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Foreword

[SO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out through
ISO technical committees. Each member body interested in a subject for which a technical committee
has been established has the right to be represented on that committee. International organizations,
governmental and non-governmental, in liaison with ISO, also take part in the work. ISO collaborates closely
with the International Electrotechnical Commission (IEC) on all matters of electrotechnical standardization.

The procedures used to develop this document and those intended for its further maintenance are described
in the ISO/IEC Directives, Part 1. In particular, the different approval criteria needed for the different types
of ISO document should be noted. This document was drafted in accordance with the editorial rules of the
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Introduction

In the context of contaminated land, if unacceptable risks associated with a site are identified following a
risk assessment and should be managed, remedial actions are required to prevent, minimise, remedy or
mitigate the effects of the unacceptable risks. The choice, implementation and verification of remediation

techniques

require detailed site characterization and risk assessment.

A remediation strategy should be set up encompassing these actions by implementing technical and
organisational actions on contaminant source(s), transport and exposure pathways and/or receptors,
aiming to control the unacceptable impacts and associated risks that have been established following
the investigations and risk assessment. Amongst these actions are the implementation of individual, or
combinations of, remediation techniques aiming to address contaminants that can be present within the

soil, water,

This docu
individual
demand fo
the risks f1

It is intend
remediatio
options ap

q

J

NOTE 1
facilities bu
permanent

NOTE2 1
reflectall k

NOTE3 |

contaminants or to improve the effectiveness of other methods (e.g. electrokinetic enhanced bioremed

phytoremed

soll gas or ambient air, including non-aqueous phase liquids (NAPL).

ment provides requirements and guidance on key aspects for effective implemg
or combinations of in situ and on-site remediation techniques. It was develeped in 1
 minimum specifications for the selection and verification of remediation strategies
om contaminated sites.

ed to inform practitioners and stakeholders about the main characteristics of comy
n techniques. It can also help practitioners to select technically«féasible approaches
braisal phase, based on the state of the art of remediation technelogies.

ome of the on-site techniques presented in the document canyalso be used within off-sit
t the latter are not covered (e.g. this document covers incineration on-site, but not incin
bff-site installation).

'here is a continuous development of remediation techniques. It is possible that this documg
howledge that is gained as techniques are improved.

Not all available techniques are covered. Thosélnot covered include: electrokinetic method

iation.

ntation of
esponse to
to manage

honly used
within the

P treatment
pration at a

nt does not

5 to remove
iation), and

© IS0 2024 - All rights reserved
ix


https://standardsiso.com/api/?name=5fe4fd8163a926a5fcc31403368b4574



https://standardsiso.com/api/?name=5fe4fd8163a926a5fcc31403368b4574

International Standard

ISO 24212

:2024(en)

Remediation techniques applied at contaminated sites

1 Scope

This document provides requirements and guidance on key aspects of remediation techniques. It describes
the principles, main characteristics, advantages and limitations to be considered in the selection within an
option appraisal of individual or combinations of in situ and on-site remediation techniques, including:

— thety

curren
local lg

This docuy

air or groyundwater are contaminated. It identifies which phase/matrix cambe targeted by a

e.g. fluid (

This documnent also provides information on hazards that can be associated with the implem

remediatio
This docun
an exh|

guidar
“pyrot

guidar

a fram|
contex

2 Norm

There are po normative referénces in this document.

3 Term

For the pui
ISO and IE

e of contaminants to be dealt with;
t and/or intended site use;
gal, policy, socio-economic and environmental contexts.

hent is applicable to the remediation of contaminated sites, i.e. where 'soil, or soil g4
broundwater, gas, non-aqueous phase liquid) or solid, and whi¢h tontaminant it can
n.

hent does not provide:

Qustive list of remediation techniques;

ce on sites contaminated with radioactivevsubstances, pathogenic or infectious
echnic devices” (e.g. unexploded ordnance$);

ce on ex situ techniques that are set up.off-site;

ework that covers all individual-sittiations, or prescribes which technique(s) to use il
t.

ative references

s and definitions
poses.ofithis document, the following terms and definitions apply.

[ niaintain terminology databases for use in standardization at the following addresse

1S, ambient
technique,
applied to.
entation of

agents, or

h a specific

2]

— ISO Online browsing platform: available at https://www.iso.org/obp

31

IEC Electropedia: available at https://www.electropedia.org/

contaminant linkage
presence and relationship established between contaminants, preferential pathways and receptors

© IS0 2024 - All rights reserved
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engineering-based technique
civil engineering technique (e.g. excavation, containment, hydraulic control) used to remove the contaminant
source or soil material or to modify pathways without necessarily removing, destroying, or modifying the source

Note 1 to entry: Some of these techniques can be considered when implementing protective measures.

[SOURCE: ISO 11074:2015, 6.2.1, modified — in the term, “methods” has been changed to “technique”; Note 1
to entry has been added.]

3.3

environmental medium
soil, underlying material, sediments, surface water, groundwater, soil gas, and ambient air that can contain

contamina
[SOURCE: 1

3.4
ex situ tre|
treatment{

[SOURCE: |
“technique

3.5
hazard
property d
pollution

[SOURCE: I

3.6
in situ tre
treatment

Note1toe
to the subsy

[SOURCE: |
“technique|

3.7
off-site trd
treatment

[SOURCE: I

3.8
on-site trq

JLN
SO 21365:2019, 3.4, modified — “ambient” has been added before “air”.]
atment technique

echnique applied to medium to be treated (e.g. soil, groundwater) after extraction from

SO 11074:2015, 6.2.2, modified — in the term and the definition, ‘method” has been 1
l.]

f a substance or material or situation that in particular circumstances can lead t

SO 11074:2015 5.2.15]

htment technique
echnique applied to medium to be treated:(e.g. soil, groundwater) without extraction from

Jtry: The remediation installation is-built on-site and the treatment of the contaminants is app

rface.

SO 11074:2015, 6.2.3, modified — in the term and the definition, “method” has been 1
"> Note 1 to entry has beén-added.]

atment
hpplied away from the site to be remediated

SO 11074:2015, 6.2.4]

atment

treatment

the ground

eplaced by

o harm or

the ground

ied directly

eplaced by

hpplied on the site being remediated

Note 1 to entry: In the case of contaminated ground, treatment is applied after extraction of environmental medium
(3.3) material from the ground.

[SOURCE: I
39

SO 11074:2015, 6.2.5, modified — Note 1 to entry has been added.]

remediation
process of dealing with contaminated soil, groundwater, or site to eliminate, reduce or control risks (3.12) to
human health or the environment

Note 1 to entry: A remediation can rely on an individual remediation technique or a combination of remediation

techniques.

© IS0 2024 - All rights reserved
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[SOURCE: ISO 11074:2015, 6.1.17, modified — “reduce” has been added after “to eliminate”; Note 1 to entry
has been added.]

3.10

remediation strategy

remedial d

esign

one or more remediation (3.9) technologies and associated works that meets specified contamination-related
risk (3.12) reduction objectives

Note 1 to entry: The choice of methods can be constrained by a variety of site-specific factors such as topography,
geology, hydrogeology, underground services, propensity to flood and climate.

[SOURCE: ISO 18504:2017, 3.5, modified — the admitted term “remedial design” and Note 1 to entry have

been addeq

3.11

sustainab
eliminatio
the enviro

[SOURCE: I

3.12
risk
combinatid
consequen

[SOURCE: I

3.13
unaccepta
level of rish

1
l.J

e remediation
, reduction and/or control of unacceptable risks in a safe and timely mannerwhilst
mental, social and economic value of the work

SO 18504:2017, 3.10, modified — “reduction” was added after “elimimation”.]

n of the probability or frequency of occurrence of a defined-h@zard (3.5) and the magn
res of the occurrence

SO 11074:2015, 5.2.24]

ble risk
 (3.12) that requires remediation (3.9)

Note 1 to entry: The level of risk may be evaluated by egmparison to a relevant numeric threshold or by be

against a n
different lay

[SOURCE: ]

4 Abbr

BTEX
CoD
DNAPL
DPLE

hrrative definition. Different levels of risk are deemed unacceptable in different countries
vs within a country.

SO 11074:2015/Amd 1:2020,+6.5.10]

bviated terms

benzene toluenéethylbenzene xylene-isomers
chemical oxygen demand
densenon-aqueous phase liquid

dual'‘pump liquid extraction

optimising

tude of the

hchmarking
or even by

ECH
EHS
EISB
ENA
FAG
GAC

electric conduction heating
environment health and safety
enhanced in situ bioremediation
enhanced natural attenuation
funnel and gate

granular activated carbon

© IS0 2024 - All rights reserved
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HDPE high density polyethylene

HRC® hydrogen release compound
ISC in situ combustion

ISCO in situ chemical oxidation
ISCR in situ chemical reduction
ISTD in situ thermal desorption
ISTR in situ thermal remediation
LCA life cycle assessment

LNAPL  [light non-aqueous phase liquid
MNA monitored natural attenuation
MPE multi phase extraction

MTBE methyl ter-butylether

NOD natural oxidant demand
NSZD natural source zone depletion
ORC® oxygen release compound
ORP oxydation reduction potential
P&T pump-and-treat

PAH polyaromatic hydrocarbon

PBDD polybrominated dibenzo-p-dioxin

PBDF polybrominated dibenzo furan

PCDD polychlorodibenzodioxines

PCDF polychlorodibenzofuranes

PCBs polychlorobiphenyls

PCE perchloroethylene or tetrachloroethylene

PFAS per-and polyfluoroalkyl substances

PRB permeable reactive barrier
PVC polyvinyl chloride

POPs persistent organic pollutants
ROC return on capital

RoC radius of capture

ROI return on investment
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S/S
SVE
TCE
TCH
TPH
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radius of influence

reactive zone
stabilization/solidification technique
soil vapour extraction
trichloroethylene

thermal conductive heating

total petroleum hydrocarbon

VBT
VOC
ZV1

UXO

5 Overy

vertical barrier technologies
volatile organic compounds
zerovalent iron

unexploded ordnance

riew

51 Stthure of this document

The remedjiation techniques dealt with in Clause 9 are listed in Table 1.

Table 1 — Remediation techniques'presented in this document

In situ chemical oxidation (ISCO)

In situ chemical reduction (ISCR)

Enhanced in situ bioremediation (EISB)

Monitored natural attenuation (MNA)

Incineration

In situ thermal remediation (ISTR)

On-site thernral desorption

Soil vaporeXtraction (SVE)

Air-sparging

Multi-phase extraction (MPE)

Dual pump liquid extraction (DPLE)

Hydraulic techniques for groundwater remediation

Lo llo lla llas Ll Ll Ll Ll Ll Ll Ll Ll e

Soil washing (ex situ)

H T TR T [Re Tlee [ [las [Tn [ Tles [ Th=

:

bilopiling

\O
—
Ul

Landfarming

\O
—
(o))

Vertical barrier technologies (VBT)

O
U
~

Cover systems

O
—
[oe]

Permeable reactive barrier (PRB) systems

\O
—_
\O

Immobilisation techniques for soil and solid materials

\O
DN
o

Excavation

\O
DN
=

Off-gas treatment technologies and wastewater treatment technologies
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0
d)
e)
f)

techno

design
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chnique in Clause 9, this document provides:

remediation principle;

scope and applicability of the technique (i.e. operating window);

logy description (i.e. how is the technology realized /implemented);

considerations and dimensioning;

key monitoring parameters;

advantages and limitations;

g) specifi

h) possib

Guidance i
Clause

Clause
apprai

Clause
areme

Clause
be con
are alg

Clause 7 sh

NOTE 4

5.2 Gen

A remedia
establisheq
concentrat
the concep

In the conf
identifying
the spread|
treatment
or stabiliz
manage dif

T EHSaspectss
e other remediation/containment techniques to be combined.
5 provided as follows.

|6 describes the principles for carrying out an option appraisal.

| 7 provides generic recommendations for selecting remediation-techniques within|
sal process.

8 presents generic information on hazards and risks prevention to consider when im
diation strategy on a contaminated site.

9 provides specific description and recommendations for a range of individual techniqy
Kidered in an option appraisal (the possible combination of techniques and supporting
o described in this clause).

ould be read prior to using information fronyClause 9.

A1l techniques are illustrated in Annex C.

eric concepts associated with remediation

tion strategy aims to control the unacceptable impacts and associated risks that
| following the investigafighs and risk assessment (including cases where the elin
ed contamination is technically complex and financially disproportionate). This strate
tual site model (CSM] which should be developed according to ISO 21365.

ext of a point séurce contamination, the remediation strategy usually focuses, as a |
the source of\contamination and removing it and stabilising and/or confining and
of the contamination arising from this source. The remediation strategy can consi
techniques that individually or combined within a treatment train destroy, transfor
e contaminants present in the environmental medium. A remediation strategy can 4
fuse contamination.

an option

blementing

esthatcan
techniques

have been
hination of
ry relies on

briority, on
or limiting
st of using
m, remove
Iso help to

The pI'OdUCthH oI a remediation strategy relies, among other things, on an options appraisal. 1T

1is permits

decisions to be made about which possible remediation options to adopt, for any particular contamination
linkage, in order to address the unacceptable risks. A combination of several techniques can improve the
efficacy of a remediation strategy. Consequently, the option for combining techniques in a treatment train
should be considered in the options appraisal. Supporting techniques (whether chemical and/or physical)
can also be used to improve the effectiveness of extraction techniques. This is the case for example for the
thermal-enhanced soil vapour extraction technique.

Remediation should not introduce significant new risks and should be enduringly sustainable over the period
in which the contamination risks need to be managed. Sustainable remediation encourages considering site
reuse from the beginning of a remediation project. This can enable project leaders to exploit synergies of
the redevelopment process while minimizing costs and environmental impacts associated with bringing
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sites back to beneficial use, according to, amongst other things, sustainable remediation principles outlined
in ISO 18504.

Remediation techniques can be categorised in many ways, for example according to their treatment location,
the nature of the process(es) on which the treatment relies (physical, thermal, chemical, biological, etc.), the
nature of contaminants being treated or the matrix being targeted.

If categorised according to the remediation location, there can be the following distinctions amongst
treatment techniques that can be chosen for a remediation strategy (Figure 1).

— Allin situ treatment techniques that can be applied within the ground and that are physical engineering-
based techniques, such as containment or hydraulic control techniques. These techniques treat
contaminants directly in or from the ground or remove the contaminant from the environmental medium

matri
on-sitq
asins
bound

All ex §
contar
before
techni
mobilg
off-sitd
author

NOTE
be consider
treatment t

Treatment
destructio

A remediat

twithoutposttreatmernt) For the st treatment techmiques,; the treatmentinmstatta
and the treatment of the contaminants is applied directly to the ground. They can-bé

Ary.

itu treatment techniques can be applied to the extracted environmental medium (med
hinant to be treated). Physical engineering-based techniques such as extraction are a p
applying the ex situ treatment. If the treatment occurs on site, they are referred td
ues (e.g. the soil is excavated or the groundwater is pumped; then treatments o(
units set up within the site premises). If the treatment occurs off-site, they are refs
techniques (e.g. contaminated soils or groundwater are excavated and delivered to a 1
ized unit).
ff-site techniques are not covered by this document, They rely on off-site technologies
ed as “waste treatment technologies”, with also very specific local/national requirement
hrgets and possibility in the reuse of the treated soil.

techniques can also be categorised according to whether they rely on transfor
n of contamination, whether in situ or ex situ{see Annex B).

ion plan is generally included in a legal authorization plan specific to each country ang

ion is built
referred to

jtu remediation techniques. They are applied to the medium and contaminants‘within the site’s

ium and or
rerequisite
as on-site
cur in the
brred to as
egular and

which can
s regarding

mation or

| site.
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nly on-gd in situ techniques are covered in this document.

16 chematic representation of in situ, on site (ex situ), and off site (ex situ) tre
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atment

6 Good practice for carrying out a strategies appraisal prior to implementing
remediation strategy

6.1 General

When a decision has been made to remediate, strategy appraisal becomes necessary. The contaminant
linkages identified through risk assessment become “relevant contaminant linkages”. They represent the
unacceptable risks to the identified receptors. Strategy appraisal should be conducted by experienced and
skilled expert(s), able to have a global overview of the analysed situation. At the end of a strategy appraisal

© IS0 2024 - All rights reserved

8


https://standardsiso.com/api/?name=5fe4fd8163a926a5fcc31403368b4574

ISO 24212:2024(en)

phase, a strategy appraisal report should be produced. Sustainability should be a driving issue in strategies

evaluation

6.2

and strategy development.

Identifying feasible remediation strategies

This first stage relies on identifying and producing a shortlist of feasible remediation strategies. It consists
of a first selection of remediation strategies by screening all possible techniques that are relevant to the
contaminant linkages and the site’s context. Remediation techniques can be selected depending on the
environmental medium that is being impacted by contamination and depending on the contaminants
involved (whether organic or inorganic). The remediation strategy objectives can be considered as criteria
to help in this selection, for example:

need f

r protection measures and cut-off of the contaminant p;\‘rhwmm'

need t
need t

need t

Overall, th
(see Anney

Can th

Can th
soil, g1

Can th

Canth
abaten

Can th

Can th
expect

Doest
to achi

In some c
biological)
matrix can
site inforn
specific sty

Objectives
should be i

e implementation of the treatment:technique achieve the remediation objectives (i.e.

h remove or destroy or transform the targeted contaminants within the source of.cont
b treat groundwater (on site);
h treat off-gases (on site).

e choice of feasible remediation strategies shall consider the followingquestions as a p
A).

e treatment technique treat the contaminant type being congsidered (see Annex B)?

P treatment technique target the environmental medium{for' matrix) that needs to be t
oundwater, soil/solid matrix, soil gas matrix)?

b technique implementation allow the time necessary for the remediation objectives (e.
nent of contamination in the medium)?

ed abatement of contamination inw'the medium)?

he technique need to be combined with other techniques (e.g. as part of a treatment tra
eve the remediation objéectives?

hses, the nature of-the remediation can also be a criterion to consider (physical
In addition, theremediation techniques” versus “contaminants that can be treated o
be used to help)in the selection of the most relevant techniques at this stage (see Anl
ation shall. b€ up to date for this exercise. However, such a supporting matrix cani
(dies required to fully characterise the site.

and possible responses to any regulatory controls that can be needed when remedig
dentified at this stage.

e treatment technique be compatible with the site’s’condition (access, topography, etc.)?

e expected order of magnitude of the required abatement be achieved by the techniqué¢?

Aamination;

rerequisite

reated (e.g.

?

b, expected

h?

in terms of

n) in order

chemical,

I targeted”

hex B). The
hot replace

tion starts

NOTE
in Annex A,

to facilitate this selection.

6.3 Detailed evaluation of strategies appraisal

Some countries have developed publicly available on-line tools, which are similar to the concepts provided

This second stage comprises evaluating the strategies chosen at the previous stage and deciding which are
the most suitable for dealing with each relevant contaminant linkage in the short-term and long-term.

The evaluation required is a comparative assessment of the different possible remediation strategies
considering the advantages and disadvantages associated with each strategy. Criteria are needed to conduct
this evaluation and then to make the comparison. A holistic set of criteria should be agreed by stakeholders
early in the process to reflect all three dimensions of sustainable remediation: environment, society and
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economy (see ISO 18504). Technical and organizational criteria and legal and regulatory criteria can also be
considered (Table 2).

A remediation technique that appears to be the most appropriate solution for a given contaminant linkage,
can also have positive and negative effects on the environment or society beyond the site being considered.
Taking these effects into account leads to the need to include sustainability criteria in the choice of the most
appropriate remediation techniques for a given site. When a sustainable approach is followed, it can help to
ensure that the benefit of doing the remediation is greater than its negative impact.

The strategy appraisal should enable the identification of the optimal economical and sustainable strategy,
from the range of available ones. It should enable practitioners to weigh the economic and sustainability
impacts of each available remediation strategy, to guide decision-makers in identifying and selecting the
strategy that best addresses the remedial objectives.[2] When aiming at addressing sustainable remediation,
the relative ability of each strategy to achieve the remedial objectives in a safe and timely mannef should be
considered while optimising the environmental, social and economic value of the work.[2]

[SO 18504 highlights different possible approaches for a detailed evaluation of strategies. These approaches
can be based on a qualitative analysis (e.g. narrative analysis, non-parametric, prioritizatjon), semi-
quantitatiye (e.g. multi-criteria analysis, pairwise comparison), or quantitative [elg."Cost benefiit analysis,
life cycle assessment, (environmental) footprint assessment, cost-effectivenesslanalysis]. However, the
evaluation|approach to be followed should be adapted on a case-by-case basis:2l

A minimuin of two strategies should be reviewed at this stage. The detailed evaluation stage makes it
possible td initiate a comparative discussion of the selected remedidtion strategies and, if necessary, to
provide recommendations for tests and complementary studies.[2]

In practicq, the detailed evaluation of strategies usually consists of a cost benefit analysis. This type of
evaluation|can result in a summary table presenting the evaluation of the different remediatior] strategies
for each of the chosen criteria. Multi-criteria analysis tools canbe used to support this assessment. Five main
families of/criteria can be considered in accordance with SO 18504 (see Table 2).

A plan for restoration of soil health and related soil-ecological functions can also be needed (depending on
remediatign technique and planned land use). Affer remediation, the soil should be in better Qealth than
before and this does not only include removaltef contaminants. This aspect should be considered when
remediatign techniques are evaluated in the'dppraisal.
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Table 2 — Possible criteria to consider in a detailed evaluation assessment

Family of impact criteria

Example of impact criteria

Technical, normative and
organizational

Nature of contaminant
Impacted environmental media or matrix

Depth of the contamination below ground level

Economic

Direct and indirect costs of remediation actions (including any restrictions
of use that would be required, necessary mitigation measures and their

possible maintenance)

Environmental

Overall impact on all ecosystems, including impact on atmosphere, indoor

air, soil health and related ecological soil functions, geotechnical

properties,

groundwater, surface water

Energy consumption

Reduction of the mass of contaminant
Waste production and waste reuse

Contribution to circular land use and construction process

Health/safq

ty and socio-political

Human health and safety [nuisances fronT the construction §
noise, olfactory...)] (see Clause 8)

Increase in traffic (also in relatipi\to the above environmental ci
Ethics and equality

Communities and community involvement: acceptability of th

redevelopment project.that is associated with the remediation (expected

future use, restrictions of use, rehabilitation objectives an
residual contamination)

ite (visual,

iteria)

e proposed

l resulting

Legalandr

egulatory

Residual constraints
Requiredsubsequent monitoring

Waste-management

Source: adaf

ted from ISO 18504.

6.4 Sele

This stage
not practig
The final 3
(which caf
protective

The techn

cting the final remediation strategy

leads to selection-of the final remediation strategy. In some cases, selecting only one
al or sufficient, There can be more than one or different types of relevant contaminant linkages.
elected stratégy may comprise a single technique, or a combination of remediation

be process-based techniques or engineering-based techniques), together with any|
measures, and any restriction for specific uses within the site.

ques identified as appropriate are included in the development of a remediatio

strategy is

techniques
necessary

h strategy.

ment takes

If strategi
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place. Choices shall be validated by conducting treatability and feasibility tests in the laboratory, for complex
situations with strong-stakes.

7 Generic recommendations for the selection of remediation techniques

7.1 General

The recommendations that follow are provided to aid the strategies appraisal and development of the
remediation strategy, in terms of factors that should be taken into account (key aspects on design/
dimensioning, key aspects monitoring, and advantages and limits).
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Data collection and proper assessment of the contextual information (situations, site, and techniques) are
required to support remedy selection and design.

It is important to recognise the following.

a)

All situations are unique - for example, it can be a crisis, a heated political climate or due diligence

intervention where the timeline needs to be short regardless of costs or aggressiveness of the technique,
or it can be a more peaceful environment where a full remediation train with trial and error can be
carefully designed.

b)

contaminant situation that limit options regarding what can be done to remediate.

All te

£1m

All sites have specific conditions, for example regarding geology, hydrogeological profile, and

timeline, and

9

effecti

Matching {
and as wel

7.2 Con!

The techni

can ac

can ac
for its

In situ and
aggressive

Different dpproaches are possible to define remediation objectives, to appreciate the perform

technique
a) compli

and /o1
b) the as

techni

remed
c) pathw
d) landu
The perfor
between 1

strategy ai

TITeTT

veness, to be matched with remediation objectives.

TrCoreoroTe

ituations, sites and techniques is a complex task: remediation becomes then d techn
as science and requires application of varied expertise and experience.

sidering the site’s context
ue or combination of techniques shall only be kept if they:
hieve the remediation objectives with the required effectiveness;

nieve remediation objectives within the required timeline (€ach technique has a speci
pperation, which can be weeks, months, years or decades).

ex situ techniques may be sorted accordingly. Also, the more urgent the situation
and expensive the technique can be.

hnd the achievement of in situ remediationactions:

ance with risk-based remedial levelsrand/or regulatory value for groundwater, drin
ambient air;

jue (cost per mass unit eXtracted) — possible rebound effects shall be taken into acc
jation achievement proéess before the definitive closure of the remediation works;

hys control or reduction;
be modification to manage exposure.

mance of<r'eémediation techniques varies greatly with order of magnitude reductior
decade and 4 decades (from low to very high). The risks of under or oversizing the r
1d to not reach the remediation objectives in the targeted time frame are high.

logical art

fic timeline

, the more

ince of the

king water

ymptotic decay of extracted\concentrations or mass fluxes and the economical limits of the

bunt in the

s covering
bmediation

NOTE1 K

or<examplefor groundwater contaminated with 1 500 pg/l pollutant and a remediatid

n objective

of 10 pug/l, the order of magnitude reductions is three (3). In such situations, only a very high efficiency technique can

be tested.

One can be reluctant to apply a chemical process because of potential environmental associated impacts.
Social and economic criteria (site reputation, residual concentration) can also interfere with a purely
mathematical timeframe and efficiency compatible technique. Thus, subjective or imperative interests
should be collected and accounted for in the choice of remediation technique.
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Also, the remediation does not occur in a vacuum. Some sites already have wells or systems installed for
protection measures and cut-off of contaminant migration pathways. Techniques that can use the existing
network of wells or site process facilities (e.g. some have water treatment plants) are at an advantage.

NOTE 2  Understanding the geochemistry at the site is especially important for designing metal remediation
such as ISCR and for understanding the long-term stability of precipitates and adsorbed species. For example, long-
term stability of metal precipitates depends on whether they are stable in relation to the surrounding environment
(long-term pH and redox in groundwater zone can be determined by pH in incoming groundwater and redox). It is
also important that the feasibility and treatability studies in the laboratory are performed at conditions (e.g. pH,
redox) close to those at the site, and that these studies are realistic in terms of possibilities of technical and economic
implementation at large-scale.

7.3 Remediation set up on-site

The site shpll provide the needed space for the technique to access the contamination. This isra Key criterion

which can]
if a buildin
strategy is
using direq
Such a set
number of

nelp choice of the mostrelevant techniques based on their needed space for operation. F
g with underground car park is to be constructed on contaminated ground, the m

likely to be excavation with off-site treatment. Another example, choosing-an Injectior

t-push to install wells would need a fine network of wells covering the whel€ groundw
Lp can be unrealistic if the site is covered by buildings or located in-a tewn centre. O
recirculation wells with a chemical or biological technique can be used.

Application of a remediation technique needing nearby facilities, such~as landfills or activa

regenerati
For examp
possibility

Various dd

bn facility, is likely to be difficult at sites that are far from<major urban and industr
e, on remote sites, gas treatment shall be oversized (with.an on-site oxycatalyser) if
of landfilling or regenerating the GAC.

ta and information are required to support remedy selection and design. It is neg

identify thle source of contamination (and targetable contaminants), the environmental medi

by contam|
dimension

inants, the geological and hydrogeological settings, and the remediation objectives
most remediation techniques for them to beeffective.

rexample,
st feasible
technique
hter plume.
nly a small

ed carbon
al centres.
there is no

cessary to
W impacted
n order to

A remediaftion action is generally planned for sfemoval, destruction or transformation of the targeted

contaminapt within the source of contamination. Thus, characterization of the source is paramount.

This charagterization should aim at establishing a robust conceptual site model, including:

a) the (hydro)geological setting;

b) the mdss and concentrations distribution (in 3 dimensions) of contamination being considdred within
the site (i.e. the amount of each contaminant present within the area to be targeted);

c) the type and nature of eontaminant, and depending on the technology foreseen;

d) the in $itu (bio)geoChemical conditions.

7.4 Techniquesprerequistes

Each technjique has constraints in terms of depth of action, soil permeability, groundwater etc. so it is possible

to eliminate-technigqtuesthat-donot-meetthe-hydrogeotogical-andsottree—eriteriaof-the—site—For example,

the MPE ‘stinger’ technique is limited by the ability to entrain liquids and is unsuitable for treatment of

groundwater at depth. Biological treatments can also be pH constrained.

All the technique prerequisites shall be identified prior to choosing between techniques. Each successive
component of a remediation train also has prerequisites which shall be accounted for. To conduct in situ
remediation operations both process engineering skills and expertise in (hydro)geology are required.

When on-site operations are conducted, contaminant extraction rates depend on local (hydro)geological
settings, the properties of the substances and processing capacity. The choice and the design of in situ and
on-site remediation technologies often require preliminary laboratory testing (treatability and feasibility
tests) and, in some cases, field pilot testing. This is the case for example for ISCO.
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7.5 Techniques collateral effects

The effect of different remediation methods on soil health including soil functions is to be noted. For example,

techniques

such as pump-and-treat do not affect life in topsoil very much while techniques such as ISCO,

ISTR or in situ immobilisation techniques can destroy natural organic matter or alter life in the soil material.

7.6 Laboratory testing and pilot tests

The choice

and the design of in situ and on-site remediation technologies can require preliminary laboratory

testing (treatability and feasibility tests) and, frequently field pilot testing. The evaluation of the technique
feasibility can consist of:

orient

tion tests which aim to validate the possibility of implementing a specific remediation technique;

— perfor

the sp¢

Dimension

Considerin|
This is esy
short-term

to whd
how log

wheth
site a

A compre:Ensive remediation LCA may be realized if needed.[”!

8 Gene

8.1 Gen

During the
all people
visitors to

Ing after installation the full effect will be realized;

mance evaluation tests, which are used to verify that the objectives can be achieved and to estimate

bed of the planned treatment and its duration.
ing a remediation technique relies on engineering skills. It comes after thefeasibility gvaluation.

hisal stage.
ness (both

o the likely effectiveness of a remediation technique is important at the|strategy appr
ecially the case for containment systems. When evaluating the téchnique effective]
and long-term) it is important to know:

t extent the remediation technique will be effective at the time of installation;

b1 effectiveness will decrease with time (taking into aécount conditions presentatthe conptaminated

the design objectives that have been set).

ic recommendations for managing hazards and risks during remediation

bral

d safety of
at the site,
\t-seers.

remediation and managenient of a contaminated site, the protection of the health ar
vorking at, or otherwise jnvolved with, the site is paramount. This includes workers
Lhe site and third parties’such as users of adjoining land, residents, passers-by and sig

Remediatiq

bn of contamination’presents risks to health and safety that are unique and go beyond those

associated|with a standard construction site. Many of these hazards are known and predictable
are unknown. Health @and safety systems shall be designed to handle both situations. Haza
distinguished by whether they are related to contaminants already present prior to remediation,
environmental medid, or to the remediation operations once they have started. Materials that ca
physical, chemical-and/or biological risk can be in solid, liquid, gaseous or dust form. They can be
matrices sjich,as 5011 sedlments groundwater 5011 vapour General hazards can 1nc1ude f1res
confined s - S S

handling and sllps trlps and falls &l Followmg the 1dent1f1cat10n of these hazards and the ass

e, but some
*ds can be
within the
h present a
n different
bxplosions,

ant, manual

essment of

associated risks, measures can be considered with the help of existing referencials (see for example

Reference [9]). As hazards associated with the implementation of remedial actions vary si
between technologies, health and safety hazards that are specific to the implementation of a
remediation technique are listed for each technique in Clause 9. All parties should work together

gnificantly
particular
to provide

a sound management of hazards and risks arising from the application of remediation techniques.

This Clause focuses on specific risks management aspects of remediation projects.
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8.2 Risk management process

8.2.1 General

A risk management process provides a framework to assist in decision-making relating to all aspects of
work health and safety. Risk management is a process that involves four steps:

a) identify hazards;
b) assess risks;

¢) control risks;

d) reviewnreasures:

A remedial health and safety plan should be prepared on every site where remediation is being undertaken.
It describgs, in particular, tasks designed to minimize or eliminate hazards for the' staff performing
field activities (incidents and injuries with work), equipment, the environment, and the geng¢ral public.
Stakeholdgrs should always refer to this document, along with recording of riskjassessments| reporting
incidents and regular reviews of measures put in place.

In most jurjisdictions there are regulations and authoritative guidance concering the hazards listed in 8.2.3
to 8.2.21 that apply in all work situations.

A risk assdssment for health and safety hazards can be conducted using a risk matrix, which agsesses the
severity of|the risk against the likelihood of exposure to the hazard. Each activity has a separate row, and
scores (for|example see Table 3) are given for risk both before andafter measures. If risk cannot pe reduced
below an dcceptable threshold even with mitigation, the activity is deemed unacceptable and it should be
eliminated|by finding a different way of working.

Using a mafrix can be very helpful for prioritizing actions:lt is suitable for many assessments but garticularly
lends itself to more complex situations. However, accurately judging the likelihood of harm [requires a
fair degreg of expertise and experience. Misjudging risks can result in applying unnecessary ¢ontrols or,
conversely] failing to apply important ones.[10]

Table 3 — Risk matrix for prieritization of actions (source ISO 18400-103[19])

§\Potential severity of harm

O
SOk >

%\J Slightly harmful Harmful Extremely harmful
40 1 2 3
Q‘- Highly unlikely Trivial Tolerable Modg¢rate
Likelihood of 1 1 2 ]
harm occun‘rin%% Unlikely Tolerable Moderate Substhntial
é\ 2 2 4 q
¢ tikety Moderate Substarmtiat trtoterable
3 3 6 9

NOTE 1 For further information on this process when applied to site investigation, see ISO 18400-103[19],
NOTE 2 The higher the score, the higher the risk.

8.2.2 Hazards and controls associated with contaminated soil and groundwater

People can be exposed to chemical contaminants through inhalation (particles, dust, fibres or fumes and
vapours), ingestion (soil particles, dust, contaminated food or water) or skin and/or eyes absorption.
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Site conditions should be considered when assessing the hazards and risks associated with contaminated
soils and ground water, including the toxicity of contaminants, the protective equipment required and the
various remediation measures.

8.2.3 Asb

estos

Asbestos can be present at a contaminated site as bonded material such as asbestos-containing cement
sheeting or linoleum, as friable fibrous lagging such as on pipe work and boilers, or as fibres within the
soil. It is frequently present in anthropogenic materials such as fill and made ground. According to the
legislation of each country, the safety measures range from simple access restriction to the operation of a
controlled atmosphere tent for the removal of asbestos fibres. Appropriate measures should be described in

the remedi

8.2.4 Du

Weather c(
health imp|

Site condit

ation plan.

st

nditions and remediation activities can generate dust. This can lead to concerns aboy
ncts for workers as well as for people in the surrounding community.

jons should be considered when assessing the hazards and risks associated with dus

for example likely sources of dust generation, distance to nearest sensitive receptors, potential

the dust (e
remediatig
likely to m

q

J

NOTE
(frequently]

8.2.5 Off
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noxious val

g. silica, asbestos, and characteristics of the chemical substancesithin particulate n
n mitigation measures such as water sprinklers. Timing of the:tremediation to a rain|
nimise dust exposure because of higher soil moisture conternt, etc.

tockpiles can represent a considerable source of dust, dué to”their height, uncompacted
proximity to sensitive receptors.

fensive or noxious odours

e to the air of many chemical substanees, particularly those associated with
bns, gasworks wastes, organic solvents or\putrescible wastes, can generate offensiveg
ours. These can cause varying types:and degrees of hazard, such as explosive condi

environments, unacceptable health risks (eitheracute or chronic), and objectionable odours.
also cause fommunity concern as the public-can perceive odours as posing a poisoning issue.

When dealing with volatile pollutants,an-assessment should be made of the need for the regul

of atmosp
mercaptan
to unaccep

8.2.6 Co

The remed
excavated
that coverd

Site condit

heric levels of pollutants—(e.g. hydrogen sulfide, ammonia, sulfur dioxide, ethyl 4
5, VOCs) on site and at sife;boundaries to ensure that workers and residents are not bei
[table levels that can give rise to adverse health effects.

ntaminated waste

contamihated soil or pumped groundwater, used PPE, single-use equipment such as
d stockpiles, or building rubble).

ions should be considered when assessing the hazards and risks associated with cor

t potential

[, including
toxicity of
atter), and
[y season is

nature, and

petroleum
odours or
tions, toxic
dours can

ar analysis
nd methyl
hg exposed

fiation of a ¢centaminated site very often generates waste that contains residual contamjinants (e.g.

tarpaulins

itaminated

waste, including the toxicity of contaminants, Iife cycle of contaminants, and Iife cycle of the waste material,
and their implications for waste classification and waste handling, treatment and disposal.

8.2.7 Re

mediation equipment

Some remediation equipment is highly specialised and carries various hazards during operation (hot surface,
pressurised pipes, electric shocks, handling of toxic injection chemical, etc.). Typically, these systems should
be managed and overseen by a specialist contractor who is familiar with the operation, potential hazards
and appropriate controls. That contractor should have health and safety information pertinent to that
equipment which should be included within the site health and safety plan. This information should include
risk assessments and hazards and operability studies for process-based equipment. Adequate emergency
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stop systems are required and equipments such as a satellite cell phone or a specific isolated worker alert

device can

be necessary.

Common controls include preventing unauthorised people from being exposed to the hazard (e.g. by using
physical barriers) and requiring training prior to operation.

More information on specific hazards posed by remediation equipment can be obtained from the remediation

equipment

manufacturer.

8.2.8 Unexpected finds

In addition to the contamination known to be on the site, remediation works can uncover areas previously
not identified as contaminated, referred to as “unexpected finds”. These can be new areas of contamination

similar in pature to that already at the site, a new type of contamination not previously identifiec

or other hd
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in case of s
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th such as last-minute risk assessment (LMRA) can be used to tacklé unexpected find
imultaneous operations.

ng-term monitoring

stances, monitoring of a site long-term is necessary as.part of remediation, or validati
pment of long-term monitoring program shall includé the risk management process
s and assess and control the risks for workers carrying out the monitoring as well as 1
who can follow them or watch them.

tdoor work

diation projects involve working outdoors for some or most of the working day. Site
considered when assessing the.h@zards and risks associated with outdoor work
pacity for maintaining personal hygiene, exposure to solar rays, exposure to cold, e
er, and biological hazards (e.g. dogs, cattle, snakes, ticks). Proper training should be g
s and survival specifics.

mote or isolated warking

k being done~In some situations, a worker can be alone for a short time (e.g. conduct
nonitoring:or repairing fences on a large site away from other workers). In other sity

worker can be on.their own for days or weeks in remote locations. Working alone or remotely

the risks i
procedure

any job. Proper training can be given including remote place self-medication. Specifi
5 (régistry, fixed calls), and equipment such as satellite cell phone or man down alaj
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d extent of
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 increases
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necessary.

8.2.12 Underground services and pipelines

One of the major hazards associated with excavation or drilling during remediation activities is potentially
striking an underground service, utility or structure, including for examples utility pipelines, underground
storage tanks, irrigation systems, basement voids, and mine shafts. Before commencing excavation work, all
reasonable steps shall be taken to obtain current underground services information that relates to the site
and areas adjacent to the site. Every person carrying out the excavation shall be given this information and
it shall be available for inspection by relevant authorities until the excavation is completed.

If any suspect or unexpected structures or damage to a service occurs, the excavation should be halted.
Emergency procedures should be enacted if required, such as deploying spill kits, isolating the area
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or removing sources of ignition. If safe, the excavation should be inspected, and the service or structure
identified. The appropriate utility company or service provider shall be advised as soon as possible, and the
excavation shall be left open, suitably fenced, with appropriate warning notices posted.

8.2.13 Ground stability

The vibration from excavation and drilling, from plant, or from the movement of heavily laden trucks can
sometimes result in the collapse of pits, or damage to foundations of adjacent structures or to underground
services or utilities. Vehicles can also be stuck in loose soils. Site conditions should be considered when
assessing the hazards and risks associated with ground stability, including the current or former presence
of, for example, mining activity, cellars, underground storage tanks, sub-surface combustion, and
unconsolidated soil or fill material.

8.2.14 Exftavations

Excavation
similar, usi

involving the removal of soil or rock from a site to form an open face, hole; trench
ng tools, machinery or explosives is very common on remediation sites.
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of an adjoining structure caused by the excavation, hazardous ‘atmosphere in an
[y if there are volatile contaminants present, plant striking unéerground or overhed
hvation (see 8.2.12).

exploded ordnance (UXO)

ial for the site to contain or be affected by unexploded ordnance should be assessed
ndertaken to mitigate risks during the site investigation that precedes remediation if g
sary by a UXO risk assessment.

ee for example guidance in Reference [11].

nfined space

prk is performed in a remediation tent. Confined spaces are commonly found, for g
s, sewers or septic tanks,(deép trenches and tunnels.

bf working in confinled ‘spaces can include loss of consciousness, impairment, injur
immediate effects-0f airborne contaminants, fire or explosion from the ignition of
hts, asphyxiation@esulting from oxygen deficiency or immersion. These risks can be cg
culty in rescuing and treating an injured or unconscious person.

suitablyztrained person should undertake site-specific hazard identification, provide g
hnd‘uhdertake the work.

hition being
g on them,
pxcavation,
d services
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space is determined by the hazards associated with a set of specific circumstances and not just

xample, in

y or death
flammable
mpounded

ible to alter'the work such that entry into the confined space is not required. However, if this is not

uidance on

8.2.17 Hazardous chemicals and dangerous goods

During remediation works, it is common to have hazardous chemicals or dangerous goods either being the
subject of the remediation or being used during the remediation process. Hazardous chemicals are those
that, following worker exposure, can have an adverse effect on health.

Examples of hazardous chemicals are poisons, chemicals that can cause burns or skin and eye irritation,
and chemicals that can cause cancer. Examples of hazardous chemicals or dangerous goods that can be
encountered on a remediation site are petroleum products (including residues of petroleum products
in underground storage tanks), chlorinated hydrocarbons, chemical adhesives, solvents for cleaning or
calibrating equipment, or chemicals used as additives for in situ chemical oxidation (permanganate, ozone,
other reagents).

© IS0 2024 - All rights reserved
18


https://standardsiso.com/api/?name=5fe4fd8163a926a5fcc31403368b4574

ISO 24212:2024(en)

There are two broad types of hazards associated with hazardous chemicals:

a) health hazards linked to the properties of a chemical that have the potential to cause adverse health
effects;

b) physicochemical hazards linked to physical or chemical properties of the chemical, mixture or particle
that pose risks to workers other than health risks, as they do not occur because of the biological
interaction of the chemical with people.

8.2.18 Hazardous manual tasks

Manual work is common during remediation work, and some manual tasks can be hazardous. A hazardous
manual task is any task that requires a person to lift, lower, push, pull, carry or otherwise move, hold or
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(pipes, pumps, power generators, etc.), refuelling reagent. Appropriate aids to lifting
5 should always be used.
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of remediation work often creates fall hazards. Fall hazardsare found where work is
pr example, loading and unloading a large truck. Falls can’also occur at ground level inf]
enches or service pits.

jons should be considered when assessing the hazards and risks associated with out
br example any structure or plant being construeted, demolished or dismantled, inspec
cleaned, fragile surfaces, potentially unstable‘surfaces, using equipment to work at t}
hg or slippery surfaces where it is difficult\fer people to maintain their balance, hole
hich a worker can fall.

can be useful to identify hazards-and risks relating to falls. Fencing, and appropr
hould be employed as necessary.

diation projects invglve-the use of plant and equipment. There are significant risks

moving parts of mhachines, being crushed by mobile plant, sustaining fractures from
operating or_tnaintaining plant, electric shock from plant that is not adequately pr

y plant, ermusculoskeletal disorders caused by operating plant that is poorly designe

Examples ¢f plant-and equipment hazards that can be encountered on a remediation site includg

use of equ
hazards fr!
plant, air b

8.2.21 No

ipment, mcludmg power tools, pedestrians belng struck by Vehlcles movmg arour

or sudden

g sections
[, handling
and other

rarried out
o holes, for

door work,
ted, tested,
he elevated
5, shafts or

iate safety

associated

plant and severe injuries can result from the unsafe use of plant, including limbs amputated by

falls while
otected or
earing loss
.

e improper
d the site,
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Many remediation projects can create noisy environments for at least some time, particularly those
involving heavy machinery or specialised remediation equipment. Noise from remediation activities can
also be a nuisance to members of the public near a site. Noise that is a nuisance can occur at decibels below
that which is considered unsafe.

Examples of noise hazards that can be encountered on a remediation site are drilling rigs, heavy machinery,
power tools, specialised remediation equipment, such as diesel pumps for groundwater extraction, normal
site operations (e.g. if the remediation occurs inside an operational factory).
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9 Remediation techniques description

9.1 In situ chemical oxidation (ISCO)

9.1.1 Technique principle

ISCO is an in situ-technique that aims at transforming a contaminant into less mobile and/or less toxic
species through chemical oxidation. It relies on the injection of a chemical oxidant (reagent) below ground
surface. The oxidation state of the reagent is decreased by accepting an electron to oxidize the target species.

9.1.2 Scope and applicability of the technique (operating window)

ISCO can lpe used to remediate both unsaturated and saturated zones on a wide range ofy0
inorganic djompounds even at high concentrations (see Annex A). Applicability of ISCO depends|on
of targeted compounds and the oxidant used. Permanganate is effective on alkanes, chlorinate
dichloroethylene isomers, vinyl chloride, phenols, and some PAHs. Fenton reagent is able to tr
contaminapts and DNAPLs. Ozone can also rapidly attack organic contaminants and* breaks

organic cafbon-to-carbon bonds. Persulfate is more stable in the subsurface than‘other oxids

oxidize be
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0D) shall be satisfied first by the injection of a significant ameunt of oxidant, then {
the contaminant can be satisfied.

rhnology description

lifferent methods to make the oxidant come intgceontact with the contaminant (see il

njection wells (the oxidant is injected into-the soil with the use of pressure which requi
bn wells);

using injection via direct push methods;

ecirculation (combining direct injection or infiltration and groundwater abstraction);
iting the oxidant passively through screened vertical wells or drains in trenches;
soil mixing (e.g. soil {s mixed with the oxidant with the use of auger drills);

ng out ozone-sparging (e.g. the injection of ozone into the saturated zone).

sign considerations and dimensioning

e applied both on soil and/or groundwater. In case of soil mixing, the choice of oxida
acteristics and characteristics of the contamination source. In case of groundwater,

rganic and
the nature
d ethanes,
eat sorbed
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nts; it can
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ensure the
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lustrations

Fes vertical

ht depends
the choice

of oxidant|dépends on the environmental characteristics (geology, hydrogeology, geochemist

'y) as well

as the characteristics of the contamination source and/or contaminant linkage being targeted by the ISCO
technique (type of contaminants, distribution). Generally, the most powerful oxidants have the following
characteristics:

a) shorter half-lives and persistence time;
b) smaller radius of influence;
c) larger range of oxidable organic compounds.

Sizing and designing an ISCO treatment requires laboratory tests to choose the most efficient oxidant and to
optimize the formulation of the oxidant solutions. The number of injections shall be determined precisely.
In the same way, in situ pilot tests are strongly recommended to confirm technical choices before full-scale
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operation. Hydrodispersive mathematical models can be useful to estimate the position and the dynamic of
the in situ oxidative front and to design the injection network (position, number, distance, depth and position
of screens, etc.). Tracers tests (mostly bromide, uranine) provide an estimate of the radius of influence of an

injection.

9.1.5 Key monitoring parameters

Monitoring is required while ISCO is operated (it is conducted frequently to ensure that the technique is
working as intended) but also post-treatment. To determine the effectiveness of ISCO, the following items
can be monitored:

groundwater levels;

a)

b) contan

c) summ

d) summ

e) summ
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9.1.8 Other techniques or containment approaches that can be combined with the technique

Sometimes, if the oxidation is not complete, the generated products can also be more biodegradable than the
initial contaminants, which allows treatment to be combined with bioremediation techniques at contaminant
linkage level. Organic matter is sometimes added at the end of the treatment in order to refunctionalize the soil.

9.2 In situ chemical reduction (ISCR)

9.2.1 Technique principle

ISCR is an in situ technique which consists of injecting a reducing agent in soils. It involves the injection
of a reductant or reductant-generating material in the subsurface for degrading toxic organic compounds
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d) the quantity of reducer and water being used, injection flow and pressure;

e)

contaminant concentrations and physicochemical parameters (including potential redox) of
groundwater upstream, downstream and at the source and by-products concentrations.

9.2.6 Advantages and limitations

ISCR can be effective on a broad spectrum of organic pollutants. It relies on fast reactions. It can be applied to
high concentrations of contaminants. The reduction can be complete (total mineralisation). If the reduction is
not complete, the degradation by-products generated can sometimes be more biodegradable than the initial
pollutants, which allows the treatment to be combined with aerobic/anaerobic bioremediation techniques.
In addition, conventional reducers are not very expensive. The process, unlike ISCO, does not destroy soil
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chnique principle

n situ engineered technique that introduces physical, chemical and biological changes
ne conditions necessary for microorganisms to transform contaminants of concern to
s. Microbial aétiyity is stimulated or enhanced through:

mentation,in which microorganisms are introduced (for example cultures of microbe
e the eontaminants of concern or genetically engineered microorganisms); or
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Biodegradation of organic compounds is based on a redox reaction between an electron donor (contaminants
being targeted) and an electron acceptor.

9.3.2 Scope and applicability of the technique (operating window)

EISB can be applied to both organic (e.g. petroleum hydrocarbons) and inorganic compounds
(e.g. perchlorate) and in both the unsaturated and saturated zones (see Annex A). Mineralization occurs for
organic compounds when all carbon-to-carbon bonds have been broken. Biotransformation occurs when:

a)
b) organi

c compounds are transformed into molecules of lower molecular weight (metabolites).
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scription of technology

There are several EISB processes, each with specific design requirements, including:

a)

loop systems, primarily used to clean up contaminated groundwater [contaminated groundwater

from downstream is pumped downgradient from the source with wells to the surface, the abstracted
groundwater is mixed with nutrients and an electron donor (commonly oxygen), and the treated water
then injected upgradient in the same aquifer];

oxygen injection or oxygen release compound (ORC) injection (both aerobic), through an injection gallery

for the remediation of organic hydrocarbons in both saturated (e.g. ORC-Barrier) and unsaturated zone;
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hts, electron acceptor and time period for which microorganisms are exposed to conf
nvironmental factors to take into account to assess wiiether or not biotransformation
ension EISB operations are:

ncentration, temperature and nutrient availability;
nd groundwater flow evolution;
cal of electron acceptors and nutrients for microbial growth;

ce or absence of metals such as-mercury, lead and cyanide at toxic concentration, and tH
c compounds that can hinder‘microbial growth during bioremediation.

y monitoring parameters

reactants and¢products (metabolites) indicative of biodegradation [for example oxy
Fe3+, 50,2, 8H;*/NO;", Cl, biogases (CO,, H,S, CH,)].

vantages and limitations

iques can be applied to treat compounds sorbed to the aquifer materials or trapp

environmental factors. An illustration of the technique is providedinFigure C.4 in Anj

he targeted
amination.
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e presence

veness of EISB should be continually monitored by analyzing the fate of targeted contaminants
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techniques because the treatment can reach areas otherwise inaccessible. The increase of the microorganism
population present in pore spaces reduces the permeability of the soil and the hydraulic conductivity of the
aquifer, and therefore reduces the rate of migration of the compounds.

EISB has some limitations, including the degree of cleanup achievable, the time frame necessary to reach
remediation goals, in some case the potential production of toxic by-products, the presence of inhibitory
substances and/or toxic (too high) concentration of the compound in concern, and the difficulty in utilisation
of additives such as nutrients, surfactants and oxygen.
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9.3.7 Specific EHS aspects

ORCs have to be handled with care. Biogases (such as methane, carbon dioxide or hydrogen sulfide) shall
be monitored to prevent their unacceptable intrusion into ambient air or sensitive locations (e.g. service
conduits).

9.3.8 Other techniques or containment approaches that can be combined with the technique

A wide range of in situ physical and chemical techniques can be combined with in situ bioremediation
techniques e.g. bio-venting, bio-sparging (see 9.8 and 9.9). EISB is often operated on contaminated sites in a
second stage, when physico-chemical technologies have reached their technico-economical limits.

9.4 Mo

skasxad ot ol o o i oo (MARIAN
IWWICTU 1IIdiuldl dltiiiuduiviil ll'll‘n)

9.4.1 Tegrhnique principle
an in situ
ind gas to
hg risks to
flity and/or

MNA is a fremediation technique performed after source zone remediation is complete. It is
treatment [which involves long term sampling and analysis of soil, groundwatetyand/or gro
demonstrafte that natural physical, chemical and biological processes are adequately managi
specific enyironmental or groundwater receptors. MNA occurs when mass, goneentration, mobi
toxicity of pollutant are reduced under natural bio- and/or physical-chemicalkeconditions.

9.4.2 Scope and applicability of the technique (operating window)

MNA is ap
aqueous pl
natural so

plicable for all (bio) degradable contaminants especially ‘dissolved hydrocarbons ang
nase liquids (LNAPL) (see Annex A). When dealing Sith LNAPL, the technique is ref
irce zone depletion (NSZD), albeit the monitoring/assessment approach for NSZD

light non-
brred to as
pf NAPL is

very differfent from that used for MNA in groundwater. MNA is potentially applicable for dissolved phase

halogenatdd hydrocarbons. Toxicity and/or mobility ofSsome metals can be also reduced under natural

conditions

9.4.3 Description of technology

Natural atlenuation occurs via three types‘of processes:

— physicpl processes, including dissolution, dispersion and sorption;

— chemigal processes, including abiotic oxidation or reduction of contaminants;

— Dbiological processes, including aerobic and anaerobic degradation of oxidizable hydrocarbond and direct
or conjetabolic degradation (reduction) of halogenated hydrocarbons.

9.4.4 Design considerations and dimensioning

The principle désign consideration is the location, depth and response zone construction of the monitoring

wells. Thegemneed to be downgradient of the primary or secondary source zone and some need to be offset

to allow dispersiente-be-detected-AHiHustration-efpossible-designeonsiderationsisprevidedid Figure C.5

in Annex C.

Studies have shown that dissolved phase hydrocarbon plumes are typically less than 100 metres in length,
but can rarely be much longer. Halogenated hydrocarbon plumes can be longer (typically < 1 km), while
more recalcitrant and mobile compounds such as PFAS can form much longer plumes (> 5 km). The length of
dissolved phase plumes of conservative inorganic ionic (e.g. bromide) is defined either by the detection limit
or a relevant water quality standard (such as a drinking water standard).

9.4.5 Key monitoring parameters

To determine the effectiveness of MNA, the key parameters are upgradient and downgradient concentrations
of contaminants, electron donors/acceptors as appropriate, daughter products. If anaerobic degradation
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occurs, new toxic compounds can be produced that can ruin MNA objectives or pose health hazard. As an
exemple, the anaerobic degradation of petroleum products produces hydrogen sulfur (H,S), a very toxic gas.

9.4.6 Advantages and limitations

MNA is low intensity, exploits natural processes and therefore has, on the short-term, a relatively low cost
and low carbon footprint. When the MNA runs for a long time, after several years, a careful life cycle analysis
shows that the cumuled carbon footprint can become as high as if the site was remediated.

MNA has some limitations and disadvantages. It requires a robust conceptual site model of hydrogeological,
geochemical and microbiological conditions. Detailed site characterization is needed to prove that natural
attenuation occurs (reductlon of Concentratlon due to mass reduction and not dlsperSIOn) It can require
g wells are
an be seen

needed in new locatlons There can be some reserve w1th the socio- pohtlcal acceptance (as MNA (

as “do nothing”).

9.4.7 Spgcific EHS aspects

No specifidenvironmental health and safety aspects are entailed beyond those involved in site in
and sampling and any site-specific issues (e.g. remoteness, lone working, or avaiding operational

vestigation
hazards).

9.4.8 Other techniques or containment approaches that can be combined with the technique

i
llow on from more intensive techniques such as ISCO (9.13.or' enhanced bioremediatiIn (9.3) and
e last component of a remediation train.
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ation is<fast and compatible with immediate property development. Treatment ti
unit dre*only a few minutes to a few tens of minutes. Modern treatment units can tr
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9.5.3 Technology description

The techniques rely on aerobic combustion that destroys organic pollutants into water vapour, carbon
dioxide and combustion residues (ash). Metals are not destroyed and are found either in the flue gas or in
the solid fraction (ash). Metals in the gas fraction can be oxidised and recovered specifically. As illustrated in
Figure C.18, incineration generally consists of two steps:

a) incineration within a first chamber in which organic pollutants are desorbed and volatilised
(temperature > 400 °C);
b) incineration within a second combustion chamber in which the organic pollutants are destroyed

(temperature > 1 000 °C).
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Prior to incineration, the soil is pre-treated (sieving, drying, etc.); only particles a few centimetres in size
at most are accepted in the furnace. Gaseous and particulate compounds are carried away by an air stream
and are recovered for treatment. Chlorine, nitrogen and sulfur (present as HCl, NOx, and SOx) are removed
from the air emissions, usually by neutralisation in alkaline solution.

Heating in the furnace of a desorption unit can be done directly or indirectly. There are different types of
ovens, (e.g. rotary ovens, grate furnaces, fluidized bed ovens and infrared ovens).

9.5.4 Design considerations and dimensioning

The dimensioning of incenarition can be done following feasibility tests. The key design parameters to
consider are:

— residence time, temperature and turbulence in the treatment unit;
— the tanget remedial concentrations;

— the heat transfer efficiency of the furnace;

— datarequired for pre-treatment (grinding, pre-drying, crushing, mixing of limg; gypsum, etd);

— data required for the treatment of atmospheric emissions (dust levelSyyvolatile compound content,
residufl content to be obtained in the discharge).

9.5.5 Key monitoring parameters

To determine the effectiveness of incineration, key monitoring parameters are:
a) concerltrations of contaminats, organic matter content, particle size;

b) temperature in the furnace and at the exit, turbulende, residence time, oxygen content, air/fuel ratio;
c) fuel consumption (flow and pressure) or energy;

d) furnace depression and associated air flows;

e) contarninant concentrations in the air emissions;

f) paramieters relating to gas treatment (flow rates, vacuum, pressure drop, saturation etc.);

g) contarhinant levels at the end of'the treatment.

9.5.6 Advantages and limitations

Incineratidn is a proven{technique that has demonstrated high reliability and extremely significant results.
It can be quite fast@and less expensive than other thermal treatments. It destroys the contamingnts. It can
treat many contaminants, especially VOCs. it can also be applied on very heavily contaminated soils (the
content of prganic compounds can be of the order of several percent). It can treat “volatile” metals such as
zinc, cadm]umy lead, etc. It is effective even for clayey and heterogeneous soils. It makes it possibl¢ to achieve
very high levels of decontamination.

The technique also has some limitations and disadvantages. The process relies on soil excavation. In
addition, particles larger than a few centimetres are not allowed: either segregation or grinding is required,
and compacted soils should be crushed. Soils with a moisture content of more than 20 % shall be pre-treated
by heating. Also, the heterogeneity and organic matter content of the soils can have a significant impact on
the treatment yield.

It is a very energy-intensive technique and requires important treatment of atmospheric emissions. It
can therefore be very expensive. Its carbon footprint is high as it releases high CO, emissions from the
incineration process. On-site treatment requires a large surface area. Very high level of technical expertise
is required. It is essential to reach very high temperatures in order not to release some of the contaminants
(or their metabolites such as dioxins and furans) into the atmosphere. The process used in off-site treatment
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requires costly transport. High organic nitrogen content can also require additional treatment of air
emissions (due to possible NOx formation). High metal contents lead to problems with air emissions and ash
disposal. Soils with high clay and organic matter content are more difficult to treat.

The gases shall most of the time be cooled in order to protect the downstream treatment units. The outlets
for very highly contaminated ash shall be considered from the outset of the project as they can pose
significant problems.

9.5.7 Specific EHS aspects

Specific areas of potential concern are exposures for on-site workers to hot temperatures when the system
is operated. Measures shall be taken to protect on-site workers from incidental contact with exposed hot

surfaces.

9.5.8 Ot

Inceneratig
atmospher

n relies on excavation (see 9.20). It also relies on off-gas treatment (see 9.21)« The t
ic emissions is highly variable; the sequence of the various dust removal, 6xidation or

and neutralisation units is highly variable.
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licable to a wide range of contaminants, which respond well to heating (see Annex A)
alogenated volatile organics, energetic nitroaromatic compounds, polychlorobipher
Dioxin-like, polychlorodibenzodioxines, polychlorodibenzofurans (PCDD/PCDF), polyH
dioxin, polybrominated-dibenzo furan (PBDD/PBDF), pesticides and herbicides. It is p

extraction of NAPL entrapped in the unsaturated zone and high dissolved con

of contaminants in the satuvated zone. High-temperature in situ heating is used primarily to

molecular

eight compeunds (such as halogenated and non-halogenated VOCs, PCBs, diesel an

fuels, and DNAPLs mixtures). ISTR can also used to extract elemental mercury from the unsatu
Removal efficiency‘can be in excess of 95 % for contaminant mass removal using this technique.

9.6.3 Description of technology
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ISTR uses a number of approaches to raise the subsurface temperature, depending upon site setting and the
desired temperature range required. Three main heating methods are illustrated in Annex C and are the

following.

Electric heating using a network of electrodes or heaters to heat the soil and groundwater. The heating

is achieved by either thermal conductive heating (TCH) where individual heaters are utilised, or electric
conduction heating systems (ECH) where current is passed between electrodes, heating occurs through
the function of the grounds resistance. ECH is also effective at temperatures between 100 °C and 400 °C in
hot spots, depending on the nature of the pollutants. The main obstacle to obtaining the effectiveness of
such adevicereliesinits capacity and time required to cross the 100 °C barrier, e.g. to succeed in extracting
all the water from the soil to reach the target temperatures. TCH needs a low soil moisture and can reach
750 °C (high temperature systems) where contaminant desorption occurs (in situ thermal desorption -
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ISTD). ECH requires a permeable soil with elevated soil moisture for the current to pass and reach a 100 °C
objective (low temperature systems). TCH and ECH both require a dense grid of thermal wells.

Ignition wells powered through the injection of a combustible gas and air mixture. They are used to
heat the soil and start an in situ flameless combustion [in situ combustion (ISC) or smoldering] where
the contaminants become the source of energy. It generally requires a medium grid of injection wells to
create high temperatures.

Injection of hot air or hot water or steam. There are a variety of techniques using an injected fluid or
combinations to heat the subsurface generally up to a maximum of 100 °C (low temperature). These
injections are not effective for low-permeability materials (hydraulic conductivity < 10-* cm/sec).
Shallow contaminated areas can result in prohibitively high heat loss to the atmosphere without

insulation measures on the surface.
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be reached

ISTR techi
subsurfaceg
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vith an average temperature within the zone to remediate of 600 °C. Low temperature.arotn
by ECH, in situ steam flooding and other heat injection systems.

niques are generally combined with a vapour collection and treatmént system
and above-ground treatment of recovered separated gaseous and liquid phases.

sign consideration and dimensioning

site assessment is necessary to determine, in the targeted. contamination zone, th

rated zone, the number and characteristics of the (heat) injection and extraction (gas
ork, and the spacing between the wells. The posjtion and the design of these wells

cular thermal remediation system is based on technical feasibility and the costs (

operationall) of achieving remediation goals.

9.6.5 Ke

y monitoring parameters

To determine the effectiveness of ISTR;:Key monitoring parameters are:

a) actualjvs target subsurface temperature distribution, (using temperature monitoring wells);
b) mass df organic compounds in the recovered;

c) energy consumption‘rate and cumulative;

d) pollutant massaeduction in the groundwater.

9.6.6 Advantages and limits

heating and to define geological properties (soil type, etc),)iydrologic properties (gr|
e of saturation, etc.). Key parameters are the moisturecontent, organic matter conf

try of the targeted zone and their radius of iffluence (Rol) and/or radius of capf]
er and vapour recovery and treatment systems shall be designed appropriately for th
temperature fluids (see 9.21). The evaludtion and selection of treatment design alternatives

than 800 °C
1 100 °C can

within the

b expected
oundwater
ent within
or vapour)
depend on
ure (RoC).
e recovery

Fapital and

ISTRisar

eliable, Tast (time Irame up to 5 months - 6 months) and proven technique where

in situ soil

is heavily contaminated, clayey, or the contamination is entrapped and inaccessible for other in situ-
treatment. ISTR can solve remediation problems, especially in low permeability soils contaminated with a
whole chemical cocktail or when excavation would be too hazardous. ISTR is a very aggressive treatment
technology compared to bioremediation technology (e.g. in a clayey context, the soil can become “cooked”).
The energy consumption of all thermal installations is high (20 I to 50 | of fuel per tonne of soil). Soil
properties, including geotechnical properties, can be changed by the treatment impacting on potential post-
treatment site use. Appropriate testing should be carried out as necessary.
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9.6.7 Specific EHS aspects

Specific areas of potential concern are exposures to high voltages, hot vapours or steam and hot
temperatures when ISTR is operated. Measures shall be taken to protect on-site workers from incidental
contact with power lines or exposed hot surfaces. In the case of ISTR targeting hydrocarbons contamination
(like gasoline) or low flame point VOCs, security devices and protocols shall be taken into account for the
monitoring and proper size design of the treatment units due to the risks of fire an explosion.

9.6.8 Other techniques or containment approaches that can be combined with the technique

ISTR are also often designed as part of a remediation treatment train to optimize contaminant recovery. As
an example, a low-temperature TCH can be used to optimise a viscous PAH or DNAPL multi-phase extraction

systems (s

the unsatu@iated or saturated zone while being combined with an MPE technique. ISTR can al$o

enhance th|
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hs treatment systen) The smoke particles are first collected in filters, wet dust colld
tatic precipitators; then, the organic compounds are removed by destruction (burnin
pr fixation (activated carbon, condenser). Thermal desorption units that treat chlorinat
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An on-site thermal desorption system is composed of a pre-treatment unit (grinding, mixing); dryer/thermal
desorber to remove water and target compounds (e.g. rotary kiln, screw or belt fed unit) heated internally or
externally; and powerful gas treatment units (e.g. heat exchanger, dust collectors, post combustion burner or
oxidizer, condenser, activated carbon filters). Key parameters to consider when designing an ex situ thermal
desorption system are:

a) nature and concentration of contaminants, as these determine the working temperatures of the desorber
unit (e.g. for mineral oil: 200 °C to 600 °C; for desorption of total mercury, PAHs, PCB, halogenated VOCs:
150 °C to 600 °C or above) and also the temperatures of the gas treatment unit;

b) the soil moisture, the organic matter, the sulfurous compounds contained in the contaminated soil;

c¢) theremedial targets and the capacity of treatment needed (commonly 5 t/h to 40 t/h).
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9.7.5 Key monitoring parameters

To determi

ne the effectiveness of on-site thermal desorption, key monitoring parameters are:

a) organic matter and moisture, contaminant concentrations within the soil to be treated;

b)
9

temperature, turbulence, residence time in the desorption unit;

contaminant concentrations in the treated gas emissions.

The treatment unit’s operating parameters (flow rates, depression, head losses, saturation rates of filter, etc.)
shall also be monitored.
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9.8 Soil

ation, pellets).

vapour extraction (SVE)

9.8.1 Technique principle

pgregation,

SVE or vacuum extraction or venting is an accepted and proven technique for in situ soil remediation. It
is used for the removal of volatile compounds from the unsaturated zone. SVE establishes a vacuum in
the subsurface to create a pressure/concentration gradient that facilitates the mass transfer of applicable
contaminants from NAPL and adsorbed contaminants, and transfer of constituents dissolved in soil moisture
to the vapour phase. The vapour is then removed from the subsurface through extraction wells and can then
treated aboveground to recover or destroy the contaminants.
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9.8.2 Scope and applicability of the technique (operating window)

SVE can treat light TPH such as gasoline, BTEX, VOCs and SVOCs, generally with a vapour pressure of greater
than 133 Pa at 20 °C (see Annex A). SVE relies upon air flow, thus it only works in gas permeable materials
(sandy-silty to gravelly soils, with a permeability greater than 10-> m/s). The vacuum induced in the soil
through SVE induces fresh atmospheric airflow though the unsaturated zone. SVE can also be used to
protect indoor spaces from soil gas intrusions, commonly termed SSD (sub slab depressurisation) where
very low flow and applied vacuums are utilised.

9.8.3 Technology description

The extraction network is typically constructed of vertical wells and/or horizontal drains connected with

ed vacuum

hdent upon
be blowers.

ol systems
llustration

h well, and

blls, etc.);

thematical
ity may be

r enter the

suitable piping (underground orlying on the surface) to a vacuum extraction unit to induce desir
(typically g9n applied vacuum of up 30 kPa). A number of vacuum technologies are available depe
flow rates and vacuum applied to the system. These include centrifugal fans, claw blowers and/lol
Gas treatment units may use activated carbon filtration, biofiltration or catalytic oxidation. Contt
for safe op¢ration including explosive atmosphere controls are key to safe effective operation. An

of the technhology is provided in Annex C, Figures C.9 and C.10.

9.8.4 Design and dimensioning considerations

The key parameters for dimensioning SVE are:

a) air-perrmeability of contaminated zone;

b) soil-vapor mass transfer coefficient;

c) extent|of the contaminated area and thickness of the uiisaturated zone;

d) the mdgnitude and distribution of the air flow.

These pargmeters impact on the return on investment (ROI), the return on capital (ROC) of eac
the remedifation effectiveness and end of an SVEloperation. The dimensioning includes:

— the number, spacing and characteristiés of the injection wells;

— the ROl and ROC of the extractioniwells;

— the number, spacing and characteristics of the extraction wells (depth, diameter, trenches, wi
— the type and power of theektraction unit;

— the dinensions of the\treatment unit.

The targeted contarfiinated area shall be fully covered by the ROC of SVE extraction network. M3
models mgy be used for dimensioning and predicting performances of SVE. Soil air-permeabil
measured |n the'\fields by extraction tests or by experimental lab-scale approaches.

If the grOhuC‘lvvatc1 levets ohanuvv, the gt ottidwaterdevelcanrise-dteto-SVE=and gt ottrdwat

SVE well, so it is necessary to prevent the groundwater level from rising by groundwater pumping.

9.8.5 Ke

y monitoring parameters

To determine the effectiveness of an SVE technology, the key parameters are:

a) well head vacuum and the network head depression;

b) extrac

9

soil-ga

ted flow;

s concentrations of the contaminants being targeted;

d) concentrations and/or flow (m3/h) and/or mass fluxes (g/h, kg/day) in atmospheric releases.
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If SVE is operated on a source of contamination to reduce a contaminant linkage, groundwater quality
upgradient and downgradient of the source shall be monitored before, during and after the closing of the
remediation operation.

9.8.6 Advantages and limits

SVE is easy to operate and relatively inexpensive. This technique is proven and has demonstrated great
reliability. SVE can continue to be used while the site remains in operation or even begins to be redeveloped.
High-permeability heterogeneities limit its efficiency. The most limiting factor for the use of this process
is vapor pressure. A compound with a vapor pressure below 67 Pa (at 20 °C) is not remobilizable under
normal venting conditions. In addition, the limiting Henry's law constant for significant volatilization is
0,01 Pa'm3/mol (at 20 °C).[12] SVE is operated on unsaturated zones with thickness of more of 1,5 m to 3 m
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the unsaturated zone, where an SVE system may be employed to capture the contaminated air. The injection
of fresh oxygen in the aquifer can also stimulate aerobic biodegradation.

9.9.2 Scope and applicability of the technique (operating window)

Air-sparging is used to address a wide range of dissolved VOCs (see Annex A). Hydrogeological settings
with homogenous hydraulic conductivity in the saturated zone (> 10-> m/s), and permeability to air in the
unsaturated zone provide optimal performance when operating air-sparging.
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9.9.3 Technology description

Air-sparging technologies typically combine an air injection well network and an SVE wells network. Air
is injected in vertical wells, screened below the targeted contaminated zone, using an air-compressor or
blower at a pressure determined by the depth of the screened portion of the wells, the air flow required
and the lithology. Usually, the air injections are discontinuous (“runs”) whereas associated SVE runs
continuously. On site, off-gases treatment unit is often required before discharging the air to the atmosphere.
An illustration of the technique is provided in Figure C.11 in Annex C.
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Oxygen added to the contaminated groundwater can stimulate aerobic biodegradation of contaminants
below and above the water table. This biodegradation may be enhanced by the injection in the targeted zone
of nutrients and/or bacterias (combined bioventing and biosparging technologies - see 9.8 and 9.3).
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9.10 Multi-phase extraction (MPE)

9.10.1 Technique principle

MPE (also called slurping) is an in situ technology that utilises vacuum-assisted free product and/or
groundwater recovery with bioventing and SVE to simultaneously recover free product (if present) and
remediate the vadose and capillary/smear zones and shallow saturated zone.

Groundwater, LNAPL, and soil gas typically are recovered simultaneously from wells placed throughout
the treatment area. One or more high-vacuum pumps/blowers are used to generate the required vacuum.
“Slurping” involves use of a drop tube (stinger) that is placed near the oil-water interface (or bottom of the
LNAPL saturated thickness) in each extraction well to focus recovery at the capillary/smear zone fringe and
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9.10.5 Key monitoring parameters

To determi

ne the effectiveness of MPE, key monitoring parameters are:

a) LNAPL removal rates and cumulative LNAPL volume;

b)
9
d)
e)

(time and space) evolution of apparent LNAPL thickness in extraction wells;
groundwater levels;
well head vacuum and the network head depression;

extracted flow;

© IS0 2024 - All rights reserved
35


https://standardsiso.com/api/?name=5fe4fd8163a926a5fcc31403368b4574

soil-ga

ISO 24212:2024(en)

s concentrations for compounds in concern;

soil-water concentrations for compounds in concern;
concentrations and/or flow (m3/h) and/or mass fluxes (kg/d) in gas and water outflow;

energy consumption of the entire installation, including ex situ water/oil treatment unit;

9.10.6 Advantages and limitations
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removal by hydraulic recovery (e.g. pumping and skimming). Skimming consists of the selective removal
of only fluid (LNAPL) using a pump or similar continuous mechanical device. Both LNAPL and water are
removed. Less intensive LNAPL recovery techniques such as the use of adsorbent socks, manual bailing,

passive ski

mmers, or vacuum trucks are not being considered here.

9.11.2 Scope and applicability of the technique (operating window)

DPLE is the most widely used technique to recover mobile LNAPL (diesel, fuel, gasoline, solvents, etc.) floating
on groundwater table, where the apparent thickness (in the wells) is generally over 1 cm. Groundwater

extraction

can also provide hydraulic containment of potentially migrating LNAPL.
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9.11.3 Technology description

In DPLE, the drawdown of LNAPL and groundwater through water pumping (in wells) induces an LNAPL
gradienttoward the recovery well. Groundwater drawdown can expose submerged LNAPL thereby increasing
LNAPL mobility and recovery rate. Skimmers are placed at the oil-water interface. The most commonly used
systems for skimming are hydrophobic filters, floating skimmers and oleophilic bands. LNAPL recovery can
be undertaken in vertical wells or horizontal trenches (for shallow aquifers). The performance of each well
is characterized in terms of its RoC. Ex situ treatment unit are required to separate (oil-water separator)
LNAPL from water and to remove dissolved contaminant present in pumped groundwater before discharge.

An illustration of the technique is provided in Figure C.13 in Annex C.
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9.11.5 Key monitoring parameters

To determine the effectiveness of DPLE, key monitoring parameters are:

a) LNAPI removal rates and cumulative LNAPL volume;

b) (time dnd space) evolution of apparent LNAPL thickness in wells or trenches;

c¢) groundlwater levels;

d) energy consumption of the entire installation, including ex situ water/oil treatment unit.

9.11.6 Advantages and limitations

The advantages of this technique are-that:

a) itisrelatively simple and quick to set up;

b) it produces little soil disturbance and it is possible to treat under buildings;

¢) LNAPIL removal isassociated with hydraulic containment;

d) it contributes=to reduce sources of dissolved (saturated zone) and gaseous (unsaturpted zone)
contamination.

However, itisoteffectivefor-smat-thicknessesof ENPAEtessthanr+em)>andifitisnecessary to remove

LNAPL residual contamination.

9.11.7 Specific EHS aspects

The design of LNAPL extraction unit shall consider the risks of fire and/or explosion when targeted LNAPL
is made of volatile flammable compounds (gasoline, cyclohexane, etc.). Recovered LNAPL often has to be
disposed ex situ and off-site as a waste.

9.11.8 Other techniques or containment approaches that can be combined with the technique
To improve the performance of the treatment, it is possible to increase LNAPL extraction rate using

surfactant-enhanced subsurface remediation (SESR) (surfactant is injected to decrease interfacial tension
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and increase solubility) or cosolvent flushing (a solvent is injected to increase LNAPL solubility and mobility).
In both cases LNAPL and water are recovered hydraulically.

9.12 Hydraulic techniques for groundwater remediation

9.12.1 Technique principle

Hydraulic techniques are the most established in situ groundwater treatement techniques and/
or contaminated groundwater containment. Hydraulic techniques involve the retrieval of groundwater
and/or NAPL from a contaminated aquifer using one or more extraction wells, trenches or galleries, and
treating the water in an above-ground treatment system prior to discharge. Pumps can be submerged or
aboveground. Depending on the contaminants being considered and their concentration, the pumping rates
and the discharge quality requirements, the treatment ol extracted groundwater/NAPL oftdn includes
multiple technologies used in a treatment train.

9.12.2 Scope and applicability of the technique (operating window)

Hydraulic {
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cyanid, (pe

echniques can be applied for a wide range of dissolved organic contaminants (e.g. lightjpetroleum
bns, BTEX, chlorinated compounds) and inorganic contaminants [e,g. metal, metalloids, nitrate,
r)chlorate] present in groundwater (see Annex A).

Hydraulic {
Figure C.14

echniques can be applied to meet four different objectives (seeillustrations of the teq
in Annex C):
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to credte a hydraulic dynamic containment of the contaminant plume in the groundwater as
management technique [pumping is operated betweén the source of contamination an
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to redyice the water table to enhance LNAPL sécovery (e.g. LNAPL dual pumping recovery - sge 9.11);

lice the water table to increase the’thickness of the unsaturated zone targeted by other soil
jation techniques [e.g. “cold” or thefmally enhanced SVE (see 9.8), multiphase extraction (see 9.10),

soil extavation (see 9.20)].
9.12.3 Terhnology description
Pumping i$ operated from orte’or more vertical wells, horizontal drains, galleries or trenches, Jcreened at
suitable hyldrogeological idterval, and connected with a pipe network. Groundwater extraction |s achieved

using surf;
pneumatic

ce-mounted-pumps (for water table at a depth up to 9 m below ground level) or e
submersible:pumps. Extraction wells are always associated with special designed

ectrical or
monitoring

wells netwprks. Also, )water treatment unit is necessary (see 9.21).

9.12.4 Designconsiderations and dimensioning

The choice of relevant technique and associated design and dimensioning depends on the remediation
objectives and hydrogeological conditions (e.g permeability, water table, aquitard configuration). For P&T
and hydraulic containment techniques, the entire plume shall be included in the capture zone, the width of
which depends on the aquifer hydraulic properties, groundwater flow, and pumping rate(s). The number
of wells necessary to intercept the plume and well design (depth, position of screened section, diameter,
etc.) depends on the whole width of the plume and performances (pumping rates) of each well. Targeted
withdrawal depends on the hydraulic properties of the aquifer, the technical characteristics of the wells/
drains, and for LNAPL recovery, optimal in well oil renewal. Pumping rates are limited by the aquifer
hydraulic properties but also by the on-site ex situ treatment capacities and discharge regulation. Casings
and screens of wells or drains shall be made of materials resistant to the contaminants involved, like
stainless steel, HDPE or PVC. Hydraulic flow models are built to simulate the flow field in the vicinity of
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wells. Predictive modeling is also completed to approximate groundwater cleanup times. Modelling is based
on specific conceptual model of the contaminated area requiring a comprehensive characterization.

9.12.5 Key monitoring parameters

Performance and effectiveness are monitored by measuring hydraulic heads and gradients, pumping
rates, inlet versus outlet (discharge) of on-site ex situ treatment units, mass extraction (dissolved, LNAPL).
Groundwater flow directions, dissolved contaminant distributions/evolution in groundwater are monitored
using a monitoring specially designed wells network.

9.12.6 Advantages and limitations
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(water, solvent, specific reagent). It can be applied on-site or off-site. Ex situ soil washing systems assume
that most contaminants of concern bind to the finer soil fraction, consisting of clays, silts, and fine organic
matter as opposed to the larger sand and gravel fraction.

9.13.2 Scope and applicability of the technique (operating window)

Soil washing can be applied to remove various organic and inorganic contaminants. It is mainly applied on
heterogeneous soils to concentrate the finer fractions, generally the most contaminated (see Annex A). It is
particularly useful for the separation of low-degradable compounds that recalcitrant to other remediation
techniques (e.g. PAHs, PCBs, dioxins and furans, pesticides) and to metals/metalloids. It can be used to treat
large quantities of oil spill-contaminated beach sand. The separated contaminants are concentrated and
reduced in weight for disposal, incineration (on-site or off-site) or possibly stabilization and solidification.
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9.13.3 Technology description

As illustrated in Figure C.15 in Annex C, soil washing processes consist of several steps:

a)

contaminant;

b)
)

washing of the fine fraction with water, water with additives or solvent;

treatment of washed water;

d) management of residual waste.

particle size separation (gravels, coarse, and fine particles) to isolate the fraction bearing the

The process uses equipment and machinery typically used in quarrying and mining (e.g. trommels, sieves,

cyclones) 1
presses).
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sign and dimensioning considerations

In the cleaning treatment phase, a treatability test shall be performed to determine,thie treatment

after fully
wastewate
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e are not washed by a conventional soil washing system, the system shall be redesigne

y monitoring parameters

e the effectiveness of a soil washing technology, the key parameters are:
matter and moisture, contaminant-concentrations within the soil to be treated;
ites in the washing tank, water or solvent consumption, soil residence time;

 water quantity and quality after treatment, removal effectiveness of specific conta
| soils, exhaust dust or VOCs emission if any.

9.13.6 Advantages and limitations
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oil thatis not contaminated after washing can be reused as backfill at the site butitis

washing unit can easily handle a large volume/mass of contaminated soils (25 t/h or

units, belt
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soils with

over 30 % silt, clay, or organic matter). Treatment of the wash water can be tricky if chemical additives are
used because these shall also be treated. VOCs can generate air emission that require a specific air treatment
unit. Treated soil is usually coarse and can cause geotechnical issues for reuse of the site.

9.13.7 Specific EHS aspects

Potential concerns are mechanical parts and chemical handling for nearby workers. As a quarry system,
noise and vibration caused by the plant shall be controlled. Odours when sieving contaminated soil shall
be controlled as well as VOCs emission. In town, a mobile washing unit may be placed in tent with an air
treatment unit.
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9.13.8 Other techniques or containment approaches that can be combined with the technique

Soil shall be excavated first (see 9.20). Contaminated fine particles separated by hydro-cyclone or other
methods can be subjected to other techniques including new sieves, swirl effect cyclone etc. to increase the
effectiveness of remediation. When residual organic contamination within the sludge cakes is high, the soil
washing process can be followed by an incineration process applied to the sludge cakes (see 9.5). But, if the
residual contaminants are less concentrated, the sludge cake can be disposed of on-site with an appropriate
cover system if it does not pose any risks to human health and the environment (see 9.17).

9.14 Biopiling

9.14.1 Technique principle
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(18 months to 24 months).

chnology description

ted, the contaminated soil matrix is mixed with an amendment (structuring agent) b
e treatment zone. The treatment zofie comprises at least a leachate collection system a
pction or air blowing) to optimise oxygen transfer and stimulation of biodegradation

pntent, nutrients, oxygen, pH).

l in Figure C.16, biopiles-are usually covered by an impermeable geomembrane to limi
, contaminatant volatilization and temperature maintenance/increase. The heaps ar
than 3 m (to aveid.compaction). The collected leachate is partly recycled and partly
being discharged”Atmospheric emissions are treated if necessary (e.g. if VOCs are pre

sign conSiderations and dimensioning
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br-of the in situ medium, humidity, concentration of nutrients, temperature, den

It can take
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of the environment (water permeability, air permeability, percolation speed, etc.) help defining the optimal
operating conditions and the sizing of the treatment unit.

Key parameter to design a biopiling treatment are:
a) geometry;
b) the characteristics of the ventilation network (oxygenation rate);

)

the characteristics of the sprinkler system (nutrient addition and leachate recirculation);

d) type of nutrients;
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e) possibly, the size of the treatment units (for the wastewater and off-gas treatement).

9.14.5 Advantages and limitations

Biopiling is a reliable and well proven technique for organic biodegradable compounds. It can reach very
high degradation rates. It relies on a destructive process and can be applied to many contaminants. It is
widely used in the case of heterogeneous and easily biodegradable soils. It is a technique that allows
excellent microbial control (oxygenation of the environment, humidity, concentration of nutrients,
temperature, density of the microbial population in place, etc.). Therefore, controlling biopiling parameters
(i.e. biodegradation process) is easier than controlling the key parameters in in situ biological treatments.
It can be competitive in terms of cost and performance. It can improve physical qualities of the treated soil
(particularly the organic matter content).

There are
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ity, C/N/P/K ratio);
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present a strong odour nuisance and an H,S risk in the case of anaerobic reactions.

9.14.8 Other techniques or containment approaches that can be combined with the technique

The process relies first on excavation to be carried out (see 9.20). It also relies on treatments techniques for
the wastewater and off-gas (see 9.21). In some cases, biopiling can be heated (between 25 °C and 45 °C) to
promote biodegradation (injection of heated air, circulation of hot water in a closed circuit, etc.).
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9.15 Landfarming

9.15.1 Technique principle

The process is simple and consists of spreading a low thickness of contaminated soils on an impermeable
surface and then promoting aerobic biodegradation through conventional farming techniques. The technique
can be applied on site or off site.

NOTE

The process as described here is a development from the practice of sludge farming (sometimes also

referred to as landfarming) used for many years to dispose of oil refinery sludges. The oily waste was spread on the
surface of the soil and then, with the addition of nutrients to stimulate microbiological activity, ploughed in. This
process clearly has a potential for adverse environmental impacts if not properly designed and managed.[13]
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the contaminated soil and the atmosphere (see Figure £.17 in Annex C). The aim of the techn

ntilation and therefore aerobic degradation¢Ploughing the soil allows regular aeration|
is also favoured by the addition of nutritional supplements (minerals and fertilizers).
furing agents such as straw to aid air*apd moisture ingress, and various amendment
ned regularly to improve ventilation:

hinated soil shall be spread out o an impermeable support (asphalt, ggomembrane, 1
0 avoid any contamination 6f soil and underground water. The leachate is collected
fore discharge into the environment or recirculated to promote humidification an
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sign considerations and dimensioning
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a) the surface required for treatment;

b) the type of compost and structuring agent and required input ratio;

c) thefre

d)

quency of ploughing;

Landfarming processing consists of the following:

if necessary, the characteristics of the sprinkler network and the dimensions of the liquid treatment units.

— pretreatment (homogenization, screening, addition of nutrients and amendment of organic or structural
matter);
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to collect and recycle the leachate;

agricu

ltural equipment for ploughing;

fixed treatment platform on impermeable support (clay, concrete, HDPE or equivalent) including means

equipment for monitoring the conditions of the treated soils (oxygenation, humidity, nutrient

concentration, temperature, current microbial population density) and environmental impacts
(groundwater, superficial, and air);

storag

e of solid and liquid wastes resulting from treatment.

9.15.5 Key monitoring parameters

Like any biotogical treatment, to determine the effectiVeness, the esSentiat parameters to be controlled are

humidity, nutrients, pH, and temperature. In addition, other key monitoring parameters are:

a) the proper development of bacteria (pH 6 to 8, temperature 10 °C to 25 °C, humiditywith 40 (% to 85 %,
and C-N-P-K ratio);

b) development of the contaminants in soils including the metabolites which can'be produced.

9.15.6 Advantages and limitations

Landfarmipg is a simple technique to design and implement. It ig’,competitive in terms of cost and
performanice. It is a proven technique used for heterogeneous and )easily biodegradable contaminants.
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ent, and large areas of impermeable support.Itproduces dust during ploughing. It 1
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air should be treated to remove volatile contaminants as necessary.
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in sizes or
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9.16.1 Technique principle

Vertical containment relies on physical passive containment. They are not treatment techniques but
engineered-based techniques aiming at containing in situ contamination. They aim to prevent groundwater
flow out of the contaminated area through installation of a vertical barrier between the source of
contamination and groundwater and/or surface water to be protected. Barriers can be placed around the
periphery of the contaminated site or installed downstream or upstream of the contamination source.

NOTE
(see 9.17).

There are two types of physical passive containment: vertical barrier technology and surface containment
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9.16.2 Scope and applicability of the technique

Vertical containment is an in situ technique and can be applied to almost all types of contaminant (VOCs,
PCBs, PAHs, metals/metalloids) (see Annex A). However, some contaminants are not compatible with the
usual containment materials.

The implementation of these different types of vertical containment can requires very specialised
and expensive construction equipment which can usually only be justified for a minimum volume of
contaminated soil, below which excavation is more appropriate.

9.16.3 Technology description

Table 4 shows the main techniques of vertical containement and their frequency of use (see Figure C.19
in Annex CJ).

Table 4 — Main techniques of vertical barrier (ADEME)

Principle Technique Principal material(s) Freq::(;gcy of
Slurry bentonite/cement
) ) Slurry wall y / f++++
Excavation|of soil and placement of Plastic concrete
watertight material Composite slurry |Slurry bentonite/cement with s
wall geomembrane orsheet peeling
5011 displacement and placement Of Thin wall Slurry bentonite/Cement +++
watertight material Sheet piling Steel +
Injected sheet Injection’'grout ++
Reduction ¢n site of permeability Soil mixing Cemerit or slurry bentonite/cement ++
Jet grouting €ement ++

9.16.4 Design considerations and dimensioning

Dimensionfing requires consideration of:

a) geotechnical soil characteristics (type-of soils, stability, etc.);

b) hydrogeological context (groundwater depth, permability of the saturated zone, etc.);

c) specific objectives, designlife, area, remediation limits, end uses etc. of the VBT project;
d) site chpracteristics (topography, actual uses, access, water balance model, etc.).

It is necesjsary to verify the compatibility of the contaminants with the containment materjals before
selecting the technique. In general, the barrier should be anchored in an impermeable formation.

9.16.5 Key menitoring parameters

Vertical containments require very long-term monitoring to track their effectiveness. Monitoring shall
allow the functioning of the containment to be understood and permit the evolution of its efficiency to
be determined. Most often, the monitoring consists of taking and analysing samples from groundwater
or surface water in order to verify its quality and how this evolves over time. Regular checks should be
performed to ensure that containment measures are still in place and functional.

9.16.6 Advantages and limitations

Table 5 shows the advantages and the limitations of vertical containment systems.
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Table 5 — Advantages and limitations

Advantages Limitations

Large range of contaminants

Adapted for large volumes of inorganic and mixed

Contamination stays in place

Specific and onerous construction equipment

Only permits limitation of horizontal transfers

contamination — Very long-term monitoring and servicing
— Reliability — Need to keep track of the contamination and
implementation of use restrictions
—Ca TeqUITe OtEr treatmeTTt teCmques
9.16.7 Spgcific EHS aspects
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treat (see 9.12), permeable reactive barrier (see 9.18)].
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th contamination’ and dispersal of contaminants by wind and precipitation, they
fional and camptise a number of layers intended to perform specific functions. For ex3
infiltration’of water, provide drainage for water and/or gas, prevent upward migra
(ward niigration of contaminated groundwater, support vegetation, limit rooting dep
nd other structures, contain electrical and other services to buildings, etc. Each co
cigned on a site-specific basis.

of slurry walls, soils shall be excavated using slurries supporting the side of'the excavated trench.

her techniques or containment approaches that can be combinédwith the technique

(see 9.17),

1gineering-

bming into

are often
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ver system

NOTE 1
containmen

NOTE 2

t.

to prevent water ingress, e.g. on old landfills.

9.17.2 Scope and applicability of the technique

There are two types of physical passive containment: vertical barrier technology (see 9.16) and surface

The term “capping” is sometimes used but this is best restricted to instances where the primary function is

A cover system is a suitable option for heterogeneous contamination not susceptible to other remediation

techniques

. Containment can be temporary or final.
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Cover systems shall be designed to provide the required functions for the specific conditions of each site,
including:

a) the nature and extent of the contamination;
b) the geological, hydrogeological and hydrological characteristics of the site;
c¢) theintended use of the land.

Most covering systems are intended to be permanent. However, sometimes they are temporary, and
intended to function for only a short time. They can, for example, be part of an emergency response intended
to prevent contact between contaminants and those who can enter the site, and to prevent the spread of
contamination by wind action or movement of precipitation on the site. They can also be intended to improve
the trafficg some other

Ty T CTO T I T o T TIrotorror e ro oo o p e ot o oT
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rhnology description

ed covers use layers of differing materials to perform different functiens: The mat
iral (e.g. top soil, gravels, clay, sand), synthetics (e.g. HDPE geomembrane or other gg
ay liner, concrete, bitumen) or a combination. Depending on the functions to be perf|
f the cover system can vary from as little as 0,3 m (e.g. for a temporary separation lay
The thickness depends on the materials used and the functiens required. It is rec
Verly complex designs because of the difficulties in measdring the quality of the ij
s of cover system(s) are provided in Figure C.20 in Annex€,

prials used
osynthetic
ormed, the
er) to well
bmmended
hstallation.

A typical nmulti-layer system can include, together with other elenients, from top to bottom:

a) asurfdce layer to support vegetation;

b) a protéction layer to prevent physical intrusion (if-composed of a low-permeability material it can also
serve flo limit infiltration);

c¢) awater/gas drainage layer;

d) alow-permeability layer to prevent waterinfiltration;

e) afounglation layer.

An important component in many(cases can be a capillary break layer usually composed of a frge-draining

granular material (it can sometimes also serve as a gas/water drainage layer). The potential capillary rise

depends on the fineness of thesmaterial and sometimes can be several metres above the water tal

Covers carj
(e.g. bench

9.17.4 De

be difficult te_apply on sloping or domed sites without first carrying out enginee
ng) to shapethe material to be covered to limit the possibility of erosion and slope fai

sign eonsiderations and dimensioning

al’site model (CSM) (see ISO 21365 for guidance on CSMs) for the remediated site sh|

ble.

Fing works
ure etc.

all identify

A concepty

all the functions that the covering system is required to perform and how the cover can develop over a
prolonged period of time. It is essential to identify forseeable events such as changes in land use, flooding or
rising groundwater levels, settlement, cultivation and development of vegetation with time, and colonisation
by deep-rooting trees and burying animals. It is crucial to know whether covering the site ends action
on the site or whether there is an intention to develop the site immediately or in the near term. It is also
recommended to consider wether practical and enforceable controls are required, depending on how the
site is used in the future. It is also important to identify any constraints that can influence the design of the
covering system. For example, it can be unacceptable to raise site levels by 15 m because this can impact
adjacent sites and possibly induce settlements that can promote dispersal of contaminated groundwater and
ground gas. Among the parameters that should be considered are:

a) geotechnical soil characteristics (type of soils, stability, etc.);
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b) hydrogeological context (groundwater depth, permability of the saturated zone, etc.);

)
d)

specifi

site cha

c objectives, design life, area, remediation limits, intended end uses etc. of the land;

racteristics (topography, actual uses, access, water balance model, etc.).

The choice of materials is based on their costs, their availability and their characteristics with respect to the
previously defined functions (protection, sealing, drainage, filtration, reinforcement, resistance to erosion,

design life,

type of contaminant).

When the provision of the cover system is a prelude to development of the site with buildings or other
structures, it is essential to take account of any engineering works required to enable planned construction
works to be carried out. C0n51derat10n shall be glven for example to requlred englneerlng bearing pressures,
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ecific EHS aspects

9.17.7.1 Other techniques or containment approaches that can be combined with the technique

Cover systems can be combined with the other remediation techniques, including, for example, vertical

containme

nts, pumping and treatment, permeable reactive barriers, ground gas control systems.
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9.18 Permeable reactive barrier (PRB) systems

9.18.1 Technique principle

A PRB enables the remediation of contaminated groundwater. PRB consist of a vertical permeable zone
made of reactive materials [(also called reactive zone (RZ)]. It is placed perpendicular to the groundwater
flow direction in order to intercept a plume of dissolved contaminants in the saturated zone. Targeted
contaminants can be either immobilized (absorbed) or chemically and/or biologically degraded, detoxified,
mineralized or converted into less innocuous forms as they migrate passively through the reactive zone
under the control of natural hydraulic gradient.

9.18.2 Scope and applicability of the technique (operating window)

PRB syste{:—:s can treat a wide range of pollutants whether organic or inorganic that are~pr¢sent in an
aqueous form in groundwater (see Annex A).

9.18.3 Terhnology description
Two geometric configurations are most frequently used for PRB systems (see Figuie C.21):
a) continpious PRB, which is a single reactive permeable “wall” installed acxoss the plume;

b) funneltand-gate (FAG); which comprises a permeable gate also called reactor (RZ), and that |s placed at
the convergence of two impermeable walls that redirect the plumetowards and through the reactive zone.

Zerovalent] Iron (ZVI) is commonly used as reactive material foi:xthe RZ for the remediation of ¢hlorinated
solvents, r¢dox-sensitive metals and metalloids (e.g. Cr, As). A wide range of other reactive materials is also
available: (AC, zeolite, sawdust for immobilization, ORC og-HRC (aerobic or anaerobic). Biowalls are PRBs
that promdte biological treatment of groundwater.

9.18.4 Dejsign considerations and dimensioning

The quality of installation of a PRB system is critieal for its successful performance and includes g¢otechnical
and civil dgsign considerations, e.g. various trenching technologies, direct injection, large-diametefr borehole-
filled completions are possible. The PRB design relies on the most suitable barrier location and corlfiguration.
It should donsider an appropriate reactive matrix type with relevant hydraulic conductivity gnd specify
the lengthfwidth of the barrier. Thé performance and the design of PRB are highly dependent|on several
parameter|such as treatment objectives, local hydrogeological settings, type of contaminant(s), conrcentration
and mass tiransfer of contamindnt(s) (i.e. 3D plume geometry) in groundwater, and the nature, pgrmeability
and thickngss of reactive barrjer. Two main variables shall be considered for the proper design of PRB:

a) the capture zone (the'width of the barrier necessary to intercept the entire plume);

b) the refidence time (the time required for contaminated groundwater to flow through the reactive
matriy to acliieve the treatment goals).

9.18.5 Kely monitoring parameters

A dense monitoring well network is required downgradient and upgradient of the plume to monitor and
control groundwater levels, the numbers of wells reflecting the geometry of the system (larger numbers of
wells upgradient and fewer, downgradient for funnel-and-gate geometry than for continuous barriers). Site-
specific long-term performance monitoring plans based on a hydrogeological conceptual model should be
developed to detect processes that can jeopardize a PRB’s performance such as:

a) loss of reactivity;
b) decrease in hydraulic conductivity of RZ;

c¢) decrease in contaminant residence time in RZ;
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d) short-circuiting or leakage in the funnel (for FAG).

9.18.6 Advantages and limits

PRBs appear to be sustainable in situ techniques as they are passive, long lasting, cost-effective alternatives
compared to traditional active pump-and-treat which has low operational and maintenance costs but higher
installation costs. To limit the risk of failing to identify bypassing preferential contaminant pathways, an
exhaustive site characterization is essential for the success of PRB systems. Undesirable processes such as
clogging and biofouling can occur in the RZ hindering the PRB’s performance. Conventional PRBs require
some excavation, which limits them to fairly shallow depths of about 20 m. The existence of above-ground
structures and/or buried rocks or networks of pipes can limit the feasibility of a PRB’s construction. Waste
(soil material, sludges) requiring disposal can be generated during trenching. There is also a need to anchor

the PBR withinthe{preferablylow-permeabilitiy-bedrockbeneath-the-aquiferteo-aminimum-depth of 2 m
(otherwisd groundwater bypasses the barrier).

9.18.7 Specific EHS aspects

This techrlique induces the management of waste produced when trenching within polluted soils and
saturated :AC (for RZ intended to immobilize contaminants).

9.18.8 P:rsible combination with other techniques and technique variations

A wide range of innovative reactive materials can be used as the’ reactive matrix. Some|additional
groundwater treatment such as sparging (see 9.9) or additives injections (redox regulation, ¢omplexing

agent, skimpmers) can be placed upgradient of the PRB to optimize.its operation.
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compounds, and non-volatile organic compounds. Volatile contaminants are typically not good candidates
for solidification, as the contaminants can evaporate into the atmosphere during the mixing process. S/S
processes may be applied to a wide range of fine-grained to coarse-grained materials.

Issues affecting the applicability of in situ processes include how the contaminants are distributed in the
ground (e.g. relatively homogeneous or very heterogeneous across the plan area to be treated and/or with
depth), the nature of the ground [e.g. mineralogy, particle size distributions, presence of putrescible
materials, location and size of the contaminated ground and bearing capacity (relevant to whether heavy
machines can be used)], and the hydrological regime (e.g. position of the water table).
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9.19.3 Technology description

The same mix combinations can in general be used for in situ and ex situ treatment. An illustration of the in
situ and ex situ technique is provided in Figures C.22 and C.23 in Annex C.

Stabilizing agents are often added only as a small proportion of the overall mix. Stabilizing agents that have
been used include organophilic clays, activated carbon, biochar, reducing agents (e.g. ferrous sulfate to
convert chromium VI to chromium III), and precipitation agents to convert soluble salts to insoluble salts
(e.g. sulfates to sulfides). Binding agents include cementitious materials [e.g. Portland cement, pozzolan,
hydraulic slag (e.g. ground granulated blastfurnace slag), and lime], polymers, silicates, and thermoplastic
materials. Other possible reactive amendments are different types of zerovalent iron (ZVI): microsized ZV],
nanosize ZVI, sulfidated ZVI. When S/S is applied ex situ, a degree of homogenization of the input materials
is sometimes carried out before the various treatment agents are added to the mix.

There are lllumerous examples of material treated ex situ being used beneficially in earthworks;
disused dogck to form a construction platform; reclaiming land from the sea; as sub-base bengath
constructipn slabs. A variety of mixing equipment can be used for ex situ treatments.

.g. filling a
roads and

Depending|on the depth at which treatment is required, in situ treatment can be applied using:

convel|
to cult

tional agricultural techniques to add amendment materials (e.g. fertilizers, lime, orga
vated land and during land reclamation;

hic matter)
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se beneath

deep mixing using augers to form overlapping columns ef treated materials (applicable to many
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in situ[immobilisation using amendment injection.

9.19.4 Design and dimensioning considerations
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distributedthrough the soit—Stabilizing agentsare oftenm added oty as a Smatt proportion of
mix, a few percent at most, so bringing them into contact, especially in situ, with the target contaminants
is always problematic, especially if they are solids. Hence, in many cases of S/S, it is solidification that
dominates effectiveness. In addition, some proposed stabilization agents are not necessarily stable in the
alkaline cement matrix.

The mineralogy of the material to be treated can sometimes be critical due to potential volume instability.
For example, Portland cement can react with glass and certain siliceous materials (alkali-silicate reaction)
and sulfates, and sulfides (e.g. pyrites) can react to form sulfates which then react with the cement. These
expansive reactions can take many years to become manifest so expert testing is required. Cement can also
react with any aluminium metal present in the soil to form hydrogen. As for any cement-based material, the
solidified material can be subject to external attack/modification by carbon dioxide, sulfates, acid waters,
and sea water. Some binder combinations are generally more resistant to such attack. Inherent in these
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sorts of problems is the fact that cement-based materials can continue to develop their properties, including
possibly leachability, over many years. In contrast, treatability studies extend at most for a few months.

9.19.5 Key monitoring parameters

Key monitoring parameters are similar for ex situ and in situ immobilization techniques. The following
parameters shall be determined/monitored during an immobilisation operation:

a)
b)

]

quantities of soil to be treated and the initial concentrations of contaminants;

water consumption, mixing ratio of soil and stabilisation and/or binding reagents;

leachability of treated materials (not only for substances of initial concern but also those whose mobility

can be
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e
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echnologies generally have similar advantages and disadvantages to ex situ treatment

5. However,

they have some particular disadvantages.

a)

The longevity of a stabilization process applied at shallow depths, e.g. liming to reduce availability of

phytotoxic metals to plants, can be limited and repeat applications can be required indefinitely in the future.

b)

The uncertain longevity of the in situ S/S applied at depths, because of, for example, change of

environmental or hydrological conditions such as infiltration of acid rain or cyclic wet-dry actions, can
lead to the degradation of solidified materials and/or destabilization of the contaminants.
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9.19.7 Specific EHS aspects

Specific health protection equipment is required for the staff when handling hazardous materials including
treatment agents such as Portland cement (highly alkaline and caustic and sometimes containing chromium
VI which can cause or promote dermatitis). Heat generated during cement setting and hardening can cause
volatilization of volatile substances. Reaction of cement with waste metals especially aluminium can cause
development of hydrogen thus creating a hazardous atmosphere in and around mixing equipment.

In some circumstances, it can be necessary to provide a cover to treated materials, although in some
instances this can be provided by the subsequent engineered cover, e.g. a road. In the case of agricultural and
similar soils (e.g. parkland), residual risks to sites users, farm animals and the wider environment should be

assessed before the treatment method is selected for application.
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stshould at all times be properly sloped or provided with appropriate continuous [temporary

ending on the scale of the excavation and the accessibility of the site for vehicles (see Fi|gure C.24).

support. During the excavation, in the presence of dusts, VOC or odours, specific measures are required
(e.g. real time monitoring, mitigation measures, excavating in several phases). The excavated soil can be
stored in a (temporary) installation on site or can be immediately transported off-site to a final disposal or
treatment installation.

9.20.4 Design considerations and dimensioning
The design of a soil removal operation involves several steps:

a)

calculation of the tonnage and volume of contaminated soil to be excavated and the actual volumes to be
moved allowing for “bulking” (correction made using an expansion factor);
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b) geotechnical study for assessing slope stabilities etc. and, if necessary, design of temporary supporting
walls and groundwater extraction systems;

c) excavation relying on prior identification of needed equipment, access ramps, and excavation phases;

d) sampling to check that removal of contaminated soil has been carried out as planned (usually the walls
and bottom are sampled and analysed on an agreed pattern).

NOTE 1 If the site is large and accessible for vehicles, an access ramp can be built to permit entry of large trucks

directly into the excavation pit. If such access is not possible, equipment such as dumpers and excavators descend into
the pit as they work. Excavated soil is then hauled up to a temporary surface storage area prior to being picked up
by trucks. On small sites, excavated soil can be lifted by a long arm backhoe and directly put on a truck or a surface
platform.
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9.20.8 Other techniques or containment approaches that can be combined with the technique
Excavation technlques often have to be comblned w1th other(s) treatment technlques for the remlediation to
be success 5 b

Modified foam or soil washlng addltlves may be used for the limitation of VOC or dust emissions during the
excavation of soils. If necessary, excavation can take place in a tent. This enables emissions to be contained
and treated via an emission-reducing technique (see air treatment 9.21).

9.21 Off-gas treatment technologies and wastewater treatment technologies

9.21.1 Ge

neral

Extracted groundwater or extracted gas (also called off-gas) can require treatment depending on its
composition and national regulation requirements. Treatment can be necessary for wastewater and gas
emissions from on site processes but also from in situ approaches such as SVE (see 9.8) or air-sparging
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(see 9.9). Other sources of contaminated water resulting from remediation works can also require treatment.
This can be the case for example as a result of dewatering of excavations or sludges. There is a large variety
of possible processes than can be suitable for treating different groups of contaminants depending on
chemical and physical properties of the compounds of concern (see Annex A and Annex B). Specific separate
processes are selected if they can treat the contaminants extracted from a particular remediation system
and within a treatment train (e.g. prefiltration process of pumped groundwater contaminated with VOCs,
followed by mass transfer into air by air-stripping process, and absorption of the gaseous compounds from
off-gases from a stripping process onto granular activated carbon filter). Pretreatment can also be required
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(but it depends on the air flow, the volume to treat and the duration of the treatment).

9.21.3.2 Biofilters

The biofilter treatement relies on using peat, compost or soil as an air-permeable matrix to support the
biodegradation of VOCs and for odour being vented through. The targeted compounds are non-halogenated
and biodegradable VOCs. It is a simple and low-cost process with a low-input approach resulting in the
destruction of the contaminants that are targeted. Like every biological technology, this process is vulnerable
to poisoning and requires lots of space. The efficiency of biofilter decreases as fungal growth occur in the
matrix. This technology is suitable for relatively low flow rates and low concentrations of contaminants.
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9.21.4 Wastewater treatment technologies

9.21.4.1 Free product recovery

The pure products essentially recovered during pumping/skimming operations are very poorly miscible with
water (LNAPL of the fuel, gasoline type; DNAPL, etc.). The principle of the free product recovery treatment
relies on separating groundwater from pure product (free product). It is based on the low miscible nature of
these products as well as on the difference in density between NAPL and water. It is a well established and

simple technology.

9.21.4.2 Coagulation/flotation

Particulatg
processes |
suspended|
device. Flo
coagulatio
polymers

coagulatio
of the wat
Flocculatid

9.21.4.3 (

Chemical-y
compound
metals, ind
large volur
pH conditi

9.21.4.4 N\

] Cllld flUbD lJl CDCllt ;ll VVatCl lllCl_y bC I UlllUVCd UO;IIS f}uu.,ulatiuu/\,uasu}atiuu tl Catlllc
bmall air bubbles are injected into the wastewater in a separating tank. The bubbles\at
flocs, which in turn carry them to the surface where they are removed by a surface
Lation is often used in ex situ treatment for groundwater contaminated with-dissolve
h step is operated prior to flotation to produce metallic flocs by the bindinglef'metal w

h. The choice of the coagulation agents depends on the metal targeted, the chemical c

er to be treated and the aimed metal concentration in the water out (removal
n/coagulation is a well-established treatment technology.

hemical-precipitation
recipitation treatment relies on the transformation.ef“dissolved contaminants int
rganics, hydroxides, sulfides and carbonates. The’technology is simple, relatively lo

hes of contaminated water can be processed at‘ence. The main difficulty is to maintai
pns for all metals in complexe mixtures.

leutralisation (pH)

This treatment is simple, relatively low cost.and large volumes of contaminated water can be

at once. It
(generally
this techn
processes
acids and ¢

9.21.4.5 A

Air-strippi
transferrin
columns off

efficiency yip t6.90 % depending on the compounds that are targeted. Stripping units connected i
often necegsary to reach the targeted residual concentrations when high concentration is obs

s based on the injection of a stkong acid (generally HCI) to decrease the pH or of a §

t. In these
tach to the
-skimming
] metals. A
ith anionic

bf hight molecular weight. Sand filtering and a pH adjustment are sometime required before

bmposition
efficiency).

b insoluble

5 using chemical reactions such as pH changes (acid-hase reactions). Targeted contanpinants are

W cost and
n optimum

processed
trong-base

NaOH) to increase the pH,«for pH control. Acids and alkalis are the targeted co
dlogy. Neutralisation may/be-used as a pretreatment operation prior to other physic
iwhere a stable near-neutral pH is required (e.g. coagulation/flocculation, ion excha
trong bases are corrgsive solutions which should be handled with care.

\ir-stripping

hg can treatwastewater contaminated with dissolved organic volatile compounds. It
g the mass'of dissolved compounds from water to air. Air-stripping is usually opera

pounds of
:F)-chemical

ge). Strong

consists of
fed in pack
5 a removal

in aeration tanks. Atmospheric air is blown in these columns or tanks. The process ha

}

series are

erved in the

wastewater.

With air-stripping, extracted contaminants are not destroyed. Air-stripping leads to oxygenation of treated
water and thus stimulates aerobic biological activity. So the treatment may be followed by granular activated
filtration of the air used before release in the atmosphere. The mixing of water with air produces oxidative
condition in water causing:

a)

b) Fe, Mn oxidation and precipitation with fouling/clogging within the stripping units;

9

the shift in the calco-carbonic equilibrium and CaCO; precipitation within the stripping units;

stimulation of aerobic bacterial growth and biofouling.
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Packed stripping towers may be periodically emptied to remove old clogged packing (to be disposed as a
waste) and be filled with a new packing. Operation costs are mainly due to electrical consumption (blower)
and the maintenance and waste disposal in relation with the fouling withing stripping units. Air-stripping is
a well established and simple technology.

9.21.4.6 Water filters

Filtering is a mechanical separation that relies on the particle size of the permeable filter medium that
is being used. Suspended particles are separated by forcing the fluid through a porous material such as
gravel, sand, diatomaceous earth. The suspended particles are trapped on the surface and/or within the
porous spaces. This technique is suited for contaminants attached to a particular particle size. Filter can
also support blodegradatlon of some organlc compounds (by the development w1th1n the porous media of

biofilms). K : and remove
techmque is 51mp1e and well understood and is often used as pretreatment step to.pr
inits that are sensitive to the presence of suspended particle (e.g. ion exchange resin)
itions is the need to dispose of the contaminant residue.

fines. This
treatment
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9.21.4.7 (
Chemical o
other elem

of incompl
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9.21.4.8 1

hemical oxidation
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with meta
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9.21.4.9 K

Reverse of{

e of this technique is to remove contaminant ions in water by exchanging them with ig
ange resin (H*, Na*, K*, MgZ*). Ion exchange*is usually used to process water coj
s and other inorganics like nitrate, ammonia, perchlorate and chlorate, silicates.
of the technique is the availibility of specifi€ resins for specific contaminants (select
rantage is that contaminants aren’t destroyed in ion exchange (mass transfer from
and used resins shall be regenerated-(with the production of wastewater to be d
or disposed of. Other limitations:dre the high operation costs of the technique and f
hin ion exchange resins.

everse osmosis - ultrafiltration techniques

vtect water
One of the

xidation relies on using ozone, hydrogen peroxide, permanganate, persulfate, ultraviolet light, or

possibility
iIce by high
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The main
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water into
isposed or
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an external pressure across dsemi-permeable membrane to reverse the normal osmotic flow. I

water flow
increasing
inorganics
efficiency,
process re
and requir

ing from the side,of high solute concentration to the side of low solute concentrati
the concentration of the solute on one side of the membrane. Reverse osmosis is
dissolved in,Water at low concentrations. The main advantage of the technique is its hi
but it requires stringent pH control and it doesn’t destroy the contaminants. The g
tidue shall be destroyed or disposed of. Furthermore, there is a risk of fouling of the
d High energy consumption.

mosis-ultrafiltration-is -based on the separation of a solvent from a solution by application of

[ results in
n, thereby
applied to
bh removal
oncentrate
membrane

9.21.4.10

Biodegradation: rotating biocontactors

After the removals of solid particles present in the water, wastewater is brought into contact with a
microbial biofilm and with atmospheric air. Contactors are rotated to ensure the membrane is oxidated
while in contact with waste stream. Targeted compounds are biodegradable organics and inorganics such
as alcohols, phenols, phtalates, cyanides, ammonia. The main limitation of this process is the limited range
of treatable contaminants and its vulnerability to poisoning, for example by a spike in contaminant locally.

9.21.4.11 Biodegradation: polishing in sand and gravel filters

This technique is based on the colonisation by indigenous microorganisms of sand/gravel filters to promote
biodegradation of some organic compounds as well as reductions in BOD/COD (biochemical oxygen demand/
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chemical oxygen demand). This technique is applied on various organics present dissolved in water. It’s
a simple low-tech process with a low-input approach resulting in the destruction of the contaminants of
concern. Like every biological technology, this process is vulnerable to poisoning.

9.21.4.12 Evaporation

Evaporation treatment is used to separate a clean condensate from a contaminated concentrate using
processes such as pervaporation (evaporation accross an organophilic membrane). This technique is mainly
applied to wastewater contaminated with solvents. Its advantage is to be able to reduce the volume of the
waste treatement to be treated. Its limitations are high costs and poor availibility.
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Annex A
(informative)

Remediation techniques, characteristics and conditions of

implementation

Table A.1 presents the remediation techniques described in this document, with some characteristics and
conditions of implementation.
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Annex B
(informative)

Remediation techniques suitability for contaminants

Tables B.1 to B.4 present the suitability of remediation techniques to treat contaminants.
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Annex C
(informative)

Examples of illustrative diagrams of remediation techniques

Figures C.1 to C.25 below illustrate the remediation techniques described in this document.

WARNING — All the figures presented are only examples. For most of the techniques, there can be
variations that are not illustrated.
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Key
1  reinjegtion well

2 chemidal oxidant mixing tank and.injection well
3  water freatment (optional)

4  pumpipg well

5  monitqring well

6  oxidation

Source: Refdrence [12]yreproduced with the permission of the authors.

Figure C.1 — In situ chemical oxidation (ISCO) applied to contamination present in the
saturated zone, with the oxidant being injected into the soil with the use of pressure through
vertical injection wells
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drilling and injection of oxydising solution (soil mixing unit)

pump
mixing tank for preparing oxidising solution

1

2

3

4  water tank
5  soil mixed up with the oxydising solution
6  contaminated soil

Source: Reference [12], reproduced with the permission of the authors.

Figure C.2 — In situ chemical oxidation (ISCO) applied to contamination present in the unsaturated
zone, with the oxidant coming into contact with the contaminant by (deep) soil mixing
(with the use of auger drills)
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W

A\

1  reinjection well

2 reducing chemical agent mixing tank and injection well

3 water treatment (optional)

4 pumpinpg well

5  monitoring well

6  reduction

Source: Refdrence [12]yreproduced with the permission of the authors.

Figure C.3 — In situ chemical reduction (ISCR) principle
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injection of adapted and well selected bacteria: bioaugmentation
reduction dechloration

organic substrate: acetates, sugars (molasses), etc

energy heat

biomass

tetrachlorethene

trichlorethene

cis 1,2-Dichlorethene

vinyle chlorid

ethene

o oo 3 3 sl PR P 3
Source: Reft IeliCe [ L4, TEproaucced WILI UIC PETTIIISSIOIT O tIIE AULIIOTS.

Figure C.4 — Enhanced in situ bioremediation (EISB)
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phase 1: plume development

phase 2: stabilization
phase 3: resorption
phase 4: disparition
migration by convection

degradation/dispersion/dilution

Source: Reference [12], reproduced with the permission of the authors.

Figure C.5 — Monitored natural attenuation (MNA) principle scheme over time
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