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0 SUMMARY

The European project ‘CitychloriMavw.citychlor.ey is a transnational cooperation project
that aims to improve the quality and minimize thalygion of soil and groundwater by
developing an integrated approach to tackle theathr caused by contamination with
chlorinated solvents in urban areas. Within thetexn of CityChlor, this project is
performed in order to examine the potential for borimg aquifer thermal energy storage
(ATES) with groundwater remediation.

A map was developed indicating regions in Flandetisable for developing a significant
GWE-system. The suitable areacloses about 50% of the total area. For some regions
only small residential systems are applicable otber regions large GWE-systems may be
installed and operated.

Although specific literature on the combination GWE and groundwater remediation
seems to be very scarce, relatively many studiesaailable on the effects of temperature
on the physical, chemical and biological behavioofr pollutants in subsurface

environments. In the relevant temperature intefealthe current study, biological and

geochemical reaction rates will however only slighbe affected. Especially the

groundwater flushing and mixing effect caused by BWE-system will be relevant in the
context of remediation.

Groundwater and reactive solute modelling are resggsto predict the behaviour of the
groundwater pollution when GWE-systems are actieglow, Modflow or equivalent other
models are available. Since temperature effectirared (for the systems described here),
it is not important to model them. The groundwatiew and mass-transport effects
produced by the GWE-system, however, are very itaptr Some hypothetical modelling
examples of relevant combinations of groundwatenesiation and “ordinary” GWE
systems operating in PCE-polluted areas in Flenaighifers are presented. The model
results, although very preliminary, show large adieg effects caused by pumping and
reinjection, especially for mobile partial decht@tion products such as dichloroethenes
and vinyl chloride. In later work, a real field @il should be executed and carefully
monitored. These monitoring results should be usedlibrate model input data.

For known polluted locations, it is currently natictly forbidden, but yet not evident to

install and operate a GWE-system. There is a tandinprohibit GWE-systems as they are
considered to disturb or cause additional migrattbos worsening the pollution situation.
The combination of groundwater remediation with rgge production causes an

environmental as well as economical benefit. Compirboth remediation and energy
production refocuses the project from an environalesost to an environmental benefit (or
at least a lower cost). In ideal cases, the impidat®n of a GWE-system could render a
groundwater remediation project more economicaasible.

It is advised to create a suitable framework farithplementation of combined remediation
and energy systems defining the allowed boundanglitons. Most combined approaches
have a certain impact on the migration of subserfamlutants which must be addressed in
the legal context or existing Codes of Good Practio that way, the development of
renewable geothermal heating and cooling can rexffmaximum possibilities in respect
to the environmental circumstances.



1 INTRODUCTION

Energy from groundwater

The average energy bill in Europe is severely arilted (almost for 50%) by costs related
to heating and cooling of houses/buildings (Fig.Hgating and cooling are mostly realised
by fossil fuel consumption. Reduction of the enebgly— thus the environmental impact —

can be realized if sustainable, renewable alteresitcan be found. The search for ‘green’
energy is — mostly — a search for ‘green elecyricithe possibilities of using ‘green heat’

are often overlooked, albeit its great promisegemly geothermal energy

3830958383095838309583830958328963289632896

20% B transport
electricity

heating

total 100% =
Final energy consumption by sector

Source: Eurostat, elaborated by EREC

Figure 1. Average energy bill in Europe — contribution ofrtsport, electricity consumption and
heating/cooling

Shallow geothermal systems are the most obviouselgince they are applicable in both
small and large installations, via ground-coupleathpump systems and energy storage
projects. This type of technology can — in termgnigicantly contribute to meet European
climate goals, as was demonstrated in a receny stbd/ITO for VEA (Desmedt et al,
2009).

Shallow geothermal energy systems can be usednfigrground energy storage. They are
typically limited to depths of 200 m below grourel¢l (bgl), and can be subdivided into
several categories; two mayor classes areh€at-withdrawal systemand (ii) energy
storage systemd he first type of systems utilizes the naturalnstant temperature of the
subsoil for above-ground heating applications. Bestwn are ground-coupled heat pump
systems that extract heat from the subsoil. A peatp transfers heat from a lower (12°C)
to a higher temperature level (35-45°C). This aired at high yield, i.e. the heat increase
that is realized equals on average four timeselexifical) energy consumption of the heat
pump. Heat can be extracted from groundwater (apestems with re-injection) or by
vertical or horizontal closed looped piping (closgdtems).

In underground energy storage systems, thermalggnsr being stored during summer
(cooling of building), to be re-used during winter the heating of the same building.



Energy storage systems make use of the same la$indlogies as in heat-withdrawal
systems, but better utilize the hetdrage capacityf the subsoil.

Systems using pumped groundwater are cafjemlndwater energy systems (GWE)
including aquifer thermal energy storage or ATES Vertical closed-loop heat exchangers
are calledborehole thermal energy storage systems (BTES).

Soil and groundwater pollution

‘Preventing new contamination and remediating his&b soil and groundwater
contamination’ are the main objectives of the Decfer soil remediation and soil
protection, established on 27 October 2006 (prewsion: 1995). In the Flemish Soil Decree
a remediation obligation rests on the operatotherdwner of the land where the pollution
entered the soil. OVAM, the Public Waste Agency fdanders ww.ovam.b¢ is
supervising the execution of this decree. Sincénit®duction in 1995, roughly 5000 soill
remediation projects have been executed, of whiohenthan half involved groundwater
abstraction.

The presence of any kind of soil or groundwatetypian thus far caused the dismissal of
potential geothermal projects at the specific site99% of all cases. However, geothermal
projects may potentially fortuitously be combinethssoil and groundwater remediation.

In the current document the results are descritbedstudy performed by Terra Energy and
VITO, by order of OVAM, to investigate (i) the cent state-of-the-art of GWE-systems in
Flanders (82.1), (i) the suitability of the subst install GWE-systems in Flanders
(regional applicability; 82.2), (iii) existing litature on the effects of GWE on (polluted)
groundwater systems; 82.3), (iv) a hypotheticaleestaidy, using a mathematical model
(82.4), and (v) the economical aspects of GWE coetivith remediation (82.5).

This study more specifically focuses on ATES amaré complex) application of the basic
technology of pumping groundwater for heat withdagwollowed by water re-injection
into the same aquifer. Systems using groundwatshdrge (into sewer, surface waters)
after heat extraction are being regarded as infésioe-injection systems, generally spoken,
although partial discharge (after purification) daa considered when ATES is combined
with groundwater remediation.

This study has been performed within the contexthaf European project ‘Citychlor’
(www.citychlor.ey. CityChlor is a transnational cooperation projdwt aims to improve
the quality and minimize the pollution of soil agebundwater by developing amegrated
approach to tackle the threats caused by contamination ghthrinated solventsin urban
areas.




2 RESULTS

2.1 Overview of aquifer thermal energy systems

Groundwater energy systems (called GWE-systemsudimay aquifer thermal energy

storage or ATES) can be classified in many way®mieg to the specific criterium that is

used. In this paragraph an overview of differeassifications is used in order to describe
the existing/possible ATES systems. Afterwards,difierent GWE-systems are subdivided
into groups that are relevant within the theme ro$ tstudy, namely the combination of
ATES and groundwater remediation. All members athegroup can then be treated more
or less equal in the course of the study.

2.1.1 Classification by well operation

GWE-systems are composed of (an) extraction well{g)injection well(s). This not merely
technically allows to store energy in the subswefacis one of the conditions to obtain an
installation permit for the system (see further).water that is pumped must be returned to
the same hydrogeological system (aquifer). Thiskhmatechnically realized in two ways:

* In a so-calledunidirectional systemgroundwater is continuously being pumped up
from the same well(s) and returned into another ¢fe(re-injection) well(s). The
natural groundwater temperature of the extractetemwis continuously used for
either heating (during winter) or cooling (duringngmer). The reinjection well(s)
receive(s) cooled (during winter) or heated wathkirihg summer). Groundwater
flow is always from injection well towards extrami well, hence the name
‘unidirectional’.

 Alternatively, GWE systems can be part-time pumpnge-injecting groundwater in
the same well(s). This is the so-calleiedirectional systen{the groundwater flow
direction is reversed after switching between wéitsm injection-mode to re-
injection mode. The switching frequency, in generalhalf-yearly. In this way an
ATES can be realized in which stored heat or coldthe subsurface, can be
recuperated.

Figure 2 schematically shows both system types.- land bidirectional systems
fundamentally differ in hydraulic and thermal claeaistics, which obviously will have
important implications for the design of the comeuat groundwater remediation.

Classification by well operation

UNIDIRECTIONAL | | BIDIRECTIONAL
=] -
F— P
= 6

Cmmmm e e 3 > <-->
G — <--> €--->
el R e > <«--> e <---> <«-->

extraction well injection well cold well warm well

Figure 2. Classification of GWE-systems by well operation
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2.1.2 Classification by well configuration

The abstraction and reinjection of groundwater hgast/olves at least two wells, although
abstraction and reinjection can —in principle —dpplied in just one well (Fig. 3). In the
latter case, a so-called single-well is installedmposed of two screened intervals at
different depths but within the same aquifer sys{provided that the aquifer thickness is
sufficiently large).

Classification by well configuration

[ SINGLE WELL | | WELL DOUBLET |

- —
P =

[—= Il

<-=> T > «--> e € > €

<--> S <«~--> <---> €--3>

<--=> € <---> D <>
combined extraction/ injection well extraction well injection well

or combined warm / cold well or cold well or warm well

Figure 3. Classification by well configuration

A single well system has limitations, since extedctvater and reinjected water should not
intermix in the subsurface (mixing would negativeifluence the energetics of the system).
This implies that single-well type systems are lmsted for smaller installations using
smaller groundwater abstraction/reinjection rataspractice, such systems are only used
with rates up to 10 h, in the Kempen-region (with relatively deep des).

2.1.3 Classification by flow rate / power

GWE-systems can also be subdivided according iodiee. At the one hand, typical small,
private systems with groundwater rates ranging eetwl and 8 Fh and thermal capacity
up to 50 kW. Small GWE-systems are not always tideat choice since the minimal
technical equipment requirement represents coatsatie sometimes higher than what can
be considered as ‘economically feasible’.

Classification by flow rate [ power
iEoiom e
SINGLE WELL UNI/BIDIRECTIONAL SINGLE WELL UNI/BIDIRECTIONAL SINGLE WELL UNI/BIDIRECTIONAL

<= €---> <= €---> <= €--->
<---> €---> <---> €---> <---> €--->
<--> <-==> <--> <-==> <--> <€--=>

1-8m?3/h 8-25m3/h 25-500m?/h

5-50 kW 50-150 KW 1503000 kW

Figure 4. Classification by flow rate / power

A medium-sized installation has a flow rate betwBeand 25 rfh and power between 50
and 150 kW. This class represents the most progjd&@WE-system class, also from the
point of view of possible combination with groundesaclean-up. Middle-sized GWE are
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typically installed in offices, industrial buildisg SMEs, apartment blocks, etc. Large GWE
systems have rates up to 108/imand more, with typical power range of 150-3000. k
Such large installations are typically suitableHospitals, large buildings, etc. (Fig. 4).

2.1.4 Classification by application

Implementations of a GWE-system can be very divétee each application with a thermal
requirement for heating as well as cooling, anviatlial design is necessary. Three types of
applications are distinguishable: private (housesjustrial and tertiary systems. Single
family systems are simple and small installatidas:. industry, mostly larger projects are
common, with an emphasis on cooling. In the terteector, mostly medium to large size
systems are installed, typically with a seasona balanced energy requirement profile
(both heating and cooling).

Classification by application

SINGLE FAMILY | INDUSTRY/AGRICULTURE | TERTIARY SECTOR
- T
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@ B S
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&

s VN
<> <>
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Figure 5. Classification by application

2.1.5 Classification by well temperature range
Regardless the specific application type, GWE-systean be classed by temperature
range.

Classification by well temperature range
e N N Y . 1S I (A PR
I 3
H H] H
H |
£ 5
. |
o o cntiendeydli G " MR ———
SINGLE WELL : UNI/BIDIRECTIONAL SINGLE WELL : UNI/BIDIRECTIONAL SINGLE WELL : UNI/BIDIRECTIONAL
or DOUBLET @ or DOUBLET @ or DOUBLET @
V= M hb 4
<«--> <--=> <«--> <--=> <«--> €--->
8-14°C 6-18°C 5-25°C

Figure 6. Classification by well temperature

Small temperature differences between wells moethd to energetically less efficient
applications due to the related smaller heatindifisga@apacity. In order to be energetically
efficient, a minimal temperature gradient of 2 f&€3s necessary; otherwise the pumping
energy consumption would be too high. Typically tiost-effectiveness of a GWE-system
will increase with increasing temperature differenbetween the wells. However,
groundwater temperatures above 25°C are not pednifticence restrictions). The
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classification of systems based on temperatureeréimgrefore are 8-14°C / 6-18°C and 5-
25°C (Fig. 6).

2.1.6 Classification by well depth

A GWE-system can be installed at varying depthsweajround level (bgl). Both phreatic
(not-confined), confined (aquifer below an imperiviedayer) and semi-confined aquifers
can be exploited (Fig. 7). The choice of depth allsvin a GWE-system is strongly
dependent of the respective depths of layers imgéndogical formations at the specific site.
Most common are depths between 20 and 200 m bghofe shallow system is more
susceptible to well clogging because of the higixggen levels in shallow groundwater.

Classification by well depth
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Figure 7. Classification by well depth

2.1.7 Classification by quality level

Among GWE systems, the quality of used materiajsjmment and safety devices can be
used to classify them. Three quality levels mayistinguished: basic, standard and tailor
made (Fig. 8).

Classification by execution quality level

STANDARD

BASIC TAILOR MADE

Figure 8. Classification by quality level

Small installations are generally ‘basic’, usingstiyp PVC and some basic facilities for
level and pressure control and maintenance. Tlaadstrd’ installations are build out of a
standardised well head (in inox) and some moreistpdted options regarding control and
maintenance. Tailor-made installations are fullgemsbled on-site, using top materials and
mostly equipped with extensive monitoring, safetyd aalarm systems for all relevant
parameters.

13



2.1.8 Classification by operation modus

GWE-systems can be operated in a variety of mddes.option is to maximally utilize the
naturally available thermal energy in the subsuliréct use’). The natural groundwater
temperature is directly used for heating or coolimgheating mode, the aquifer will cool
down, in cooling mode it will be heating up. Theudgr thus solely acts as a heat or cold
source. In most cases however, a heat pump istbhaedill increase the temperature of the
extracted water to a suitable range (35 - 45°C)Heating. In cooling applications, a
condenser (cooling machine or reversible heat puwipp)be used that will transfer the
excess heat to the subsoil. The latter applicatsomeferred to as ‘no direct use’. An
intermediate operating mode is a combination aéaiand indirect use of the subsoil. In
most applications, the heating mode will involveesat pump and the cooling mode a free
natural cooling via the subsoil. Most GWE-systemppligable in Flanders (small to large)
make use of the latter operation mode, called ‘s#irect use’ (Fig. 9).

Classification by operation modus

DIRECT USE SEMI DIRECT USE NO DIRECT USE
i
Ty Iy W
i a7
_ FREEHEATING | _aeess HPHEATING | e HP HEATING
:2 OR/AND | | F;E\ OR/AND | | OR/AND
_{J‘j \,\] FREE COOLING . ;,r;x” FREE COOLING | HP COOLING
N | =4 |
= =

or DOUBLET
v

<---> i € ——->

<---> <«--> <--->

<---> <---> <--->

Figure 9. Classification by operation modus

2.1.9 Classification by thermal balancing

GWE-systems abstract thermal energy from the sljbeaking both use of the natural soll
temperature and the thermal storage capacity ofathefer. Small private systems are
mostly meant for sustainable heating using a hewipp Such systems are ‘mainly heating’.
Potential use in summer for cooling is possibleddfuninor importance. Such systems will
result in an average cooling down of the subsa@bétive energy balance). The long term
impact of the system for the immediate environnwaititbe small for small GWE-systems.
For larger systems however (> 50 kW), the natuegkeneration to original temperatures
may be insufficient to control the cooling effect the long run. The opposite modus
(‘mainly cooling’), is less often used (Fig. 10). tipical example is industrial process-
cooling using groundwater. The size of such appboa is mostly too large, implying a
(undesirable) long-term heating effect of the silbbomost cases (medium and large sized
GWE-systems), active thermal balancing is necesganyake sure the system does not
have a structural thermal impact on the subsoil.
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Classification by thermal balancing
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Figure 10. Classification by thermal balancing

This implies that the extracted amount of heat withe systems zone of influence is kept
(on average) equal to the injected amount of hEhais aspect in the design of GWE-
systems is very important. Control tools that eedbl tune the system to thermal balance
should be part of the system in order to guaratite¢hermal equilibrium of the subsoil.

2.1.10 Relevance in the project context

Not all of the above mentioned criteria regarding $ubdivision and types of GWE-systems
are relevant in the context of the current projbtreover, some systems may be combined
since they imply a mutual treatment or have a coaiga impact on the environment.

This leads to the following relevant general classiion of GWE-systems:
* Phreatic aquifer systems;
» With a sufficient thickness to enable adequate pogates;
* Minimal quality level, using pressure control amdice protection;
* Groundwater temperatures within the range 5 - 25 °C
* Compulsory thermal balancing for systems with céapac50 kW;
» Rates and capacities between small (5 kW ; 1 ni8/kgry large (5 MW ; 1000
m3/h)

Confined aquifer GWE-systems are not relevant ia #tudy, because such aquifers are
mostly not polluted; instead the installment of WE-system may lead to a risk of polluting
the aquifer (if e.g. DNAPL chlorinated solvents gresent in the aquifer situated above the
impermeable layer). All systems that do not compiyh minimal quality levels should not
be considered e.g. systems without pressure maimtéenor systems that create too high or
too low temperatures.

2.1.11 Selected research systems

Seven different GWE-systems and applications magdbected for potential combination
with groundwater remediation (Table 1 and Tabler@marize their typical characteristics).
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Table 1. Overview of GWE-systems that are relevant for $anelous groundwater remediation (1)

yearly g

name typical application well configuration well operation roundwater flow | thermal power semp c -
vp PP fig pe g f P displacement well or filter 1 | well or filter 2

coldstorage/rercirculation - small - 2 wells typical single family HP installation 1extraction / Linjection well unidirectional 1-8m’/h 5-50kw 2000- 15000 m*/y 5-9°C 11-12°C

coldstorage/rercirculation - small - 1 well typical single family HP installation 1 combined extract/inject well unidirectional 1-8m’/h 5-50kw 2000 - 15000 m3/y 5-9°C 11-12°C

coldstorage/rercirculation - large - 2 wells industrial cooling installation lextraction / linjection well unidirectional 25-100m’/h 100 - 1500 kW 30000 - 500000 mz/y 5-20°C 11-12°C

cold/heatstorage - small - 1well typical single family HP installation 1 combined extract/inject well bidirectional 1-8m’/h 5-50kw 2000 - 15000 m*/y 5-10°C 14-20°C

typical villa with swimming pool, small . P T
cold/heatstorage - small - 2 wells ypicatvitlawi . w.| ! g.p 1extraction / linjection well bidirectional 5-15 mi/h 30- 75 kW 5000 - 30000 m3/y 5-10°C 14-20°C
enterprise installation

typical terti ctor installati Il

cold/heatstorage - medium - 2 wells ypical tertiary sector installation (sma 1 extraction / 1 injection well bidirectional 10-25m3/h 50- 150 kW 15000 - 75000 m*/y 5-10°C 14-20°C
offices, showroooms, warehouses,...)

typical tertiary sector installation " P T 3 ° °
cold/heatstorage - large - 2 wells 1,2,3 extraction / 1,2,3 injection wells bidirectional 25-100m3/h 150- 800 kW 550000 - 300000 m*/y 5-10°C 14-20°C

(offices, hospitals, ...)

Table 2. Overview of GWE-systems that are relevant for samelbus groundwater remediation (2)




name

balancing

remark

typical filter length

typical depth

typical well distance

summer operation

winter operation

coldstorage/rercirculation - small - 2 wells

no real thermal balance,
natural regeneration required

extraction well is warmer then
injection well ; no real energy
storage

10m in both wells

30-150m

direct cooling by using natural
groundwater temperature for floor or
air cooling, without operating heat
pump

use of heat pump, heat extraction
from groundwater, injection temp <
extraction temp

coldstorage/rercirculation - small - 1 well

no real thermal balance,
natural regeneration required

typical installation with 2 filters on
different depths in 1well

10 m at different depths in
1well

30-150m

0m (only 1well)

direct cooling by using natural
groundwater temperature for floor or
air cooling, without operating heat
pump

use of heat pump, heat extraction
from groundwater, injection temp <
extraction temp

coldstorage/rercirculation - large - 2 wells

regeneration required,
balancing with cooling tower

no real cold & warm well, injection
at high t° (summer) and low t°
(winter)

30-50m in both wells

30-150m

150m

direct cooling by using natural

groundwater temperature for industrial |,

cooling process

use of direct cooling by using natural
groundwater temperature for
ndustrial cooling process + storage of
cold with cooling tower

cold/heatstorage - small - 1 well

regeneration by using heat
and cold (direct free cooling,
heating with heat pump)

real bidirectional pumping from
cold to warm well according to
energy demand from application

10 m at different depths in
1well

60-150m

0m (only 1well)

direct cooling by using natural
groundwater temperature for cooling,
without operating heat pump, injection
temp >extraction temp

use of heat pump, heat extraction
from groundwater, injection temp <
extraction temp, creation of cold and
warm zone in vertical direction

cold/heatstorage - small - 2 wells

regeneration by using heat
and cold (direct free cooling,
heating with heat pump)

real bidirectional pumping from
cold to warm well according to
energy demand from application

10-20m in both wells

30-150m

30m

direct cooling by using natural
groundwater temperature for cooling,
without operating heat pump, injection
temp >extraction temp

use of heat pump, heat extraction
from groundwater, injection temp <
extraction temp

cold/heatstorage - medium - 2 wells

regeneration by using heat
and cold (direct free cooling,
heating with heat pump)

real bidirectional pumping from
cold to warm well according to
energy demand from application

10-30m in both wells

30-150m

direct cooling by using natural
groundwater temperature for cooling,
without operating heat pump, injection
temp >extraction temp

use of heat pump, heat extraction
from groundwater, injection temp <
extraction temp

cold/heatstorage - large - 2 wells

regeneration by using heat
and cold (direct free cooling,
heating with heat pump)

real bidirectional pumping from
cold to warm well according to
energy demand from application

30-50m in both wells

30-150m

100 m

direct cooling by using natural
groundwater temperature for cooling,
without operating heat pump, injection
temp >extraction temp

use of heat pump, heat extraction
from groundwater, injection temp <
extraction temp
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These seven systems were finally further groupethriee types, each requiring a clearly
different strategy, approach and feasibility tegtiwithin the context of this project:
1)Bidirectional operated well pair(s)
2)Unidirectional operated well pair(s)
3)Single well

Within each type system, a number of fixed andalde parameters can be selected:
- Aquifer location and thickness, quality level amérmal balancing requirements are
preset;
- Pumping rates, temperatures, well location and wédirdistances can be varied to
investigate the consequences for the groundwastersy

2.2 Geographical suitability analysis

An important step in this study is the evaluatiérth@ regional suitability of the subsoil for
installing well-working GWE-systems. It is obviotlsat one can only consider combining
remediation with GWE in areas were GWE-systemdexienically feasible.

011In an early feasibility study (Patyn et al, 1p2® indicative map for Flanders was
already developed (Fig. 11). This map dates fropedod when the first GWE-systems
were installed in Flanders. At that time, only sys$ requiring high discharges (> 25 m3/h)
were considered, and in such a way, this map igelevant for GWE-systems that can be
combined with groundwater remediation.

MOGELIJKHEDEN KOUDE-WARMTEOPSLAG IN VLAANDEREN

. hil
. ; .

% geschikt (aquifer onder klei)

77 geschikt mits verkenning . ongeschikt (klei)

7] minder geschikt 7 ikt (verzilti . ' i i '

|/ verkenning noodzakelijk RSERENND: restitng] 0 15 30 45 60 km

Figure 11. ‘Old’ regional GWE-system suitability map (VITO,919. Dark green (full or dashed):
suitable. Light green: potential suitable (needs-sipecific evaluation); other: less or not suibl



During long periods groundwater extraction for g@yepurposes (esp. cooling) has been
associated with discharge of huge volumes sligthtéymally influenced water. Currently,
such an inappropriate use of a valuable resourcm ibnger permitted. This makes that
even small systems require a combined pumping- igjattion system. Partly due to
evolution of technology (and new variants such asgditectional well systems) and
standardization of methods and system componerdfiesnsystems become more relevant
and profitable. This evolution is not represented the available map (Fig. 11).
Opportunities for combined GWE-systems with remiaiiaare found suitable for smaller
systems, as remediation discharge larger than &bimaot considered as standard practice.
A second relevant change concerns the increasadhingver the years regarding
applicability of GWE-systems in Flanders. Thankstiie experience gathered in projects
and geological survey (test drillings, pump testg)powledge on the Flemish shallow
geology highly improved. Finally, the map must loenpared with the known locations of
contaminants thus ensuring the potential of comb{B&/E-systems with remediation.

2.2.1 Use of GWE systems

The drawing of a map which indicates suitable afeaszombined energy production and
sanitation starts with the defining of the geogreghzones where GWE-systems can be
exploited in a feasible way. Contamination of saild groundwater does not occur in
confined aquifers. Therefore only GWE-systems eghreatic groundwater are relevant.

Shallow filters may cause a lot of hydrological lpems (injection-wells ') and because
oxygenated groundwater can cause precipitationgpfrast and well clogging, installation
of shallow filters is to be avoided. As a rule firat 20 m are not used to install GWE-
systems. Therefore GWE-systems require a minimuckriess of the phreatic reservoir for
small as well as for large GWE-systems. A minimumeckness of 25-30 m is needed for
rather small flow rates of 3 to 5 m3/h in case @didential applications. For the large
(industrial) GWE-systems, with a flow rate up to01®3/h, phreatic layers of 100 m are
required.

The former ATES map of fig 11 was compiled with timundary condition that a feasible
ATES-system needed at least 25 m3/h. Due to teobiwal - and economic - evolutions,
GWE-systems are currently significantly smallerisTis also taken into account into the
new map.

2.2.2 Remediation zones

In order to define the suitable zones for combiremgrgy production with sanitation, the

polluted areas should be drawn on the map of Flandéowever, it's clear that possible

polluted zones are widely spread all over the agu(dee figure 12) and that there is a
significant potential for a combined system deveiept. Pollution is related to industrial

activity. With the development the so-called browiufs, Sustainable projects and

renewable energy systems are to looked for debpséile circumstances as contaminated
soils. GWE-installations are certainly sustaingptejects that can be combined with the
problematic nature of brownfields. In that way ateld objective is reached : a renewable
energy system and a sanitation of soil and groutetwa

However, the type of pollution is important in orde evaluate the risk for spreading the
contamination. The mobility of contaminants in 8@l increases with the solubility of the
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substances and decreases with the degree of adhessoil particles. The biggest part of
the soil contamination is limited to the upper fineeters of the soil. GWE-systems are
applied in water bearing layers or aquifers at mhigher depths (> 15 m). In these layers
are particularly volatile chlorinated hydrocarbofp\dOCl) found and to a lesser extent
volatile aromatic hydrocarbons (BTEXN). These melibntaminations form a pollution

plume. Dependant on groundwater velocity, the caitiom of the soil and contamination

properties a smaller or larger plume will occur.n@mnination with a higher density than
water will sink into the soil relatively quickly.he pollution can move around unpredictably
in low permeable layers causing an erratic distridvupattern.

When defining most relevant zones for combining GYyEtems with groundwater
sanitation, focus on the mobile contaminants shdddmade (like VOCI, BTEXN, ...).
Currently, maps on specific locations of those rfeobontamination are not available, but
experience has taught that thousands of locatiansbe found throughout the region of
Flanders (source : OVAM).

Figure 12. Known sites contaminated with chlorinated solvents.

2.2.3 Cartography

As GWE-system development is related to the pres@fcsuitable aquifers, the starting

point will be a study of the available maps of Tast deposits in Flanders (see figure 13).
This map gives a good overview where phreatic G\WW4fesns can be installed. Phreatic
aquifers are also exposed to contamination risk® fsurface sources. Many pollutants are
classified as mobile (chlorinated solvents, BTEXIBE,...).
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Figure 13. Tertiary map of Flanders

The type (unidirectional/bidirectional) or sizedfin a few n¥h up to 100 rith) of GWE-
systems is important as the major condition is ghesence of a phreatic aquifer with a
thickness of at least 25 to 30 m. In such cases,pbssible to install a small GWE-system
that can provide energy for a small-scale groundrc® heat pump system. When
developing large scale HP systems, an increasekhiss of the phreatic aquifer is required
(up to 100 m). As a result, figure 14 shows theadile zones for developing a significant
GWE-system. For some regions this can only be dl sesdential system while for other
localities a large GWE-system (providing energy ha office building, hospital,
industry,...) is possible.

Figure 11 shows the geographical distribution fa tevelopment of large GWE-systems.
The combination of large GWE-systems (Q > 25 m¥HPo> 150 kW) with sanitation
activities is only possible in the dark green aeq. The Campine region. But, since soil
pollution is not limited to specific regions, theeas suitable for the installation of GWE-
systems in polluted soils are represented on Hig. 1

Figure 14 is based upon a map that specifies thsilpbty of aquifers - both confined as
well as unconfined - for installing industrial GWdgtems. This map conforms to the index
of the topographic map. This map that was madeherformer AMINAL-administration

(Patyn et al, 1999) summarizes experience on tphiation of aquifers. The capacity of
an aquifer for water collection depends mainly ba transmissivity [saturated thickness
times permeability] and his extent. To assess &palaility of a water bearing formation, we
prefer the known specific capacity (m3/h/m) whishan integral parameter, mostly found
through experience. Neogene formations in the Caenpggion (e.g. Mol) have a capacity
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S, up to 10 m¥/h/m, which means that lowering thepmetric level with 1 m, may yield a
discharge of 10 m3/h. On the other hagdof the heterogeneous quaternary sand of the
Flemish Valley (region : Menen, thickness 20 mak®ut 1 m3/h/m.

It was specified already that concerning GWE-systeand remediation, only phreatic
reservoirs are to be considered, since contammaticconfined aquifers is very unlikely.

Because of this, Figure 14 reflects mainly the eixpppraisal on the capacity of phreatic
aquifers and the possible combination with remezhat

The white areas are suitable for small and larg&tESsystemsThey enclose about 50% of
thetotal area. On this scale it is not possible to give moradebn the local hydrogeology
or to investigate the presence of contaminaticheitail.

Industrial areas with a high thermal energy neatlarisk for soil contamination or already

existing contamination are coloured in purple. Aligh some are situated in a “good” area
(region of Antwerp-LO), only small GWE-systems dam installed because of the limited

capacity of the phreatic reservoir.

The blue, grey and green zones are not or les®pipgate for the installation of even small
GWE-systems.

The light blue areas show the protection zoneslfimking water extraction, these zone are
not suitable for GWE-systems nor industrial develept.

Along the coast possible salinisation of the phceaservoir should result in a prohibition
of installing GWE-systems : pumping even modesunws will cause a displacement of
the salt/fresh water interface. Once this interfeceoned up, it is extremely difficult or
even impossible to restore the former situation.

In the grey zones there is only a very thin pheeatjuifer, and a classic GWE-system

cannot be installed in this areas :

- North province of Antwerp : outcrop of the Camp@iay (still exploited in the region
Turnhout-Malle for the fabrication of bricks)

Western part of Flanders (leper-region) outcroplay of Kortrijk Formation (KoMo,
KoAa)

Very thin phreatic layer in the hilly country south Kortrijk : presence of Kortrijk-
clay (KoAa) or sliding surfaces on other clay lasyerthe relief and the geological
structure doesn’t allow any injection.

Eastern part : formation of Hannut and Heers co$ibardrock (sandstone) marls or
clay. Those sediments are not appropriate for GW&ems.

In many places of the central part (Flemish Valleyhe phreatic layer is not deep
enough (< 20 m). Areas where the phreatic laydnmwvn to be heterogeneous or
very deep are also marked unsuitable.

The classification on fig. 14 might be a too rouggtimate, esp. for the central part. It
should be advised to examine the actual cases.
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Anyhow, each project on GWE-systems or sanitatieeds an examination of the particular
situation. Laconically one could say : there aremagh combinations of hydrogeology,
energy requirements and pollution as there arécapipns.
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2.3 Screening of relevant literature

In this research project, existing literature hasrbscreened (existing research reports and
descriptions of applications of groundwater remiaiiacombined with subsurface energy
storage, scientific journals, and websites of U&ERBenternovem (now Agentschap
NL),....). More specifically, information was summeed about (i) pollution types for
which a combination with subsurface energy storagey be relevant; (ii) general
information on the effects of variable temperatanel increased water fluxes in the subsoill
on the physical-chemical (adsorption/desorptiondrblysis, chemical reduction,...) and
biological processes (aerobic/anaerobic degradaitiaine aquifer system.

Other important aspects include the sensitivityh&f subsurface energy storage system to
decreased permeabilityo(ling), especially when a combination is attempted witsitu
groundwater remediation through bioremediationrdicdiction of e.g. an organic substrate
to the aquifer to stimulate in-situ anaerobic bmdelation).

The long-term effects are especially important adl \vas effects of subsurface energy
storage in general. For this reason a suitable centially available modelling tool (FeFlow

6.1), was selected and tested to study severasttiedield scenarios of a combination of
groundwater remediation of chlorinated aliphatiadimgarbons (CAHs) and subsurface
energy storage.

Finally, a brief investigation is included to pghtechnical, legislative and juridical aspects
(specific for the Flemish situation) of subsurfageergy systems in general and more
specifically when combined with groundwater remadra

2.3.1 Existing research reports

Three recent studies are available in The Nethdstathe manualHandleiding Boeg’
(Verburg et al., 2010); De mogelijke risico’s van warmte- en koudeopslagrvde
grondwaterkwaliteit (van Beelen et at, 2011) and the docum&mer met bodemenergie’
(Van Oostrom et al., 2011). The latter study corgan extensive literature overview about
subsurface energy storage, including a separatetarhan the possibility of combining it
with soil & groundwater remediation (chapter 11).n&mber of other specific subjects
regarding the combination of GWE and remediatiomensdaborated in the same study as
separate chapters: effects of temperature vargtionthe physical behavior of pollutants
(chapter 12), biological degradation of pollutatthapter 13) and regional groundwater
(chapter 14).

Van Oostrom et al. (2011) list the following pot@htombination concepts for GWE and
groundwater remediation:

 Purifying afraction of the pumped (polluted) groundwater from the Ggy&tem, and
disposal or re-use of that water;

» Hydraulic control of the pollution by the GWE (remlation) system;

« Stimulation of natural degradation of the pollutionthe forced increased subsurface
groundwater (delivering electron acceptors or dstiorthe micro-organisms responsible
for the degradation of the pollution);

« Stimulation of the natural degradation rate bytdmaperature effects caused by the GWE
system;



 Stimulation of natural degradation by the subswafaddition of nutrients and/or organic
substrates;

» Backfilling GWE wells with reactive materials or xtures (e.g. zero-valent iron;
activated carbon,...) or the use of subsurface aerésparging, hydrogen peroxide or
“slow-release” oxygen sources such as Ca-peroxide).

2.3.2 Groundwater mixing effect caused by the GWE-system

GWE systems are generally installed in deeper aguégions (typically in the range 20-
150 m bgl). Groundwater contaminations mostly oéounore shallow soil layers (0-20 m
bgl), suggesting that a combination of GWE withwrdwater remediation is not trivial.
Instead, the mixing effect caused by the GWE-systeay lead to direct (migration) risks,
also taking the generally high pumping rates irtooant. Dissolved contaminants will be
distributed over the full soil volume within thermoof influence of the GWE-system.

In such cases, the GWE system may still be workabthin a containment-strategy,

although careful modelling is required for eachcHjpe case (see further). In the case of
DNAPLs (such as chlorinated solvents), pollutiorsyrhave reached larger depths (20-100
m bgl). Especially for those cases, combinatiomvbeh remediation and GWE are relevant.

If the deeper groundwater at the site is salty, BWE-system can cause mixing of salt
water with the more shallow fresh water. The mixaiggroundwater of — more generally —
different physic-chemical quality (pH, redox poiahtdissolved minerals,...), the mixing
effect of GWE-systems will cause several undesiedfigcts, such as precipitation of
minerals (e.q. metal sulphides, carbonates, oxidediomass fouling or gas fouling £{N
CH,, CQOy) (Van Oostrom et al., 2011). Changes in redox mi@ks due to groundwater
mixing may also cause pH-changes (e.g. formatiosutphuric acid due to oxidation of
metal sulphides). This, in turn can lead to moailen of heavy metals. Such effects are
however not unique for GWE-systems, in fact they lanown in ‘common’ groundwater
remediation projects involving Pump&Treat or indgsibioremediation (Code of Good
Practice “Pump&Treat”, OVAM, 2002; Code of Good &ree “anaerobic bioremediation
of chlorinated solvents”, OVAM, 2007).

2.3.3 Physical and chemical effects of subsoil temperatarvariations

DNAPL migration as a liquid will be enhanced by neasing temperatures (due to a
decrease of viscosity and density). Aydin et ab1({® showed that within the temperature
range of 10 to 40°C, small variations in the systemperature can strongly influence the
solubilization, mobilization and stability of theuttiphase system.

DNAPL dissolution rates, into the groundwater, vialf itself be increased by increasing
temperatures. The daughter product solubilities @@ cDCE) however will decrease.
Temperature will also affesiequestratiorof cis-DCE and VC within DNAPL source zones
(Ramsburg et al., 2010). Also the adsorption-ddsmrprates of organic pollutants to the
soil matrix (thus their retardation in the aquifesill be affected by variations in
temperature.

In the report of Van Oostrom et al. (2011) it iated that a temperature increase by 50°C
will increase chlorinated solvent fugacity (equiitbn concentration in the gas phase at
constant water phase concentration), by one orfd@agnitude.
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An increase of groundwater temperature will gemgriglad to higher solubility of most
minerals (e.g. calcium sulphates, silicates,...). sy, for some minerals the opposite is
true. E.g. calcite (Ca-carbonate) will precipitatehigher water temperatures (> 40°C). In
their geochemical modelling study on the effectyvanlying temperatures (10-50 °C) in an
aquifer system, Palmer and Cherry (1984) demorestridiat within that temperature range,
significant reductions of porosity and permeabitihn be expected. Howevavjthin the
normal temperature range of most modern GWE-system§3-20°C), it may be assumed
that the temperature effects will have no or only amall impact on the chemistry of the
groundwater.

2.3.4 Effect of temperature on chemical and biological dgradation rates of
pollutants
Several recent studies can be found that studyetfeet of temperature on chemical or
biological degradation rates. Kalimuthu et al. (BD1studied the effectiveness of
biodegradation ofPCE by Bacillus sp. strain JSK1 under variable pH, substrate and
temperature conditions. The maximum degradatiawais observed at pH 7.5 and 30 °C.
A temperature dependent degradation rate is obddorea variety of pollutant types. For
instanceKookana et al. (2010) found that the half-life of the pesticidatrazine in surface
soils at subtropical sites ranges from 11 to 21sdahich is 2 to 3 times faster than sites
located in colder climates. Similar observations available foPAH’s (Viamajala et al.,
2007). Biodegradation rates of PAHs are typically low aswophilic conditions and it is
believed that the kinetics of degradation are adietl by PAH solubility and mass transfer
rates. Solubility tests for phenanthrene, fluorand fluoranthene in the range of 20-60°C
showed a significant increase in the equilibriurtulsitity concentration and of the rate of
dissolution of these polycyclic aromatic hydrocarbdPAHSs) with increasing temperature.
Soluble PAH’s are relevant in this study, sinceytineay be present at larger depths at
creosote-impacted sites.
Chang et al. (2011) compared the rate and extdnbsodegradation of othgpetroleum
hydrocarbons at variable site temperatures (1-10 °C) and cahgtmperatures (6°C).
Under the variable site temperature conditions égoddation rate constants of semi- and
non-volatile hydrocarbon fractions were enhancedwgr a factor of two. Although this
study involved an ex-situ pilot-scale landfarmingperiment, which is not directly
comparable to an in-situ (water-saturated) enviremimna rate increase factor of about two
agrees to the Arrhenius equation:

E
k= A-exp| —4—
T F R-T

or

_Eﬂ

In( ey }zﬁJrln(A)
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With Ea the activation energy (mol/J), A the freaexe factor (day); kr the first order rate
(day'); T the absolute temperature (K) and R the idems gonstant (8.314 J/mol-K).
Plotting In(kT) against 1/T should yield a strai¢jhe.

Lai and Lo (2007) not only studied the effect ahfeerature (in the range 10 - 23°C) on the
dechlorination rates dfichloroethylene (TCE) andtetrachloroethylene (PCE) by zero-
valent iron (Fe-0), but also the effect of the segpvelocity. In a series of laboratory
column tests at seepage velocities ranging froro311,884 m/year at 10°C, they found that
increasing the seepage velocity in that range teuh a 7 to 9-fold increase in the
normalized dechlorination rate constants of TCE #&E, respectively. Raising the
groundwater temperature from 10 to 23°C at a gsegpage velocity only resulted in 2.7
and 1.1 times increases in the degradation rat€€Bfand PCE.

In situ chemical oxidation (ISCO), e.g. using péete (SOs”) requires activation, so rates

will increase with temperature. Waldemer et al.0@20determined the kinetics and products
of chlorinated ethene oxidation with heat-activapsasulfate and compared them to the
temperature dependence of other degradation pathwéne kinetics of chlorinated ethene
disappearance were pseudo-first-order for 1-2 Ihadf, and the resulting rate constants-
measured from 30 to 70°C fitted the Arrhenius eiguaflhis temperature range is however
higher than the normal temperature range for G\\4fesys.

Another common groundwater pollutant, that may dlevant within this study, IMTBE
(and its degradation product TBA). Greenwood ei(2007) demonstrate that the optimal
biodegradation temperature ranges from 15°C to 3@Atlle becoming ineffective at 0°C.
First order mineralization rate constants of TBAGAL, 15°C and 25°C were 2.86 £ 0.05,
3.31 £ 0.03, 5.60 = 0.14 y-1, respectively. Tempemhad a statistically significant effect
on the mineralization rates and was modelled ugirgArrhenius equation with frequency
factor (A) and activation energy (Ea) of 154 daynd 23,006 mol/J, respectively.

Fletcher et al. (2011) measured anaerobic declaliboim rates of PCE to ethane in
laboratory experiments in relation to varying temaperes. The PCE-dechlorinating
consortia produced ethene when incubated at temupesaof 30°C, but vinyl chloride (VC)
accumulated when cultures were incubated at ldegeperatures, i.e. 35° or 40°C. Cultures
incubated at 40°C for less than 49 days resumedd®¢hlorination following cooling;
however, incubation at 45°C resulted in compless lof dechlorination activity. In general,
such elevated temperatures will however not behethin modern GWE-systems.

2.3.5 Design guidelines for GWE-systems in relation to grundwater quality

Proper design of GWE-systems implies consideratiorspecific aspects of groundwater
quality in order to avoid negative aspects likecppiation of undesired substances,
clogging or well cracks and soil bursts.

With regard to groundwater quality, mainly thre@exgs (in correspondence and addition
with chapter 2.3.2) are of major importance :

- Redox barrier

- Fresh / salt water interface

- Gas content
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The redox barrier is mainly important for phreagooundwater layers, thus of great
importance in relation to this study. The redoxrieans the borderline between oxygenated
or nitrate containing and ferriferous groundwaWwhen oxygenated (or nitrate containing)
and ferriferous groundwater are intensively mixedn oxide will be formed. At GWE-
systems mixing can occur in case that groundwdters are located in the different types
of groundwater or if the redox barrier is pulledashointo the filter element. Flocculation of
iron oxide can occur which can result in a welldiage. In order to avoid this negative
effect, the filter element should be located ehtine an environment of homogeneous water
quality, at sufficient distance of the redox batrien practice, the filter elements are
typically located as deep as possible in one spegibundwater layer.

The fresh / salt water interface can be present iphreatic as well as a confined
groundwater layer. It means that groundwater quétibncerning chloride content) switches
from fresh over brackish to even salt water. Sgdition is of course a typical problem near
the Belgian coast line, as specified in the gedycabh suitability analysis.

Knowledge on the gas content of groundwater isrgidrtance in relation to the pressure
handling in the groundwater circuit. The pressuught to be high enough to keep gases
dissolved in solution at groundwater transport tigito the groundwater circuit at all times.
If pressure becomes too low, degassing can oaafiitrdtion of degassed groundwater will
clog the source filter immediately.

Every GWE-system design implies the execution ajreundwater analysis in order to
define the correct boundary conditions (ion balaraddoride content, gas content, redox
potential, PH, conductivity, ...). In addition, geg¢mo)logical characteristics are analysed :
sediment depth analysis, sediment grain size, teathype, porosity, permeability, heat
capacity, dispersion coefficient, natural groundwdiow, neighbouring extractions,...

All this data is used in a simulation tool in ordercalculate all geohydrological influences
(temperature, hydraulic head, flow changes, thermatl hydrological radius, soll
settlements,...) based on the energy profile of theciic application, as described in
several reports : KIWA (2000), Driscoll, F.G. (19880bus et al, (1976), Olsthoorn, T.N.
(1982). Based on maximum flow rate, load duratiarve, aquifer thickness and clogging
potential the velocity on the borehole wall candadculated as one of the mayor design
parameters. Afterwards, the main design paramefer$<sWE-system can be fixed :

- well orientation;

- minimum well distance;

- well diameter;

- filter location and length;

- minimum circuit pressure;

- injection pressure;

- drilling technology;

Specific guidelines in relation to this matter ivadable in “NVOE Richtlijnen
Ondergrondse Energieopslag, nov 2006”. A more broaglirements list concerning
general GWE-system quality, design demands, aseessrand checklists was drawn up by
KIWA (KC 114, 2005).
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IF Technology et al. (2006) described more in dates theoretics of particles clogging,

specific design guidelines, operation and monitprirstructions and well regeneration. The
report offers a very good resume on more than @iet on the matter (e.g. K. van Beek et
al (2005), M. Juhazs Holterman et al (2004), Jn$r{2003), B.R. de Zwart et al

(2005)).This work resulted in an overview of 37 dplines on design, monitoring and

regeneration issues.

LOCATIE VAN PUTVERSTOPPING

intree-

weerstand

Verstopping op de boorgatwand Verstopping van de filterspleten

Figure 15. Typical clogging phenomena and locations in grouatgswpumping wells

A specific situation occurs when ‘normal’ groundemguality is influenced by pollution.
Pollutions can be mobile (e.g. chlorinated hydrboas) or immobile (e.g. heavy metals).
Especially, the mobile pollutions can be spreadelyidas well as in distance as in depth).
In relation to GWE-systems, pollutions in a radifi£50 to 300 meter need to be analysed.
For very mobile pollutions, this range should beeaded up to 500 to 1000 meter.

Chemical or biological well clogging is on the atieand a relevant issue when GWE-
systems and sanitation are combined. These pracesgk how to evaluate and prevent
them are not ‘unique’ or ‘more pronounced’ for antwned GWE-remediation system than
for a ‘regular’ remediation system (without GWE).

Biologically-induced clogging can occur in aquifeystems after injection of organic
substrates (e.g. to induce anaerobic bioremediatiamlorinated solvents; OVAM, 2007).
In specific cases (groundwater rich in sulphate mod), excessive precipitation of iron
sulfides can occur. This should be accounted fdnéndesign of the system (pilot feasibility
tests and modeling of the radius of influence). Bome of influence of the injected
substrate should be such that it does not cause ebdgging problems in the GWE wells
and system.
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Another potential remediation technology that mkgly be well-combinable with GWE is
zero-valent iron, e.g. as a reactive barrier latatebetween GWE wells. This is further
illustrated in the theoretical modeling exampleatiéed hereafter. The installation of such
barriers may however also lead to chemical cloggimgy changes in pH of the groundwater
downstream of such barriers (see: OVAM, 2005).

2.3.6 Conclusions on literature

Although specific literature on the combination GWWE and groundwater remediation
seems to be very scarce, relatively many studiesaailable on the effects of temperature
on the physical, chemical and biological behavioofr pollutants in subsurface

environments. In the relevant temperature intefealthe current study, biological and

geochemical reaction rates will however only slighbe affected. Especially the

groundwater flushing and mixing effect caused by BWE-system will be relevant in the

context of remediation.

When combining energy production with sanitatidme design of GWE-systems can be
made according to the classical guidelines andutalon methods. An adapted design
might be necessary according to the more complexeob of the groundwater, but basic
principles stay the same with some extra attertboe.g. well clogging. Yet, more detailed
and complex simulation activities with specializedls are necessary in order to analyse
the impact of the GWE-system on the pollution, ®@ning the exact groundwater transport
pattern and the complex reaction with the contantgaurthermore, a thorough follow-up
of the system is required with more observations\ehd an intensified monitoring.

2.4 Modelling of GWE-systems and groundwater remediatia
2.4.1 Introduction

The above-mentioned Dutch studies (Verburg et28l1Q) and Van Oostrom et al. (2011)
do not include a thorough discussion on the maugliequirements in the design of a
GWE-system. Either or not combined with groundwatemediation, for each individual

application, the development of a mathematical rhalessential to be able to predict all
aspects and implications of the system in the lomg (both physical, chemical and
biological). Only a holistic modelling approach Mok able to evaluate the overall effect of
the GWE-system, because of the high complexithefsystem.

The model should be able to give a reliable insigtat:

i) the natural groundwater flow and the forced flmneated by the abstraction and
reinjection of groundwater;

i) the transport of dissolved pollutants in thermgmex flow field;

iii) chemical and biological degradation processeseased by increased temperatures and
flow rates (mixing effect).

Thermal effects and thermal zone of influence,uditig changes in density resulting from
it, are also relevant for the design of GWE-systehine effect of changing temperatures on
remediation is however limited (for the type of GW¥stems described here), as described
earlier.
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We evaluated th&eFlow 6.1 modelling softwarg(Diersch H-JG, 2009). This code uses a
finite element approach to simultaneously calcutageoverall behaviour of the GWE and

groundwater system: groundwater flow, heat flowssnansport of dissolved contaminants
including chemical and biological transformationghe subsoil.

An extensive number of relevant information abdiig modelling tool can be found on the
following website;_http://www.feflow.info/manualgrhl.

In “White papers — Vol.4”, a complete example islided on the sequential and non-
sequential degradation of chlorinated solvents undeable aerobic-anaerobic conditions
(paragraph 1.9; page 49 and further).

In the next paragraph, a practical example of distea GWE system is elaborated in
FeFlow 6.1, in which several potential remediascgnarios are included, assuming that the
location is contaminated with perchloroethylene EPCe.g. as a result of former
drycleaning activities.

Other modelling tools, such as the more extensiuegd Modflow and its reactive transport
modules, are also applicable but recent versionaalallow temperature gradients to be
modelled.

2.4.2 Application to a hypothetical site contaminated bychlorinated solvents

The GWE system is installed in the Campine regmdatic Diest aquifer with average
hydraulic conductivity of K = 6 m/d). The total afgr thickness is 30 m with an average
effective porosity of 0.25. Hydraulic gradient: 10&sn per km), from West to East.

A pollution source zone is assumed to be presenhenaquifer, containing PCE-NAPL

(residual) in a cylindrical soil volume with radiwg 4 m. The upper part (0-8 m below
groundwater level) is assumed to contain a resiNd&L volume of 0.1% of the total pore

volume. The lower 2 m of the contamination zonetams a higher residual NAPL

concentration (sinking layer): 0.5% of the totalgp@olume. In summary, a total pollutant
mass (PCE) is assumed of 164 kg of residual PGRempper part of the aquifer and 205
kg of sinking layer PCE in the lowest part of tlogiider.

Simulation scenarios
1.Reference scenariogroundwater pollution evolution (simulation tim&0 years)
without any actions (GWE nor remediation);
2.GWE with hydraulic containment scenarimstallation of a unidirectional doublet
system with following characteristics:
0 Two pumping wells with depths of 30 m and screerile 10 m (installed
between 20 — 30m bgl); the distance between thesevells is 50 m.
o The downstream well (eastern well) is operated asmging well; the
upstream well (western well) as reinjection well;
o Flow rate of the pumping well: 15%h (30,000 ri¥year);
o Operation: 50% of total duration in heating-model &me other half of the
time in cooling-mode. The total temperature differe@dT = 5K;
The first 20 years of the simulation are identimathe reference scenario (GWE-
system inactive); the next 30 years the GWE sysgeimctive. In order to obtain

32



hydraulic containment, not the full pumped voluree@injected into the reinjection
well, but only 90% (27,000 m3/year). The volumefaliénce is assumed to be
purified on-site and disposed off (e.g. in sewersorface water). Reinjection of
purified (aerated!) water is not considered, toidwaalditional clogging risks.

3.Unidirectional GWE with in-situ reactive zone sceoa This includes a doublet
system installed with following characteristics:

o 2 wells with lengths of 30m and screen length libstalled between 20 and
30m bgl. The distance between both wells is 50 m.

o The flow rate is 15 rith (30,000 n¥year) and is operated in 50% heating and
50% cooling-mode with dT = 5K;

o A reactive wall with chemical or biological redwmti potential for
chlorinated ethenes is assumed to be present ipluhge zone at the start of
the full modelling period of 50 years;

o0 The first 20 years of the modelling period the GWHkhactive; after 20 years
the system is switched on and remains active timgilend of the modeling
period.

o0 The downstream well (in the pollution plume) isrzebperated as extraction
well and reinjection of the same volume (withoutifacation) occurs in the
upstream well;

4.Bidirectional GWE without hydraulic containmerthe doublet system that will be
simulated has the following characteristics:

o 2 wells with depths of 30 m bgl and filter lengthl®m (installed between
20 — 30m bgl) and a distance between wells of 50 m;

o The flow rate is 15 fth (30,000 n¥year) in 50% heating and 50% cooling-
mode with dT = 5K;

o Pumping of 15,000 fyear; 50% of the time from the warm to the coldlwe
and the other 50% of the time from the cold towlaem well;

o0 The pollution source is present in the centre betwtbe wells;

o Total simulation time is 50 years; the GWE systamactivated after 20
years.

More information (location of wells, reactive zoete.) is given in the following paragraphs
and figures.

The modelled scenarios are purely hypothetical @esn of potentially relevant
combinations of groundwater remediation and “ordih&WE systems operated in PCE-

polluted areas. In later work, a real field pilbbsld be executed and carefully monitored.
These monitoring results can then be used to eteahral calibrate the modelling results.

2.4.3 Modelling results

(a) Reference scenario

Figure 16 shows the model area (2000 x 2000m),awdr heads and grid cells. A PCE

source was incorporated into the model as descabede. Standard degradation kinetics
(consecutive dehalogenation through halorespiratidghe sequence PCE TCE — DCE

— VC — ethene) were applied, as described in the FeFldwtepapers — Vol.4 (paragraph

1.9; page 49). Further details on the input pararseire given in Table 3.
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Table 3. Overview of additional input parameters
Decay rate Decay rate

Longitudinal Transversal Total Effective Sorption  Reference Reactive
dispersivity  dispersivity  porosity porosity coefficient  scenario zone"”
(m) (m) (-) (-) (-) (s™) (s™)
5 0.5 0.3 0.25 PCE 7,8 3,47E-07 3,47E-07
TCE 0,82 1,04E-06 1,00E-04

DCE 0,424 1,04E-07 1,00E-05

vC 0,13 0,00E+00 5,00E-06

ETHENE 0 0,00E+00 0,00E+00

(*) reactive zone as defined in scenario 3

In the reference scenario (input parameters asrided$, the model predicts a pollution
situation (50 years after introduction of the PCERIL) as depicted in figure 17.

Hydraulic -he‘_ad_
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Figure 16. Model area with natural hydraulic head conditioineference scenario without
operational GWE system)

Figures 18-20 show the degradation product plunies ¢he specified simulation time
(overall depth). With the set of input parametesedj mostly VC, being the most mobile of
the chlorinated ethenes, formed a large contamipdurne (anaerobic conditions with
natural dechlorination stopping largely at VC). tig 21 shows vertical sections of the
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pollutant plumes of PCE, TCE, DCE and VC in theerefice scenario after 50 years (no
action).

Mass consentration [PCE E'f-)l —}( =
- lsiljmes - |
Im |
150 | N 7,
[ 78 |

S

NJ
ko |
S|FEFLOwW Ry 0 [d] ] ——

Figure 17. Model area (zoomed, top-view) with PCE contamorasource area (orange circle) and
groundwater PCE concentration contours after 50rgdeeference scenario: no action)
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Figure 18. Model area (zoomed, top-view) with PCE degradatmnduct TCE concentration
contours after 50 years (reference scenario)
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Figure 21. West-East cross sections (as indicated in fig.of The PCE and daughter products TCE,
DCE and VC groundwater concentrations (referen@nado: no action; situation after 50 years).
Om: bottom of the aquifer; 27 m: top of the aquifegroundwater level).
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(b) GWE with hydraulic containment scenario

The GWE system has a substantial influence on ttieahnlic heads in the model area.
Figure 22 shows the groundwater flow pattern (sibmaat the end of the simulation period;
backward path lines. In a backward analysis thbvpay is calculated in reversed order, i.e.
starting from the endpoint (e.g. a well) to thegorj along a flowline).

Figure 22. Groundwater pathlines at the end of the simulaperiod (50 years). A significant
‘back-flow’ is observed due to the reinjection (opjte to the natural groundwater flow direction)
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The model predicts a final temperature distribu{aiter 30 years of operation of the GWE
system) in the aquifer as shown in figure 23. Eregerature is lowest near the reinjection
well. The overall temperature difference is howdiraited (< 10°C).
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Figure 23. Temperature isolines of the groundwater at the @frttie total simulation time (50
years) — GWE with groundwater containment

The modelled pollutant migration in the West-Eaahsect through the GWE-wells (cross
sections) is shown in figures 24-27.

PCE migration in the groundwater is rather limiteolyving to its higher sorption

characteristics and its conversion to TCE. The shohgs for TCE. The modelled migration
for DCE is more pronounced, due to its lower sorptcharacteristics. VC is the most
mobile component, and — more importantly — in therent scenario it is assumed to be
recalcitrant (not further degraded). This leads tworst-case migration result (figure 27).
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Figure 24. West-East cross-sectional view of PCE groundweatecentration isolines at the start of
the GWE-system (top) and at the end of the sinoumlgperiod (50 years) (below) — GWE with
groundwater containment
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Figure 25. West-East cross-sectional view of TCE groundwedercentration isolines at the start of

the GWE-system (top) and at the end of the sinoalgberiod (50 years) (below) — GWE with
groundwater containment
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Figure 26. West-East cross-sectional view of DCE groundweatecentration isolines at the start of
the GWE-system (top) and at the end of the sinoalgberiod (50 years) (below) — GWE with
groundwater containment
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F’i'gure 27. West-East cross-sectional view of VC groundwab@centration isolines at the start of

the GWE-system (top) and at the end of the sinoalgberiod (50 years) (below) — GWE with
groundwater containment

Scenario conclusions:

1.

Even though only 90% of the pumped volume in the E58ystem is reinjected in the
injection well, instead of 100%, the system causetesired migration of the pollution in
westerly direction (opposite to the natural grouatiw flow). This is especially the case
for the more mobile daughter compounds DCE andl whipride.

. The system does however — according to the modetovide adequate hydraulic

containment in easterly direction.

. The simulated large spreading of VC in this scenasi —obviously — also mainly

attributable to the assumed zero degradation rdteviyl chloride. The “real”
degradation rate is site-specific and should besored in the field and/or in lab-scale
tests.

. The highest groundwater flow rates are createtlardwest 10 m of the aquifer (because

the GWE-well system is screened at this depth. imbeeased groundwater flow lead to
lower daughter compound concentrations at thathdaptcompared to the concentrations
near the groundwater table.
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(c) Unidirectional GWE with in-situ reactive zone scenario

Figure 28 shows the location of the model-reactiwae (the orange circle represents the
PCE-source zone). In this example, the reactivadyazonsists of zero-valent iron that can
chemically reduce chlorinated ethenes to ethyrerettand/or ethane. As described earlier,
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Figure 28. Location (in red) of the assumed reactive barbetween the unidirectional GWE-wells.
Model cells for which the increased CAH-degradatiates were defined are indicated in red. The
PCE-source area is the orange circle. Above: tawibelow: cross-sectional view in West-East

direction.
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The high pumping rates of the GWE-system obvioysiyduce similar hydraulic effects
(fig. 29) as in the previous scenario (since themping rates are similar). The same holds
for the temperature effects (results not shown).

{'LEFLLIZI'U‘.: 1

Figure 29. Groundwater pathline patterat the end of the simulation period (50 years).

The modeling results (top-view and W-E cross sestion the hypothetical line through the
GWE-pumping wells) for the expected migration offP@=chlorination products DCE and
VC are shown in figures 30 and 31. Results for R@@E TCE are not shown (they are
approximately equal to the observed migration @108%-P&T scenario).
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Scenario (reactive wall) conclusions:

1.

Under the defined conditions, the reactive wall hasemedial effect on the pollution
concentrations but the pumping/recirculation efigas more important, especially in the
lower part of the aquifer (where GWE-screens astalied). The reinjection caused an
undesired migration of the pollution in westernedifon (opposite to the natural
groundwater flow), as was also the case in the P@% scenario.

. Especially for VC the model predicts extensive agdneg, notwithstanding the defined

degradation kinetics in the subsurface reactivel weda. The model predictions are
highly dependent of the defined degradation kisetisince this modelling exercise is
kept purely hypothetical, no further calibration ‘teal’ field measurements can be
performed. Later pilot studies are necessary tbredé model input parameters.

. The highest groundwater flow rates are createeridwest 10 m of the aquifer (because

the GWE-well system is installed at this depth).

. The pumping/reinjection rate of about 300 m3/d esus large hydrodynamical

disturbance in the defined setting. This is becaokéhe relatively small distance
between the two wells and the small phreatic agtifiekness (30 m).

. The reactive wall seems too short (flowlines arssp®y the wall as is visible in figure

29).

(d) Bidirectional GWE without hydraulic containment

Figure 32 shows the typical hydraulic pattern cdusea bidirectional GWE-system.

Hydrbulic head | —
“ -f=solines. \

o Tm]

[ Rl

. A i A

Pumping/extraction well |

Figure 32. Hydraulic heads at the end of the simulation pa&i(80 years) — bidirectional scenario

The bidirectional system creates, according tontleelel, looped groundwater flow patterns
(figure 33), perpendicular to the natural groundwafiow direction. The temperature
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gradients created (fig. 34) are more pronounced thathe unidirectional scenarios, but
overall temperature differences remain relativehal (<10°C).
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Figure 33. Simulated groundwater pathlines (pattern obtainetha end of the simulation period) —
bidirectional scenario.
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Figure 34. Temperature isolines of the groundwater at the @frtthe simulation period (50 y) —
bidirectional scenario.
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The bidirectional pumping as defined in this scenaauses — according to the model - a
more pronounced North-South migration componergndor the less mobile PCE and TCE
(Figures 35 -37).
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Figure 35. Top-view ofPCE groundwater concentration isolines at the endhef total simulation
period (50 y) — bidirectional scenario.
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Scenario (bidirectional)conclusion

The doublet system produces a N-S/S-N groundwkmergerpendicular to the natural W-E
flow, and is reversed twice per year. It causedgected, lateral pollution migration (with
respect to the natural groundwater flow directimmadening the plume in the North-South
direction). This was obviously problematic for tivbile daughter compounds DCE and
especially VC. For PCE and TCE, no “breakthrouglaswebserved (the 6-month switching
frequency period between injection and extracticgll 8eemingly was short enough to
prevent PCE/TCE from reaching the GWE wells, préwgndirect “transfer” of pollution
between well locations).

2.4.4 Conclusions on modelling

Groundwater and reactive solute modelling are resggsto predict the behaviour of the
groundwater pollution when GWE-systems are active.

It is not necessary to use Feflow as a modellimd, tdodflow or equivalent other models
can be equally adequate. Temperature gradientd@aaver not be modelled with current
versions of Modflow. Since the temperature effets limited (in the context of ground-
water remediation), it is not important to modeérth The groundwater flow and mass-
transport effects produced by the GWE-system, hewere of utmost importance.

The illustrated scenarios are hypothetical exampl@slevant combinations of groundwater
remediation and “ordinary” GWE systems operatingP@E-polluted areas in Flemish
aquifers.

The model results, although very preliminary, shbevlarge spreading effects pumping and
reinjection can cause, especially in the case efnlobile partial dechlorination products
DCE and VC.

In later work, a real field pilot should be exeautnd carefully monitored (technical details
on how this field pilot should be designed, conged, and monitored fall beyond the
current study). The pilot should be modelled ankibated with the monitoring data. To
avoid numerical dispersion, special attention sthoalso be devoted to the grid-cell
definition, not only in the vicinity of the welld the pollution area, but for the whole area
where contamination can be expected.

2.5 Policy-technical, legislative and juridical aspects

The installation of a GWE-system is subject todpelication for an environmental permit.
Specific items in relation to GWE-systems are adddtie Vlarem regulations.

2.5.1 General

When groundwater is pumped an injected back irdlosed system :
Vlarem | section 53.6 : Drilling of groundwater wells and groundwatettrextion used for
GWE-systems, including pumping back with a pumped fate of

- less than 30,000 ftyear : class 2 permit

- at least 30,000 fyear : class 1 permit
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When not a closed system is concerned (if notfah@® pumped groundwater is reinjected) :
Vlarem | section 53.8 : Drilling of groundwater wells and groundwatertrextion, other
than those referred to in section 53.1 to 53.7h wipumped flow rate of
- less than 500 Myear : class 3 permit
- 500 to 30,000 riyear : class 2 permit
- 30,000 m/year or more : class 1 permit
Vlarem | section 3.4 : The discharge of waste water and cooling water :
- less than 2 fth (for water without hazardous substances accgrtbnannex 2c of
Vlarem 1) : class 3 permit
- less than 2 Ath (for water with hazardous substances accordingrinex 2c of
Vlarem 1) : class 2 permit
- between 2 - 100 ith : class 2 permit
- at least 100 rith : class 1 permit

2.5.2 Environmental conditions

The relevant sections of Vlarem Il are section8@bd 5.3. The most relevant passages are
reproduced below and summarized.

Vlarem |l section 5.53.6.2.1 : GWE-systems are prohibited in a protection zoingpe | or
type Il of groundwater extraction for public wateupply. To see whether this section
applies for a specific area the website with welraskhttp://dov.viaanderen.bean be
consulted. It is allowed to install a GWE-systenpintection zone of type lIl.

Vlarem Il section 5.53.2 : The extraction and infiltration filters must lmeated in the same
aquifer as no different aquifers may be intercoteskcThe same aquifer means that there is
both physical (no separating layer between) andnadad (fresh and salt water or iron-rich
and iron-poor water) resemblance. For that readag,stops at the height of the separating
layers are necessary or cementation between tleetedspipes and the borehole wall is
required. In addition, for each groundwater extaarcfilter a monitoring pipe in the relevant
water bearing layer is required.

Vlarem || section 5.53.3 : A flow meter must be installed so that the pudchpelume can be
aggregated. The equipment must meet specific teehnequirements. At least two flow
meters are installed, so the net pumped volumebsametermined, as a result of the
difference between the withdrawn and reinjectedvfleate. The meter positions are
registrated every month (or every year accordingpecific requirements made by permit
services).

Vlarem Il section 5.53.4 : The installation of measuring wells is mandatory
- for groundwater extractions from phreatic aquifers
o one monitoring well for each amount of 200.008ymar licensed flow rate
(for permit between 30.000 to 1.000.008ywar);
o one monitoring well for each amount of 500.008ymar licensed flow rate
(for permit over 1.000.000 ftyear):
- for groundwater extractions from confined aquifers
o one monitoring well for permit between 30.000 t® 800 ni/year;
o one monitoring well for each amount of 500.008ymar licensed flow rate
with maximum of 3 (for permit over 500.000'year):
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The location of the monitoring wells is to be definin dialogue with an accredited
environmental expert in the discipline of groundsvaiThe well must be located in the
drawdown cone of the groundwater extraction.

Yearly, the groundwater operator needs to repogt pamped volumes, the measured
groundwater levels and the results of groundwatealysis. The analysis requires
information on ion balance, PH, temperature, cotiditi, hardness, oxygen content and
alkalinity.

2.5.3 Levies

Groundwater extractions used for GWE-systems agenpk from charges provided that the
groundwater flow is returned in the same aquiferqiated in Vlarem Il — 5.53.2). In order
to obtain an exemption on taxes on the extractiogroundwater, it's necessary that two
flow meters and a monitoring well are present. €hseran exemption only on the (vast)
portion that is injected back into the same aquifem which it is withdrawn. If the
groundwater drain (in order to purge wells for ni@nmance) or effective consumed water
volume is less than 500%year, there is no charge. If the annual effectiwrsumption is
greater than 500 ffyear, there is a tax on the use of groundwater.

2.5.4 Permit barriers

The installation of GWE-systems is not strictlydimiden in Flanders when a groundwater
pollution is present. Yet in practice, when it'sokvn that a site is polluted, the integration
of a GWE-system will never be implemented but oa tontrary the system will not be
implemented. Main argumentation is the fact theewery case there is a danger for
spreading the pollution when using a GWE-systemclvinieeds to be avoided. In those
cases, the only options are to remediate to site onaintain a status quo. In many cases,
the second option will be valid when the seriousnet the pollution is considered as
marginal. When severity is an issue, the guidelineshe permit are drawn up by OVAM
and custom defined measures ought to be takendiogoto the specific situation. Until
now, only actions are permitted that lead to aiigant decrease in time of the pollution by
remediations like “pump and treat”, it's not evitlém allow spreading the pollution. It can
be useful to allow GWE-systems in certain situatias they provide also long term benefit
to the pollution itself.

2.5.5 Conclusions on the legal part

As long as there is no knowledge on pollution sfta, the current environmental allowance
conditions are aimed at maintaining the groundwatelity and temperature balance and
avoiding the waste of valuable groundwater. Thenea limit on using GWE-systems, even
though if there is a pollution present which iskthown. There is no obligation on
examining or proving that a certain site is potintiree. In that regard, there is no limitation
on using GWE-systems.

For known polluted locations, it is currently ndticly forbidden but yet not evident to

install and exploit a GWE-system. For reasons @irenmental safety, the installation of
GWE-systems will be prohibited as they are consgdexs disturbing or spreading and yet
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worsening the problem of pollution. A distinctioarc be made between remediated and
non-remediated sites. When remediation is appbedhe types of geothermal energy use
can currently be applied but within certain limitadplications. When remediation is not
applied, the polluted area remains untouched (eedtsolving action to the remediation nor
an energy application). In both cases, a framewesdds to be established within which the
rules are set for installing and exploiting a GWStem on a polluted site. This can cause
benefit for both the types of known polluted looas by creating possibilities for using
renewable energy and reducing remediation costs.

Current legislation is intended to control eitharemetic applications (subscribed in
Vlarem, advised by VMM) or polluted zones (tailoede approach defined by OVAM). A
legislative framework needs to formulate an answdhe question how GWE-systems can
be developed in polluted areas, combining guidslimtem both VMM and OVAM. This
can be organized by creating a code of good prwetith specific formulated conditions on
installation, operation and monitoring. Several fary conditions need to be defined on
groundwater displacement, temperature differenpediution movements, area specific
approaches,...

2.6 Economical factors

The application of GWE-systems brings benefitstfa user and the society. Main benefit
for the society concerns the reduced environmeimg@act for producing heating and
cooling in comparison with traditional technologid®rimary energy savings and €0
emission reductions of 30 - 50 % on the heating production with a grogondrce heat
pump system compared with gas or oil fired boisas be expected. For cooling purposes
and the use of free geothermal cooling, primaryrgnesavings and C£Oemission
reductions can go up to80 - 90 % due to the very energy intensive eleitgrconsumption

of traditional compression cooling compared to GYWnAping systems. Main benefit for
the user / owner of the energy system concernsribggy saving potential with typical cost
savings ok 5 - 50 % on heating ard80 - 90 % on cooling. As ground source heat pump
systems are responsible for a shift from gas odroen heating to electricity driven heating
with high efficiency, the variability in effectiveavings on heating is large depending on the
specific energy prices. Typically the ratio betwéke electricity price and the gas (or oil)
price is important. The higher the ratio, the seralhe cost savings. In extreme conditions,
it is possible that a high performance ground sedreat pump system is more expensive
than a gas boiler. In these circumstances, it'siptesto use a gas fired heat pump system,
actual present on the market. The lower the rdaotecity/gas price, the greater the cost
savings.

2.6.1 Overview GSHP market in Belgium
EurObserv’ER carried out a study on the evolutiérthe European ground source heat
pump (GSHP) market (report 09/2011). For the sega@aat on a row, the European market
in 2010 shrank (by 2,9 % in 2010), less than 102@dits were installed (107.000 units in
2009), see Fig. 38 (** preliminary values).
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Figure 38. Yearly installed numbers of GSHP systems in Europe

In total, over 1 million GSHP’s are in operationBaorope. The market differentiation of the
heat pump technologies in Europe is shown in tharé below. About 22% of the heat
pump market is related to ground source systemt) wivast majority of brine-water
systems. Within the brine-water heat pump markeistrsystems are vertical loop or BTES
systems.
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Figure 39. European heat pump market differentiation

A full overview of the number of installed grounousce heat pumps for each EU country is
given in the table below, with Belgium located awsipion 13. In Europe, also Switserland
and Norway (as non EU members) have significanthdrigheat pump capacity in
comparison to Belgium, so this brings Belgium tcsipon 15 just before southern (no
heating necessary) and eastern countries. For 2040gstimated that 1249 units were
installed with total capacity of 15 MW. Due to skewmarket development in the past,

Belgium still has a growing heat pump market in panson to most of the other European
countries.

Table 4. Overview installed ground source heat pumps iropel (2009 and 2010)
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TGRS i .”_h'”":' Ren‘e:.;';bf: orpeics Renewab!e

Number Capacity mwen) energy captured fitoe) Number Capacity imwen) energy captured ktos)
Sweden 348 636 3702,0 784,8 378 311 4 005,0 867,8
Germany 179 634 21250,5 293,5 205 150 25701 335,2
Finland 52355 967,8 194,2 60 246 1113,0 2233
France 139 688 1536,6 200,4 151938 1671,3 218,0
Austria 55292 618,8 68,4 61808 729,5 80,1
Netherlands 24 657 633,0 63,6 29 306 745,0 74,9
Denmark 20 000 160,0 40,6 20 000 160,0 40,6
Poland 15 200 202,2 26,4 19320 257,0 33,5
United Kingdom 14 330 186,3 24,3 18 390 239,1 31,2
Ireland 11 444 196,1 25,6 11658 202,7 26,4
Czech Republic 11127 174,0 20,5 13349 197,0 24,4
Italy 12 000 231,0 23,0 12357 231,0 23,0
Belgium 11 B36 142,0 18,5 13 085 157,0 20,5
Estonia 5422 78,0 15,6 6382 91,8 18,4
Slovenia 3849 43,3 7.4 3948 54,8 9,5
Lithuania 1865 34,5 6,9 2221 41,5 83
Bulgaria 543 20,6 6,8 543 20,6 6,8
Greece 350 50,0 6,4 350 50,0 6,4
Slovakia 1845 235 3,6 2000 25,7 3,9
Hungary 3030 26,0 1,7 4030 43,0 3,1
Romania n.a. 5.5 0,7 n.a. 55 0,7
Latvia 20 0,3 0,1 20 0,3 0,1
Portugal 24 0,3 0,0 24 03 0,0
Total EU 27 913 147 11282,2 1833,1 1014436 126111 2056,0

This brings total installed GSHP capacity on 157 MW¥rmal energy in Belgium. With a
total number of 13085 units installed, the aver&®@HP unit accounts for 12 kW of
produced heat.

An increase with about 20 MW is expected to beizedlin 2011 withe 1400 GSHP units
(brings Belgian total to 177 MW). Most of these tan{95 %) are installed in residential
housing € 1330 GSHP units). About 20% of these units areppga with horizontal loops,
5% are groundwater systems and approx. 75% are-tud@ter (vertical loop) systems. The
vast majority of these systems in installed in Bs (about 85 %). It can be concluded that
the number of GWE systems in Flanders accountsalfmut 60 systems in 2011. This
number is growing each year (although European ehaicreased slightly).

The market of residential heat pumps (with small E8ystems) is responsible for about 50
installations in 2011. In total, about 615 GWE eys$ are into operation in Flanders (total
installed number).

Terra Energy and VITO performed a market searclreiation to the market of non
residential heat pumps is growing slowly but sur@pn residential heat pumps have a
capacity of at least 50 kW, these medium to big@ SBWVE systems are known as ATES
systems (Aquifer Thermal Energy Systems). Thestesysare typically described as UTES
systems as the vast majority (99%) of these irmtalls operate for heating and cooling
(and not only heating like most of the residentiaktical loop’ systems). About 130 units
are installed in Belgium up to now with45 units in 2011 only. They can be divided in two
types with 33% ATES+HP systems and 67% BTES+HPenmyst Non residential ATES
coupled GSHP systems account for 43 units (totthlled number), coupled to 35 ATES
well systems (with about 10 new systems in 201l)oriflalf of these installations are
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medium size well systems with a capacity between B ni/h, used in small offices or
SME'’s (garages, shops,..), and equipped as unidinat well systems without real heat
storage. The other systems concern big ATES syst8éns 200 riYh) used in big offices,
hospitals,... Medium non residential ATES systemsehavcapacity of 175 kW thermal
power and a flow rate of 25%h and are constructed as doublets (one cold aadvamm
well). Total installed ATES capacity is calculated 6220 kW, or an installed GSHP
capacity of 7720 kW heating power (good for 4,3 Pdabal Belgian GSHP capacity with
only 35 ATES systems). In total these non resid¢é®TES systems produce yearly 37,2 TJ
of heat and 19,6 TJ of cold.

This brings total number of non residential BTESmled GSHP to 87 units (coupled to 65
BTES fields). The mean power of these BTES systiem20 kW ¢ HP capacity), with an
average of 35 boreholes to a depth of 105 m (36 @&enage total borehole length, typical
double U-tubes). Total installed BTES capacitgadculated as 7360 kW, or an installed
GSHP capacity of 9720 kW heating power (good fér%, of total Belgian GSHP capacity
with only 65 BTES fields). In total these non resitlal BTES systems produce yearly 49,9
TJ of heat and 26,3 TJ of cold. The market for BT&8o for ATES) systems is boosted by
public projects in health care sector with 30 laBJeES fields in hospitals and rest homes.
Another 36 BTES fields are used in order to hedtaol offices (as well public as private).
Only a few other systems are installed in schoatgjculture, industry and collective
housing.

As conclusion, the market of GWE systems is growstepdy but surely although total
market volume is rather limited. For 2011, 60 ngstams (mainly small residential) were
installed. For the next years, market developmelhge on, it's expected to have about 150
new GWE-systems each year by 2015.

2.6.2 Financial parameters

An analysis of the economical impact of the implatagon of GWE-systems can be made
when examining two typical cases, a small residéninidirectional (only or mainly
heating) and a medium to large bidirectional (mgatind cooling) GWE-system.

A small residential system contains a small groustéwflow rate, with a typical value of 3
m/h, and a heat pump with a capacity of 12 kW. A imedsize system has a capacity of 25
m°/h and a heat pump of 175 kW. A large size systamahcapacity of 100 ¥h and a heat
pump of 700 kW.

Table 5. Financial parameters small GWE system

Case 1 — small residential system
GWE system flow rate 3m/h
Investment GWE+HP system [125.000 €
Extra investment coSticompared to traditional 017.500 €
systems)
Energy savings (1850 €
Simple payback timevithout incentives) [120 year
Simple payback timevith incentives) 015 year
Dynamic payback time (112 year
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For small systems, the benefit is mainly determibgdthe savings on heating. Cooling
benefits are of minor importance as the need fofig is limited or even absent in most
residential applications. Simple payback times @fy2ars are realistic without incentives.
Due to various subsidies (as a bonus or tax rashigtit's possible to reduce simple
payback time to 15 year. Dynamic payback time d#es into account interest rates,
inflation and energy price increases. A dynamidya&k time of 12 year can be reached.

Table 6. Financial parameters medium GWE system

Case 2 — medium SME system
GWE system flow rate 25 nt/h
Investment GWE+HP system [1250.000 €
Extra investment coOStcompared to traditiong| (J160.000 €
systems)
Energy savings (113.500 €
Simple payback timevithout incentives) 012 year
Simple payback timevith incentives) 9,5 year
Dynamic payback time 17,5 year

Medium size systems can benefit from savings otiriggand cooling. There is still a rather

big investment necessary in relation to the dedislenergy amount on heating and cooling.
Nevertheless, acceptable payback times of 9 yeapls payback with subsidy) to 7,5 year

(dynamic payback time) are possible.

Table 7. Financial parameters large GWE system

Case 2 — large SME system
GWE system flow rate 100 nv/h
Investment GWE+HP system [1550.000 €
Extra investment coSticompared to traditional 0275.000 €
systems)
Energy savings [135.000 €
Simple payback timevithout incentives) 8 year
Simple payback timevith incentives) 6 year
Dynamic payback time (14,5 year

The best economical figures can be reached witlige IGWE-system with very acceptable
payback times of 8 years (simple payback withobisgly) to 4,5 years (dynamic payback
with support).

An analysis of the cost aspect of a groundwatereckation system shows a very big
variability depending on the specific situationtloé type of pollution, the way of treatment
and the duration of the operations. When combingmgediation with energy captation, the
cost aspect will differ even more according to #pplied energy system on the specific
pollution situation. This offers a palet of manyfelient solutions for combining energy
with remediation with wide cost range, very deperide the local situation (also regarding
the energy application).
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2.6.3 Economical conclusions

The elimination of an existing soil contaminati@niirevocably linked to a significant bill

for the site owner or the society. This cost isnecsort of ‘necessary evil’ in order to
control, limit and/or reduce environmental impathaman presence and activity for future
generations. The environmental benefit is theradbgted to a certain financial cost which
will lead to a tendency of avoiding this cost ifst’t strictly necessary.

On the other hand, GWE-systems offer a solutionolar dependency on fossil fuels for
heating and cooling combined with renewable eleityriproduction (sun, wind, water or
biomass), the fossil fuel consumption drops to zbyooperating GWE-systems with
renewable electricity. GWE-systems offer a majopaet on the overall energy bill for
heating and cooling, as the most important paduofaverage total energy cost.

The combination of groundwater remediation with rgge production causes an
environmental as well as economical benefit. Th@renmental impact is dual by removing
groundwater pollution as well as avoiding air pvtda (by limiting greenhouse gas
emissions). The economical benefit of developing Es8Ystems is depending on local
geological circumstances and therefore geograpldefined. At some locations, these
systems show poor economical feasibility, this Isboahe case at some less convenient
combinations of GWE-systems with remediation. dificult to define the exact conditions
for a good combination, this should be examinedegtodependant. This calls for the
execution of extended modeling work in order togbrionpact of the combined approach.
This modeling work will cause an extra cost in pobjpreparation, estimated as a few
weeks of simulation work by a geohydrologic spesiallhe economical benefit is also dual
by reducing environmental cost (e.g. future Géxation) and the limitation of the energy
bill. Combining both remediation and energy producttransfers the project from an
environmental cost to an environmental benefitafdeast a lower or limited cost). It can be
stated that, in the best circumstances, the impitatien of a GWE-system makes a
groundwater remediation project economical feasifleis allows a faster and better
approach and handling of the polluted areas inddes It concerns an integral instead of an
individual approach with optimal effect on enviroemt and cost.

Main point of attention regards the definition of suitable framework for the
implementation of these systems defining the altbiveundary conditions. Some combined
approaches have no impact at all on the pollutiseifie.g. a classical pump and treat with
additional groundwater energy production system.stMoaombined approaches (for
remediation and energy production) have a cerfaom(small to substantially) impact on
the spread of the pollution which should be allowsd legislation. This asks for the
establishment of a specific working group for tredinition of a suitable approach on the
creation of an adapted legal framework. See ch&pbeior further details.
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3 CONCLUSIONS

Groundwater energy systems can be classified inymays according to the specific
criterium that is used. Three types, each requiairtdearly different strategy, approach and
feasibility testing, are considered within the @xttof this project namely bi-directionally
operated well pair(s), unidirectional operated welir(s) and single wells.

A map is drawn showing the suitable zones in Flenfe developing a significant GWE-
system. For some regions this can only be a snesidential system while for other
localities a large GWE-system (providing energy hag office building, hospital,
industry,...) is possible.

Although specific literature on the combination GWE and groundwater remediation
seems to be very scarce, relatively many studiesaailable on the effects of temperature
on the physical, chemical and biological behavioofr pollutants in subsurface

environments. In the relevant temperature intefealthe current study, biological and

geochemical reaction rates will however only slighbe affected. Especially the

groundwater flushing and mixing effect caused by BWE-system will be relevant in the
context of remediation.

Groundwater and reactive solute modelling are resggsn order to predict the behaviour
of the groundwater pollution when GWE-systems atve. The most important parameters
concern groundwater flow and mass transport effpatsiuced by the GWE-system. The
illustrated scenarios are hypothetical examplesetdvant combinations of groundwater
remediation and “ordinary” GWE systems operatingP@E-polluted areas in Flemish
aquifers. The model results show the large spreaeéiffiects caused by pumping and
reinjection, especially for mobile partial decht@iion products. In later work and in
addition to modelling work, a real field pilot sHdwbe executed and carefully monitored.
These monitoring results should be used to cakaraidel input data.

For known polluted locations, it is currently ndticly forbidden but yet not evident to

install and exploit a GWE-system. There is a tengidn prohibit the use of GWE-systems
as they are considered as disturbing or spreadnt y@t worsening the problem of

pollution. The combination of groundwater remediativith energy production causes an
environmental as well as economical benefit (wheolagical boundary conditions are
suitable). Combining both remediation and energydpction transfers the project from an
environmental cost to an environmental benefitafdeast a lower or limited cost). It can be
stated that, in the best circumstances (but nevary case), the implementation of a GWE-
system makes a groundwater remediation project aomal feasible. It concerns an

integral instead of an individual approach withimatl effect on environment and cost.

It's advised to create a suitable framework forithplementation of combined remediation
and energy systems defining the allowed boundanglitons. Most combined approaches
have a certain impact on the spread of the potiutrthich is not foreseen (or considered as a
gap) in current legal context. Experience fromedight competence centers (such as OVAM
and VMM) should be combined in order to establisladapted legislation.
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