
150 M W-7 - 5 50 18.0 12.9 
180 iM W-7 0.00 - - 12.9 
220 M W-7 - 550 18.0 12.9 
240 M W-7 0.00 - - 12.9 
3 O0 M W-7 0.00 - - 12.9 
3 10 M W-7 - 460 18.4 12.9 
3 70 M W-7 - 420 18.6 12.9 
3 80 M W-7 0.00 - - 12.9 
420 M W-7 0.00 - - 12.9 
440 iMW-7 - 480 19.0 12.9 

% Change -2% 9% 
O MW-18 - 1 1 .O00 17.7 17.3 
10 MW-18 0.00 - - 17.5 
2 O MW-18 0.00 - - 17.5 
30 MW-18 - 1 1 .O00 17.9 17.5 
50 MW-18 0.00 - - 17.5 
6 O MW-18 - 1 1 .O00 17.6 17.5 
IO0 MW-18 0.00 - - 17.5 
1 I O  MW-18 - I 1 .O00 17.5 17.5 
1 40 MW-18 0.00 - - 17.5 
150 MW-18 - l 1.000 17.1 17.5 
180 MW-IS 0.00 - - 17.5 
220 iMW-18 - 1 1.000 16.9 17.5 
240 MW-18 0.00 - - 17.5 
3 O0 MW-18 0.00 - - 17.5 
3 10 MW-18 - 1 1.000 16.8 17.5 
3 70 MW-18 - 1 1,000 16.6 17.5 
3 80 MW- 18 0.00 + - 17.5 
42 O MW-18 0.00 - - 17.5 
440 MW-18 - 1 1,000 16.7 17.5 

O h  Change 0% -6% 
Continued. .. 



II Table 2 (Continued) 

Monitoring Point Data 
TEST 1 

Extraction from Well MW43 ( S m m  diameter) 

Monitoring Headspact Headspace 
Time Point Induced Combustible Vapour Oxygen Radial Distance 

Vacuum Concentrationt Concentration 
I 

(minutes) (mm H20) ( P P ~ V )  (Vol. %) (metres) 

10 MW-14 0.00 - - 24.1 
2 O MW- 14 0.00 - - 23.1 
30 MW-14 - 1 1.000 7 -9 24.1 
50 MW-14 0.00 - - 24.1 
6 O MW-14 - 1 1 .O00 7.8 14.1 
1 03 MW-14 0.00 - - 24.1 
I I O  MW-14 - 1 1,000 7.7 24.1 
140 MW-14 0.00 - - 24.1 
150 iMW-14 - 1 1,000 7 -6 23.1 
180 MW-14 0.00 - - 24. I 
220 MW-14 - 1 1.000 7 -3 24.1 
240 MW-14 0.00 - - 24.1 
500 MW-14 0.00 - - 24.1 
3 10 MW-14 - 1 1 .O00 7.1 24.1 
3 70 MW-14 - 1 1.000 7.1 24.1 
380 MW- 14 0.00 - - 24.1 
420 MW-14 0.00 - - 24.1 
440 MW-I 4 - 1 1.000 7 -2 24.1 

O/O Change 1 22% -45% 
O MW-17 - 260 13.1 30.1 

- 
1 O MW-17 0.00 - - 30.2 
2 O MW- 17 0 .O0 - - 30.2 
30 MW-17 - 430 13.4 30.2 
5 O MW-17 0.00 - - 30.2 
60 MW-17 - 390 13.1 30.2 
1 O0 MW-17 0.00 - 30.2 
110 MW-17 - 2 80 12.8 30.2 
140 MW-17 0.00 - - 30.2 
150 MW-17 - 460 12.2 30.2 
180 MW-17 0.00 - - 30.2 
220 MW-17 - 490 11.8 30.2 
240 MW-17 0.00 - - 30.2 
300 MW-17 0.00 - - 30.2 
3 I O  MW-17 - 520 11.4 30.2 
3 70 MW-17 - 5 10 11.4 30.2 
3 80 MW-17 0.00 - - 30.2 
420 MW-17 0.00 - - 30.2 
440 MW-17 - 550 11.3 30.2 

O h  Change 112% -25% 
Continued ... 



Table 2 (Continuai) 

Monitoring Point Data 
TEST 1 

Extraction from Well MW-8 (50-mm diameter) 

Heads pace Headspace 
Time Monitoring 

Point Induc* Combustible Vapour Oxygen Radial Distance Vacuum Concentration1 Concentration 
(minutes) (mm HzO) ( P P ~  (Vol. %) (met res) 

O MW-I 1 - 4.180 5.4 3 1.9 
MW-1 1 
MW-I 1 
MW-1 I 
MW-I I 
MW-I 1 
MW-1 1 
MW-1 I 
MW-1 I 
MW-1 I 
MW-1 1 
MW-1 1 
MW-! 1 
MW-1 1 
MW-I I 
MW-1 1 
MW-1 1 
MW-1 1 
MW-1 1 

1 
Notes: 

( 1  Combustible vapour concentrations entered as 1 1.000 ppm (1 009'0 LEL) represent an 
esceedence of  the l a s  detector measuring range. Although a value of I 1 .O00 pprn was used 
for data interpretation purposes. the actual combustible vapour concentration esceeded 
1 1 .O00 ppm. 

mm Hz0 - Millimetres of water 
PPmv - Parts per mllion by volume 
LEL - Lower esplosive Iimit 

Vol. % - Percent by volume 
- - Measurement not taken 



Table 3 

Water k v e l  Data 
TEST 1 

Extraction from Wcll MW-8 (50lincb diameter) 

/ /  Timr Monitoring Point Depth to Water Drawdown Radial Distance 

(minutes) (metres) (met-) (met res) 
O R W-2 4.4 1 0.00 4.0 
40 RW-2 4.49 0.08 4 .O 
70 R W-2 4.56 0.15 4.0 
120 RW-2 4.62 021 4.0 
160 RW-2 4.67 0.26 4.0 
230 RW-2 4.72 0.3 1 4.0 
3 25 RW-2 4.80 0.39 4.0 
3 90 RW-2 4.84 0.43 4.0 
460 RW-2 4.87 0.46 4.0 

O h  Change 10.5% 
O RW- 1 4-53 0.00 4.3 

RW- 1 
RW-1 
RW- 1 
RW-I 
RW-1 
RW- I 
RW- I 
RW- I 

O/O Change I 0.4% 
hh 6.9 

4 O BH- l 4-58 0.1 1 6.9 
70 BH- I 1.64 O. 16 6.9 
120 BH- 1 4.68 0.2 1 6.9 
160 BH- I 4.72 0.25 6.9 
230 BH- 1 4.76 0.29 6.9 
325 BH- 1 4-32 0.35 6.9 
390 BH- 1 4.85 0.3 8 6.9 
460 BH- I 4.88 0.4 1 6.9 

O/O Change 9.1% 
O BH-, 4 14.4 
1 O BH-2 4.55 0.03 14.4 
7 O BH-2 4.58 0.06 14.4 
120 BH-2 4.60 0.08 14.4 
160 BH-2 4.62 0.1 1 14.4 
230 B H-2 4.65 0.14 14.3 
325 BH-2 4.69 0.17 14.4 
390 B H-2 4.7 1 0.19 14.4 
460 B H-2 4.73 0.2 1 14.4 

4.7% 
Continued ... 



H Table 3 (Continueâ) 

Water Level Chita 
TEST 1 

Extraction lrom Well MW-8 (Sû-inch diameter) 

11 Tine Monitoring Point Depth to Watcr Drawdown Radial Distance 

(minutes) (metres) (metres) (metres) 
O BH-3 4.12 0.00 16.9 

O h  Change 1 -8% 
O MW-15 3.77 0.00 v % 

MW-15 
MW-15 
MW-15 
iMW- 15 
MW-15 
MW- 15 
MW-15 
MW-15 



VER Pilot Systcni Data 
TEST 2 

Exlrriction fronl Wcll RW-2 (100-mm diamclcr) 

Coiiihiistihlc vilpolir coiicciitriitioiis ciitcrctl i is 1 1,000 ppiii ( 100% I,lil.) rcprcsciii aii cscccdeiicc o f  tlic gas dctccior 
iiiciisiiriiig rniigc. Alîhoiigli a vnliic o f  1 1,000 ppiii wiis iiscd b r  diiiii iriicrprctatioii piirposes, ilic iictiiiil coriibiistiblc 
vi ipi i r  coiicc~ilrat ioii cscccded I I ,000 ppiii. 

iiiiii I lg - Milliiiicircs of iiierciiry vnciiiiiii 
ppiiiv - Parts pcr inllion by voliimc 
Lpiii - I h c s  pw iiiiiiiiic 

aiii3/iiiiii - Aciiiiil cihic iiictrcs pcr ~iiirriite 
1111s - Meircs pcr sccoiid 

Vol, % - I'crcciii by voliiiiie 
1.111, - I m w r  csplosive l i i i i i t  
- - Mcasiirciiiciit 1101 i i ikci~ 



II Table 5 

Monitoring Point ûata 
TEST 2 

Extraction from Well RW-2 (100-mm diameter) 

Headspace Headspace 
Time Monitoring Induced Vacuum Combustible Vapour Oxygcn Radial Distance Point Concentration' Concentration 

(minutes) (mm H2O) ( P P ~  (Vol. %) (metres) 
O M W-8 - 5.500 19.9 4.0 
1 O M W-8 6.35 - - 4.0 

JO M W-8 8.89 4.400 19. I 4.0 
90 M W-8 - 7.260 18.3 4-0 
I O0 M W-8 8.89 - - 4 .O 

180 M W-8 10.16 - - 4.0 

190 M W-8 - 10.890 16.9 4.0 
250 M W-8 1 1.43 - - 4.0 

260 M W-8 - 1 1 .O00 16.0 4.0 
290 M W-8 1 1.43 - - 4.0 

% Change 0% -29-6 

O M W-20 - 5 50 13.4 14.6 

Continued ... 



Table 5 (Contiuned) 

Monitoring Point Data 
TEST 2 

Extraction f o m  Well RW-2 (100-mm diameter) 

Monitoring Headspace Headspace 
Time Point Induced Vacuum Combustible Vapour Oxygen Radial Distance 

Concentra tion' Concentration 
(minutes) (mm H2O) ( P P ~  (Vol. -) (met res) 

O bI W-7 - 990 16.6 14.7 
10 M W-7 0.00 - - 14.7 
1 0  M W-7 0.00 770 1 7 2  14.7 
90 M W-7 - 880 17.2 14.7 
1 O0 M W-7 0.00 - - 11.7 
180 M W-7 0.00 - - 14.7 
190 M W-7 - 990 16.2 14.7 
250 M W-7 0.00 - - 14.7 
260 M W-7 - 1.320 16.0 14.7 
290 M W-7 0.00 - 14.7 

O/O Change 33% -4% 
4 - 1 1 .O00 M .  

1 O MW-18 0.00 - - ZI.0 
10 MW-18 0.00 1 1,000 16.3 2 I .O 
90 MW-18 - 1 1 .O00 16.3 2 1 .O 
1 O0 iMW-18 0.00 - - 21.0 

180 MW- 18 0-00 - - 2 1 .O 
190 MW- 18 - 1 1 .O00 16.2 21.0 
250 MW-18 0.00 - - 2 1 .O 

260 MW-18 - 1 1 .O00 16.2 21.0 
290 MW-18 0.00 - - 21.0 

O h  Change 0% - 194 
4 .. - 44 18.1 23.2 

1 O MW-14 0.00 - - 23.2 

40 MW-14 0.00 7.200 14.8 23-2 
9 0 MW-14 - 3 -960 13.7 23 2 
1 O0 MW- 14 0.00 - - 23.2 

180 MW-14 0.00 - - 23.2 

190 MW-14 - 7.910 11.2 23.2 
250 MW-14 0.00 - - 23.2 

260 MW-14 - 9.900 10.8 23.2 
290 MW-14 0.00 - - 23.2 

O h  Change 2 1 50% -40% 
Zontinued ... 



Table 5 (Contiuned) 

Monitoring Point Data 
TEST 2 

Extraction lrom WeH RW-2 (1 &mm diameter) 

Headspace Headspace 
Time Monitoring Induced Vacuum Combustible Vapour Oxygcn Radial Distance Point Concentration1 Concentration 

(minutes) (mm H2O) (ppmv) (Vol. %) (metres) 
O MW-1 1 - 2,530 6.7 28.5 

MW-I I 
MW-I I 
MW-1 1 
MW-I 1 
MW-I I 
MW-! 1 
MW-1 1 
MW-1 1 
MW-I 1 

100°h -7096 

Notes: 

t 1 )  Combustible vapour concentrations entered as 1 1,000 ppm (100% LEL) represent an 
escerdence of the gas detector rneasuring range. AIthough a value of 1 1 .O00 ppm \vas used 
for data interpretation purposes. the actual combustible vapour concentration esceeded 
I 1 .O00 ppm. 

mm H 2 0  - MilIimetres of water 
PPmv - Parts per mllion by volume 
LEL - Lower esplosive Iimit 

Vol. 0/o - Percent by volume 
y - Measurement not taken 



Table 6 

Water Level Data 
TEST 2 

Extractioa from Well RW-2 (10-mm dhmeter) 

Monitoring Point Depth to Watcr Drawdown Radial Distance 

(minutes) (metres) (metres) (metres) 
RW- I 4.63 0.00 3 -50 
RW- 1 
RW- I 
RW-1 
RW- 1 

BH- 1 
BH- 1 
BH- I 
BH- 1 

O h  Change BH-3 7.80% 
O MW-15 3.84 0.00 -- 37 . 1 0  

50 MW-15 3.86 0.02 22.1 O 
110 MW-15 3 -90 0.06 22.10 
200 MW-15 3.93 0.08 22.1 O 
2 70 MW-15 3.94 O. 10 22.1 O 



Table 7 

VER Pilot Study 
Sumrnary of Extracted Vapour Analytical Results 

Sample Pump 
Mass (Cig)' 

Sample Time 
Sample Parameter Flow Rate Concentration (pg/L)f (min.) (mumin.) 

VER-FIOJ Benzene 
, Toluene 3 -600 1 O 156.10 2.306 
, Ethylbenzene 53 1 O 156.10 3 4 
Xvlenes 1 I O0 1 O 156.10 64 
TPH 160.000 1 O 156.10 102.498 

VER-BIW 0 Benzene < 2-0 
, Toluene < 2.0 1 O 156. 10 NA 
Ethvlbenzene < 2.0 1 O 156.10 NA 

Xylenes 1 O 156.10 < 2.0 NA 
TPH4 20.000 1 O 156.10 12.813 

TOTAL TPH 115.31 1 
Notes: 

( 1 ) Vapour analytical results were presented in unis of mass (micrograms) 
(2) Concetrations were calculated by applying Equation (7) 
(3) Carbon tube vapour samples were analyzed by NIOSH method 150 1 for BTEX and I 550 for TPH 
(4) TPH detection on back carbon tube indicates that breakthrough of TPH occurred during sarnpling. 

N A  - Not appIicable 
<: - Less than 

Pg - Micrograms 
min. - Minutes 

m Ll'm in. - Millilitres per minutes 
p$L - Microgams per litre 
TPH - Total petroleum hydrocarbons 



Table 8 

VER Pilot Study 
Summary of Extracted Croundwater Analytical Results 

1 I 
Sample I Parameter 1 Concentration (pg/L) 

VER-CWI- Benzenc 
, Toluene 

1,310 
1 -430 

,Xvlenes 
MTBE 

1 Total Hydrocarbonsl 1 18.100 
Notes: - 

,Ethylbcn~ne 732 
2.2 17 
959 

TPH 
TEH 

( 1 ) Total hydrocarbons is the sum of TPH and TEH 

15.900 
2.200 

< 
TPH 
TEH 
u/L 

- Less than 
- Total purgeable hydrocarbons (carbon 6 to carbon 1 O range) 
- Total estnctable hydrocarbons (carbon 1 1 to carbon 33 range) 
- Micrograms per litre 



là blc 9 

VER Pilot Study 
Fetroleum Ilyclrocnrboii Muss Hemoval Estimntes 

Vapour l'hase 
50-nwi Extrnciion Well 100-nini Extraction Well 50-mni Extractiaii Wcll 100-iniii Extr~clion \Veil 50-mm 100-mm 

Pilot Systeni Mnss Pilat Syslciii hlass Pilot System hliiss Pilot Systcm Mass Muss Mass 
Conccntrntion 

Parameter Flow Rnie Rcniovnl Flow Rntc Reniovnl Flow Rate Hemovnl Flow Hntc Rcmovvl Reniovd Remaval 
Conctntriltion 

(rldi4 ('ldL) (nni3/niin) (kg/dny)' (nm3/min) (kJdiy)' J I  (k€by) - (Li)nl) ( k d w  ( k t w ~ )  (kglda~) 

Notes: 

( I ) - Vopoiir ptiosc iiinss rciiiowil rnic wns ciilciilatcd by iipplyiiig Ilqiinlioii (5.2) 
(2) - Liqiiid pliilse nias rciiiovnl rate was calciilatcd hy applyitig l3qiia\ioti (5.3) 

aiii3/iiiiii - Acti~ol cilhic iiicircs pcr iiiiiiiiic 
kddny - Kilogrniiis pcr day 
iidi. - hlicrogriiiiis pcr liirc 
Ipi - 1,itrcs pcr iiiiiiiitc 
l 'PI 1 - l'olal pctrolciiiii Iiydrocnrhoiis 

< - l.css tliilii 
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Induced Vacuum vs. Distance 
Test 2 

Approximate radius of vapour 
influence at 1 4m corresponding to 
a vacuum of 2.Mmm H 2 0  

10 15 20 
Distaiice from RW-2 (metres) 

FIGURE 17 



Drawdown vs. Distance 
Test 2 

FIGURE 18 

I 

I 

Radius of groundwaier influence iit 24m . . . 

aAer 280 minutes corresponding to a 

Radial Distance from RW -2 (metres) 

Field Data Exponetial Fit I 



- Manifold will indude 8 legs 
(one. leg fmn each extracbon well) 

Each îeg shall indude a knife valve, 
a vacuum gauge and a 1 -ft. sadion 
of trans arent pipe located inside 
he ens&sun 

Wotike- 
(lormm.-) Liquid Ring 

VacwmPump 1 

St 
Circule 





jqriid Ring 
cuum P U ~ D  (n7 

I I I  

Seal Oil 
Circulation Pump 

Sanitmy 
Sewer 

1) Remediaüon equipment mounted in a 10' x 15' x 
8' high building. 

2) Elecaicsl: t20/208V, 3 ph.. 200 amp (min.). 80 Hz 
3) 8uilding utilities: lighting, (2) 2 kW heaters, exhnust 

fan. 
4) Treaîed groundwafer d'kchtuge to san- sewer. 

LEGEND: 

VI = Vacuum lndicator 
ei = Pressure lndicator 
FI = F k w  Indi tor  
LSHH = Level Switch High-High 
LSH = Level Switch High 
LSL = LeJelSwiOEhLow 

. LSLL = Level Swidch Law-Low 
FSU = F~OW Switch Law-Low 
TSHH = Temperature Swkh High-High 

TI ., = Temperature inid-btar 
U = Level lndicator 
PSH = Pressure Switch High 
FQl = Flow Quantity Inidicator 

Bioslurping System Schematic 
Diagnm 





AVENUE 
- 





LEGEND: 

@ Monitoring Weil 

Pledictd Amas of Groundwater 
and Vapour In(linnc@ 









EXTRACTION W E U  VAULT 
PLAN VlEW 

EXTRACTION W F U  VAULT DETAIL 

NOTES: 

1) ~ e a t  bgang and insulaîion shall 
extend into the wdl vautts to protect 
the exposed section of the vacuum 
hose from freezing. 






