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Summary

Coordinated doublet deployment strategies based on detailed geological modelling
are crucial to enhance heat production from sedimentary aquifers. Detailed geolog-
ical modelling is required for optimisation of doublet design which aims to maximise
energy production while minimising pump energy losses and investment costs. A
regional doublet deployment approach will increase the possible number of dou-
blets exploiting a resource while reducing the risk for negative interference. In this
thesis, several main parameters of a doublet deployment strategy are studied and
in addition, the advantages of a regional deployment approach are shown.

The first requirement for the development of a coordinated doublet deployment
strategy is a regional geological model. Such a model should describe regional
sandstone distribution and sandstone architecture. These are fundamental param-
eters for doublet design as they are related to the net aquifer volume and flow
path formation in the aquifer. In chapter 2 of this thesis, an improved regional
model of the Lower Cretaceous, fluvial Nieuwerkerk Formation was described. Pre-
vious correlation studies were based on the interpretation of facies trends. Because
sandstone-rich intervals were correlated between wells, the continuity of aquifers
was overestimated and facies heterogeneity oversimplified. Utilising a combination
of palynological age dating of drill cuttings, seismic interpretation and Gamma-Ray
log correlation, we were able to correlate fluvial successions based on age, while
their facies distribution varied laterally. With this approach, a better understanding
of (1) the lateral continuity of sandstone-rich successions and (2) thickness varia-
tions of these successions throughout the WNB was obtained. Furthermore, this
study formed the basis of the aquifer modelling that was used to derive deployment
strategy parameters such as doublet orientation, well spacing and doublet distance
in following chapters of this thesis.

In chapter 3 and 4, the impact of fluvial architecture on the life time of doublet
systems and net energy production was studied. This was required to determine
preferred doublet orientation with respect to geological trends and evaluate well
spacing design. Based on the study of a core from a West Netherlands Basin hy-
drocarbon well, combined with the results of chapter 2, detailed fluvial architecture
realisations were generated utilising a process-based facies modelling approach.
Hundreds of realisations were generated while varying net sandstone volume in
these realisations. These realisations were used in finite element heat flow sim-
ulations. In chapter 3 we compared production simulations with flow parallel and
perpendicular to the paleoflow direction of the fluvial system that formed the Nieuw-
erkerk Formation. In this chapter, it was shown that approximately 10% less pump
energy losses can be expected if doublets are oriented parallel to the paleoflow
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direction. This is a result of the reduced probability that flow is blocked or di-
verted by impermeable claystone bodies compared to when doublets are oriented
perpendicular to the paleoflow direction. In chapter 4 it was shown that these im-
permeable bodies can have a positive effect on heat exploitation as they provide
thermal recharge to the cold water plume. This reduces the speed of temperature
reduction after thermal breakthrough and increases doublet life time. In contrast,
impermeable claystone bodies can also reduce doublet life time by separating per-
meable sandstone bodies into isolated clusters, reducing the net aquifer volume
and bringing the moment of thermal breakthrough forward. The results of chap-
ter 3 and 4 highlight the importance of geological modelling for HSA exploitation.
This is because ranges of doublet life time and pump energy losses were larger
when detailed facies architecture models were used in our simulations, compared
to when homogeneous models were used. Homogenous models might overesti-
mate net sandstone volume in the aquifer volume and therefore doublet life time
and its uncertainty. In addition they underestimate pump energy losses.

Subsequently, well spacing design was evaluated in chapter 5. In addition, a dis-
cussion was introduced on the minimal required production temperature and its
relation to life time and well spacing. Well spacing is an attractive parameter for
optimisation of doublet design, because it is strongly related to drilling costs which
form the main barrier of geothermal development. The results of this chapter indi-
cate that a reduction of the current well spacing standard could improve the finan-
cial competiveness of Hot Sedimentary Aquifer exploitation. By reducing doublet
well spacing by several hundred meters below the current WNB standards, the Net
Present Value of a doublet could be increased by some 10%. Importantly, it was
also shown in this chapter that such a reduction in well spacing could still result
in sufficient doublet life time. In our study thermal recharge from over- and un-
derburden was taken into account, as well as thermal recharge from impermeable
claystone bodies within the aquifer (chapter 4). This increased the life time com-
pared to previous studies. Moreover, in these previous studies doublet life time
estimations were conservative because often the first thermal breakthrough mo-
ment was used as a life time estimate. Current WNB doublets are designed such
that the expected thermal breakthrough occurs after 30-50 years. In this chapter
,however, it is assumed that a 10% production temperature is a better estimation
of the minimal required production temperature. Firstly this is because heat use
efficiency is likely to improve in the next decades like it did in the past decades,
which will reduce the heat requirement. Secondly, production temperature only
reduces by several degrees per decade after thermal breakthrough. Therefore it
could take a significant amount of years for the production temperature to drop
below economic values in current WNB doublets. Furthermore I showed that, the
effect of well spacing reduction on NPV becomes more significant in more marginal
economic doublets.

Finally the effect of production rate contrasts of adjacent geothermal doublet sys-
tems on the required doublet distance is analysed in chapter 6. In this chapter in-
terference is expressed in terms of life time, net-energy production and Net Present
Value. Two extreme doublet layout configurations were compared, checkboard and
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tramline configuration. In the checkboard configuration, injection and production
wells of adjacent doublets are alternated. In contrast, in the tramline configura-
tion injectors and producers are aligned. The results of this study indicate that
doublet interference is most significant in terms of life time. Dimensionless rela-
tions between production rate contrast and required doublet spacing were derived
from a multi-parameter analysis. These relations indicate that the required doublet
distance is a function of doublet configuration, minimal required production tem-
perature and production rate contrasts between adjacent doublets. In the tramline
configuration, required doublet distance is larger compared to when doublets are
placed in checkboard configuration. In tramline configuration, negative interfer-
ence was still recognised even when the doublet distance was multiple times larger
than the spacing between injector and producer of the individual doublets. In con-
trast, checkboard configuration could result in positive life time interference when
the doublet distance is larger or equal to the well spacing in the individual doublets.
Moreover, optima in positive life time interference are described in this chapter.
Finally, the results underline the importance of a coordinated approach to doublet
deployment as this could avoid negative interference, and increase the possible
number of doublets exploiting the same aquifer.

With this thesis, I hope to convince the reader that a regional coordinated approach
to doublet deployment is required to disclose the full potential of hot sedimentary
aquifers.






Samenvatting

Een strategie voor doubletplaatsing op regionaal niveau is cruciaal om warmtewin-
ning uit sedimentaire aquifers zo efficiént mogelijk toe te passen. Hiervoor zijn
gedetailleerde modellen nodig die de geologische heterogeniteit en geologische
onzekerheden beschrijven. Op basis van zulke modellen kan het ontwerp en de
plaatsing van doubletten worden geoptimaliseerd met als doel maximale regionale
energieproductie en minimale investeringskosten. Een regionale aanpak kan er-
voor zorgen dat meer doubletsystemen warmte kunnen produceren uit hetzelfde
aquifer omdat het risico op negatieve interferentie kan worden verkleind. In dit
proefschrift worden de voordelen van een dergelijke strategie beschreven en para-
meters die een dergelijke strategie beschrijven onderzocht voor warmtewinning uit
de Onder Krijt aquifers in het West Nederlands Bekken.

Voor de ontwikkeling van een gecodrdineerde strategie voor doubletplaatsing is
een geologisch model vereist dat de regionale architectuur en dikte van het aqui-
fer beschrijft. In hoofdstuk 2 van dit proefschrift is een dergelijk model bestudeerd
van de Nieuwerkerk Formatie. Hiervoor is gebruik gemaakt van palynologische ana-
lyse van boorgruis, regionale Gamma-Ray log correlatie en seismische interpretatie.
Door deze gecombineerde aanpak was het mogelijk zandsteenrijke, fluviatiele in-
tervallen in verschillende geothermieputten te correleren op basis van ouderdom in
plaats van lithofacies. Volgens de correlatie op basis van lithofacies werd voorheen
aangenomen dat de huidige geothermiedoubletten water produceren uit één enkel
zandsteenrijk interval dat in dikte varieert in verschillende delen van het bekken.
De nieuwe correlatiemethode op basis van de palynologische analyse toonde aan
dat de huidige doubletten ten minste twee zandsteenrijke zones hebben aange-
boord op verschillende stratigrafische niveaus. Overlap van zandsteenrijke zones
op beide intervallen resulteert in sommige doubletten tot meer dikte van het aqui-
fer. Regionale Gamma-Ray log correlatie en seismische interpretatie suggereren
dat de laterale continuiteit van deze zandsteenrijke zones het gevolg zijn van tekto-
nische bewegingen tijdens sedimentatie. Op basis van deze analyse zijn prognoses
gemaakt van de verspreiding van deze zones in verschillende breukblokken in het
bekken om daarmee de dikte en diepte van het aquifer voor nieuwe doubletten
beter te kunnen voorspellen. Dat vormde de basis voor de gedetailleerde geologi-
sche modellen die gebruikt zijn voor productiesimulaties die beschreven zijn in de
volgende hoofdstukken van dit proefschrift.

In hoofdstuk 3 en 4 van dit proefschrift is de impact van de fluviatiele architectuur
van een aquifer onderzocht op pompverlies en de levensduur van doubletten. Deze
factoren zijn van belang om te bepalen welke richting (vanaf nu: oriéntatie) van
een doublet ten opzichte van geologische trends en de benodigde afstand tussen de
injectie- en productieput. Op basis van boorkernanalyse is een inschatting gemaakt
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van de dimensies van het fluviatiele systeem van de Nieuwerkerk Formatie. Deze
dimensies zijn gebruikt voor het maken van gedetailleerde modellen van de fluvia-
tiele architectuur met een ‘process-based” modelleermethode. Honderden modellen
zijn gegenereerd, waarin het volume van het netto zandsteen varieerde van 10 tot
90%. Al deze modellen zijn gebruikt in eindige-elementenmethode simulaties van
water- en warmtestroming. Stroming die parallel loopt met en stroming die haaks
staat op de paleo-stromingsrichting van het fluviatiele systeem van het aquifer zijn
met elkaar vergeleken (hoofdstuk 3). De vergelijking toonde aan dat ongeveer 10%
minder pompverlies kan worden verwacht wanneer de oriéntatie van een doublet
parallel loopt met de paleo-stromingsrichting. Dit komt doordat er een verhoogde
kans is dat impermeabele kleisteenlichamen stromingsblokkades of barrieres vor-
men haaks op de paleo-stromingsrichting. Deze blokkades en barrieres beinvioeden
de lengte van de stroombanen tussen putten en de kans dat deze worden gevormd.
Daarmee beinvloedt faciesarchitectuur de benodigde pompdruk. Hoofdstuk 4 laat
zien dat de impermeabele kleisteenlichamen ook een positief effect kunnen hebben
op warmte-exploitatie omdat ze door geleiding het afgekoelde, geinjecteerde wa-
ter opwarmen. Daarentegen kunnen de kleisteenlichamen ook de connectiviteit van
zandsteenlichamen verkleinen, en daarmee ook het netto aquifervolume verlagen.
Dit heeft als gevolg dat de doorbraaktijd van het koude geinjecteerde water ver-
vroegd wordt en de levensduur van het doublet omlaag gaat. Onze resultaten laten
zien dat de faciesarchitectuur in acht moet worden genomen bij de inschatting van
de levensduur en het pompenergieverlies van doubletten. Het gebruik van homo-
gene aquifermodellen zou kunnen leiden tot een minder nauwkeurige inschatting
van de onzekerheid mbt levensduur en pompverlies.

Vervolgens is de putafstand tussen de injectie- en productieput van een doublet ge-
évalueerd in hoofdstuk 5. Deze putafstand beinvloedt de boorkosten omdat de put-
ten gedevieerd geboord worden vanaf een enkele boorlocatie. De hoge boorkosten
vormen een belangrijke barriére voor de ontwikkeling van geothermie. Desalniette-
min is verkleining van de putafstand niet ter discussie gesteld in voorgaande studies
als mogelijke maatregel om deze barriére te verlagen. In hoofdstuk 5 van dit proef-
schrift wordt aangetoond dat de netto contante waarde van een typisch doublet in
het West Nederland Bekken tot 10% kan toenemen wanneer de momenteel gang-
bare putafstand van 1500 m met enkele honderden meters afneemt. Daarbij is ook
onderzocht of een dergelijke afname nog steeds tot voldoende levensduur van het
doublet kan leiden. Voor deze studie zijn productiesimulaties gebruikt met aquifer-
modellen die zijn ontwikkeld in de voorgaande hoofdstukken. Deze simulaties tonen
aan dat zelfs bij een aquifer van 50 m dikte en een netto zandsteenvolume variérend
van 15% tot 70%, voldoende levensduur van het doublet kan worden verwacht bij
een putafstand van 800 m, ondanks het conservatief geschatte netto volume zand-
steen in onze modellen. Onze simulaties laten een relatief lange levensduur zien
vergeleken met eerdere studies. Dit komt omdat in onze studie de voorheen ver-
waarloosde warmtetoevoer vanuit impermeabel boven- en onderliggend gesteente
naar het aquifer in beschouwing is genomen. Daarnaast heb ik dit berekend met
de aanname dat de warmteproductie niet hoeft te stoppen zodra de productietem-
peratuur begint te dalen, maar pas wanneer de productietemperatuur met 10%
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is gedaald. Vaak wordt het eerste moment van temperatuurdaling beschouwd als
het einde van de levensduur van het doublet. Dit is een te conservatieve aanname
omdat de productietemperatuur dan niet direct afneemt naar een oneconomische
waarde. Bovendien is het waarschijnlijk dat er per gebruiker minder warmte nodig
is in de toekomst, aangezien de efficiéntie van energieverbruik alleen maar zal toe-
nemen. Daarom concludeer ik dat verkleining van de putafstand standaard voor
geothermische warmte-exploitatie in aanmerking moet worden genomen als een
mogelijke stimulans voor de groei daarvan. Tot slot is in dit hoofdstuk aangetoond
dat deze maatregel extra relevant is voor doubletsystemen die economisch margi-
naler zijn.

In het hoofdstuk 6 is tenslotte de invioed van debietcontrasten tussen naastgelegen
doubletten onderzocht met het oog op de benodigde doubletafstand. De benodigde
doubletafstand heeft tot doel om negatieve interferentie te voorkomen. Interferen-
tie is in dit hoofdstuk uitgedrukt in termen van netto energieproductie, levensduur
en netto contante waarde. De resultaten van dit hoofdstuk laten zien dat interfe-
rentie tussen warmte porducerende doubletten met name de levensduur beinvioedt
en verwaarloosbare impact heeft op de netto contante waarde en netto energie-
productie. Op basis van anlayses van productiesimulaties waarin doubletafstand,
putafstand, debiet en reservoirdikte zijn gevarieerd, heb ik dimensieloze relaties
afgeleid tussen de benodigde doubletafstand en het verschillen in productiedebiet.
Twee extreme doubletconfiguraties zijn vergeleken: de checkboard en tramline con-
figuratie. In de checkboard configuratie heeft de dichtsbijzijnde naastgelegen put
een tegenovergestelde functie, in de tramline configuratie liggen injectie- en pro-
ductieputten op een lijn. Bij de tramline configuratie kan negatieve interferentie
alleen worden voorkomen wanneer de doubletafstand meederde malen de afstand
tussen de injectie en productieput van hetzelfde doublet bedraagt. Daarentegen is
er positieve interferentie mogelijk bij de checkboard configuratie. In onze studie
zijn optima in positieve interferentie herkend bij checkboard configuratie wanneer
de doubletafstand groter is dan de afstand tussen de injectie- en productieput van
hetzelfde doublet. De resultaten van dit hoofdstuk laten zien dat gecoérdineerde
doubletplaatsing de efficiéntie van exploitatie kan verhogen, waarmee rekening
moet worden gehouden bij voorbereiding van HSA exploitatie.

Met dit proefschrift hoop ik de lezer te overtuigen dat een regionale benadering
in doublet plaatsing nodig is om de de potentie van geothermische warmtewinnig
optimaal te benutten.
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Introduction

1.1. Hot Sedimentary Aquifers

Huge amounts of heat are stored in sedimentary rocks. These resources, often
referred to as Hot Sedimentary Aquifers (HSA), can be found away from tectonic
plate boundaries and conventional geothermal resources usually connected with
volcanically active regions, in areas with average thermal gradients of approxi-
mately 30°/km. Because of the high required minimal temperatures for economic
geothermal electricity production(Shengjun et al., 2011), HSA are especially suit-
able for heat production applications. Nevertheless, they should be considered as
an important energy source since half of the total energy consumption in countries
with moderate to cold climates is for heat generation (Sanner et al., 2011). In
the Netherlands, for example, it is estimated that the total recoverable heat from
sedimentary aquifers is 55 times larger than the Dutch annual heat consumption
(Kramers et al., 2012; EU-Commission, 2016; Schoots et al., 2016). Next to the
large potential, another advantage of HSA is that they are often located in regions
with hydrocarbon production history. Examples are the Idaho thrust Belt (\Welhan,
2016), the West Netherlands Basin, The Netherlands (Van Heekeren and Bakema,
2013), the Paris Basin, France (Lopez et al., 2010) and the Perth Basin, Australia
(Pujol et al., 2015). The extensive knowledge about the nature of subsurface sedi-
mentary rocks, and the experience from oil and gas production, significantly reduce
the risks of HSA exploration. Nevertheless, a large gap exists between potential and
actual exploitation. Currently, the main barrier for HSA development is the compe-
tition with a relatively cheap and existing fossil-fuel-based heating network (Sanner
et al., 2011). Initial investment costs for HSA operators are very high because of
a combination of large well completion and drilling costs, as well as costs asso-
ciated with the installation of new heat distribution grids. This distinguishes HSA
exploitation from more conventional geothermal electricity production and other
sustainable energy sources, because electricity is easier to distribute and connect
to existing energy networks. Geological uncertainties form another barrier for the
growth of HSA exploitation. Large geological uncertainties make it complicated to
justify large investment costs. Similar geological uncertainties also form a barrier in
hydrocarbon production. However, the larger revenues from hydrocarbon produc-
tion compensate the risks of drilling unsuccessful wells. In addition, hydrocarbon
exploitation uses well placement strategies that involve many wells. The impact of

1
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failure of individual wells is therefore reduced. In contrast, geothermal resources
are often exploited by different independent operators with a single or a few dou-
blets (e.g. Van Heekeren and Bakema, 2013; Jaxa-rozen et al., 2015).Therefore
the impact of well failure is significantly higher. The small-scale approach to HSA
exploitation focusses on individual interests. This could negatively affect collective
interests because it increases the risk of interference between operators and sub-
optimal exploitation (e.g. Jaxa-rozen et al., 2015; Tureyen et al., 2015). Therefore
this thesis aims to develop regional doublet deployment strategies for HSA exploita-
tion that will reduce geological risks, minimise negative interference and enhance
heat recovery.

1.2. HSA in the West Netherlands Basin

An example of a promising HSA region is the West Netherlands Basin (WNB) which
is the current epicentre of geothermal energy exploitation in the Netherlands. In
2016, nine geothermal doublets have been realised in this basin for-direct use appli-
cations. This is almost 70% of all doublets in the Netherlands. In addition, 40% of
all granted exploration licences are located in this basin (Figure 1.1). Currently, the
main target is the fluvial Delft Sandstone Member, part of the Cretaceous Nieuwerk-
erk Formation (e.g. Van Adrichem Boogaert and Kouwe, 1993). Seven out of nine
doublets and most of the 30 exploration licences where no doublet is drilled yet
target this aquifer. The focus on this fluvial sandstone results from a combination
of high productivity in several current doublets as well as publically available well
data from surrounding oil and gas fields. The depth of the Nieuwerkerk Formation
aquifers range from 2 to 3 km. In the current doublets, water of 70 to 90°C water
is produced and water of 30°C to 40°C water is re-injected. In most doublets, a
well spacing of 1 to 1.5 km is chosen which should guarrantee a life time of at
least 30 years. The flow rates in these doublets vary between some 100 to 200
m3/h and the associated doublet capacity ranges from 5 to 20 MWy,. According
to Kramers et al. (2012), 9492 PJ of recoverable heat could be produced from the
Nieuwerkerk Formation alone, which is six times the total annual heat consumption
of the Netherlands (Schoots et al., 2016). However, because of the current doublet
deployment strategy which is based on a *first come, first served’ approach it is
unlikely that this will be actually recovered. Even if doublets will be realised in all
30 licences, with an average net energy production of 10 MW, and expected life
time of 50 years, only 45% of the total available heat will be recovered from this
aquifer. Unfortunately, this is still a very optimistic estimate because it neglected
down time of the doublet systems and the risk that some doublets could have more
disappointing or no production at al. Moreover, the current increase in geothermal
doublets is low. Approximately two new doublets are realised each year. In this
way, it will therefore take decades to reach full capacity. The use of the large well
spacing standard and the irregular layout of the doublets limits the available space
for the realisation of new doublets which will slow down the overall growth of the
geothermal heat provision. In this thesis I try to show that a regional doublet de-
ployment strategy could stimulate HSA exploitation. The derivation of the strategy
is based on detailed geological modelling of the Nieuwerkerk Fm. aquifers.
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Figure 1.1: Overview of the current geothermal exploration and production licence layout, modified
from www.nlog.nl.

1.3. Regional geological model of the Nieuwerkerk

Formation

The Nieuwerkerk Formation sandstones were one of the main reservoir targets for
hydrocarbon exploitation in the West Netherlands Basin in the past 50 years (e.g.
Herngreen and Wong, 2007; Kombrink et al., 2012). The Formation was formed
during the Late Jurassic to Early Cretaceous and is characterised by fluvial, syn-rift
sediments (e.g. Van Adrichem Boogaert and Kouwe, 1993; Den Hartog Jager, 1996;
Devault and Jeremiah, 2002; Jeremiah et al., 2010; Donselaar et al., 2015). This
origin is reflected by large thickness differences of the total Nieuwerkerk Forma-
tion interval. In some graben fault blocks the formation has a thickness of more
than a kilometre while it is less than 100 m on some horst and pop-up structures.
Within the Formation sandstone-rich zones occur but their lateral extent is debated
because of (1) large thickness variations of the sandstone successions that were en-
countered in wells and (2) discontinuous seismic reflectors (e.g. Den Hartog Jager,
1996). Van Adrichem Boogaert and Kouwe (1993) recognised a continuous sand-
stone rich layer in the top of the interval that extends throughout most of the
onshore part of the basin which is referred to as the Delft Sandstone Member. This
model is generally used for geothermal exploitation in the basin. However, in a
more recent study by Devault and Jeremiah (2002) this Member was not acknowl-
edged. Devault and Jeremiah (2002) state that sandstone-rich zones with limited
lateral extent occur at different stratigraphic levels,and do not necessarily form a
continuous interval. These different views have significant implications for doublet
deployment in the region because it affects expected aquifer thickness and occur-
rence in areas without well coverage. Because aquifer thickness is one of the main
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parameters that influence injectivity and doublet life time, the coexistence of the
two models leads to uncertainty in the potential of new geothermal doublets. As a
result, conservative large well spacing distances are used in current WNB doublets
to prevent the risk of early cold-water breakthrough. This measure increases the
drilling costs because deviated wells must bedrilled from one surface location. The
combination of high costs as well as the uncertainties in life time and net energy
production makes it complicated to justify large investments. The high costs also
result in limited data acquisition in the geothermal wells because of investment cut-
backs. This lack of data limits our knowledge and therefore does not contribute to
risk reduction. To prevent this negative spiral, a better understanding is required
of the sandstone distribution in the Nieuwerkerk Formation. Based on an improved
geological model that describes sandstone distribution in the Nieuwerkerk Forma-
tion, doublet deployment can be optimised which will reduce geological risks for
new geothermal doublets.

1.4. Fluvial reservoir architecture

Geological modelling of fluvial aquifers is complex because of their heterogeneity in
sediment bodies. Spatial distribution of these bodies can be a result of both auto-
genic as well as allogenic controls (Hajek et al., 2010; Flood and Hampson, 2015)
which make it difficult to identify laterally persistent trends on well logs. These type
of aquifers are composed of impermeable floodplain fines and permeable sandstone
bodies. The distribution of these sedimentary bodies is referred to as the fluvial ar-
chitecture in this thesis. The sandstone bodies can form one big network or, in
contrast, smaller sandstone compartments separated by impermeable claystone
bodies. In hydrocarbon related recovery studies of fluvial reservoirs it has been
shown that the recovery efficiency is governed by the degree of compartmentalisa-
tion of permeable sandstone bodies in the impermeable claystone matrix (Jones and
Doyle, 1995; Larue and Friedmann, 2005; Larue and Hovadik, 2006, 2008). Previ-
ous work on this topic identified the net-sandstone volume or net-to-gross (N/G),
the sand-body width-thickness ratio and the range in paleoflow direction as main
factors that control compartmentalization (King, 1990; Larue and Hovadik, 2006;
Geel and Donselaar, 2007; Hovadik and Larue, 2007; Ainsworth, 2005; Pranter and
Sommer, 2011). However, these previously mentioned studies focussed on hydro-
carbon production. In this type of exploitation, the main objective is to intersect as
many sandstone bodies as possible to maximise drainable volume (e.g. Geel and
Donselaar, 2007). Often a hydrocarbon well deployment strategy is a well grid (e.g.
Pranter and Sommer, 2011). In contrast, in HSA exploitation geothermal well pairs
are used in the exploitation. A primary requirement for a doublet system is that
flow paths are formed through the reservoir between the injection and production
wells of the pair. This requires a new directional component to connectivity anal-
yses. The orientation of the doublet well pairs with respect to paleo fluvial trends
affects the probability that flow paths exist between the wells. The claystone bodies
not only influence flow paths between the wells, but can also supply heat to the
cold water plume and thereby influence lifetime (Hamm and Lopez, 2012). Poulsen
et al. (2015) showed the significance of thermal recharge from the over- and un-
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derburden of an aquifer. Internal claystone bodies can have a similar effect on
life time that is currently not taken into account in doublet design and deployment
strategies. Therefore, in this study the impact of fluvial architecture on heat flow
is evaluated, utilising detailed facies architecture models which are derived from
well log and core data. This evaluation is used to support well spacing design and
doublet orientation design.

1.5. Objectives

The overarching goal of this thesis is to show that a coordinated, science-based
approach to geothermal doublet planning is a prerequisite for efficient exploitation
of HSA. A first requirement for coordinated doublet planning is a regional geological
model that describes fluvial aquifer architecture and sandstone distribution (objec-
tivel). The Lower Cretaceous Nieuwerkerk Formation (WNB) has been used as a
case study. Based on the geological model, a number of pertinent research ques-
tions are be addressed: The preferred doublet orientation with respect to geological
trends (objective 2), the inferred impact of geological heterogeneity on doublet life
time (objective 3), the preferred well spacing in individual doublets (objective 4),
and the required distance between doublets and allowed production rate contrasts
between doublets (objective 5).

The objectives corresponding to these research questions are:

1. Model the regional sandstone distribution of the Nieuwerkerk Formation for
aquifer thickness and continuity prediction.

2. Derive preferred doublet orientation with respect to geological trends.

Evaluate the impact of geological heterogeneities on doublet life time.

4. Evaluate the impact of reduction of doublet well spacing on the Net Present
Value and the life time of doublets.

5. Analyse effect of layout and production rates contrasts on required doublet
distance.

w

These objectives will be discussed in different chapters of this thesis. In the final
chapter, a synthesis of all results and their implications for improved exploitation
efficiency will be presented and evaluated in order to address the overarching goal
of the thesis.
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Fluvial sequence stratigraphy
of Lower Cretaceous
geothermal aquifers derived
from palynological cutting
analysis

Abstract

Sandstone-rich fluvial successions of the Nieuwerkerk Formation are the main tar-
get for geothermal heat exploitation in the West Netherlands Basin. Primary chal-
lenge for efficient doublet design and deployment is the adequate prediction of the
size, shape, lateral extent and thickness (or: aquifer architecture) of the geother-
mal aquifers. Large variations in the thickness of sandstone-rich successions are
recognised in current West Netherlands Basin doublet systems. These variations
cannot be explained by the currently applied lithostratigraphic framework. Uncer-
tainty in the aquifer architecture increases the uncertainty in doublet lifetime as
it has an impact on net aquifer volume. The goal of this study was to improve
our understanding of the regional aquifer architecture by identifying a sequence
stratigraphic framework in the Nieuwerkerk Formation aquifers. For this purpose
we evaluated new palynological data with the aim to place the geothermal aquifers
in a well-defined sequence stratigraphic framework. The palynological analyses en-
abled regional well-log correlation based on age of intervals and regional sequence
stratigraphic markers. We subdivided the fluvial interval in a Late Ryazanian to
Early Valanginian succession and a Valanginian succession and identified trends in
sandstone content within these successions. In combination with seismic interpre-
tation, maps were constructed that predict aquifer thickness and their lateral extent
in the basin. The study emphasises the value of palynological analyses to reduce
the uncertainty of fluvial Hot Sedimentary Aquifer exploitation.

This chapter is based on: Willems, C.J.L.,, Vondrak, A.,Munsterman, D.K., Donselaar, M.E., Mijnlieff,
H.F,, Fluvial sequence stratigraphy of Lower Cretaceous geothermal aquifers derived from palynological
cuttings analysis, Submitted.
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2.1. Introduction

In geothermal exploitation of sedimentary rocks, it is crucial to adequately pre-
dict the regional aquifer distribution. Often geological data is sparse and property
extrapolation is required over large distances. This is especially challenging for
fluvial aquifers, which are notorious for lateral variation in lithofacies and aquifer
properties. The prediction of the regional sandstone distribution (henceforth fluvial
architecture) from well logs in fluvial aquifers is often ambiguous because lithofa-
cies distribution could be affected by both allogenic and autogenic processes (e.g.
Hajek et al., 2010; Donselaar et al., 2013; Flood and Hampson, 2015; Toorenen-
burg et al., 2016). This is reflected by large aquifer thickness variations that are
recognised in currently active geothermal doublet wells in the West Netherlands
Basin (WNB). The fluvial, sandstone-rich successions that form the aquifer of the
geothermal HON-GT doublet, range in thickness from 50 to 150 m in approximately
1.5 km spaced wells (Figure 2.1). In addition, the depth of this aquifer below the top
of the marginally marine Rodenrijs Claystone Member (e.g. Van Adrichem Boogaert
and Kouwe, 1993) ranges from almost 100 m to more than 200 m in different
geothermal wells. These variations cannot be explained by lithostratigraphic well-
log correlation and create uncertainty in the prediction of lifetime and drilling costs
of future doublet systems in the WNB.
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Figure 2.1: Gamma-Ray logs of two doublet well pairs. Fault interpretation on the map is derived from
Duin et al. (2006).
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The aquifer in the geothermal wells of Figure 2.1 is interpreted as the Delft
Sandstone Member which is part of the Lower Cretaceous Nieuwerkerk Formation
(e.g. Van Adrichem Boogaert and Kouwe, 1993; Den Hartog Jager, 1996; Hern-
green and Wong, 2007; Donselaar et al., 2015). This member is characterised as
a syn-rift, sandstone-rich interval ranging in age from Valanginian to Early Hauteri-
vian, deposited in a meandering fluvial environment. Regional transgression and
subsidence resulted in increasingly marine character of the overlying sediments
ranging from the restricted marine Rodenrijs Claystone Member to the marine Ri-
jnland Group (Figure 2.2).
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Figure 2.2: Stratigraphic column for the Early Cretaceous section in the WNB.

The interpretation of the Delft Sandstone Member as a single sandstone-rich
interval in the upper section of the Nieuwerkerk Formation Figure 2.3-A) is de-
rived from lithostratigraphic regional well-log correlation from numerous hydrocar-
bon wells in the WNB (e.g. Racero-Baena and Drake, 1996; Herngreen and Wong,
2007). This model is commonly used in geothermal exploitation in the basin for dou-
blet design and deployment. However, recent regional stratigraphic studies based
on sequence stratigraphic principles did not acknowledge the Delft Sandstone Mem-
ber (Devault and Jeremiah, 2002; Jeremiah et al., 2010). Devault and Jeremiah
(2002) state that because of the syn-rift origin of the Nieuwerkerk Formation, clus-
ters of amalgamated sandstone-rich zones can exist throughout the Nieuwerkerk
Formation that not necessarily form one single, continuous sandstone-rich inter-
val (Figure 2.3-B). The existence of two geological models that describe sandstone
distribution in the Nieuwerkerk Formation creates uncertainty for geothermal ex-
ploitation because both models have a different impact on possible interference
and aquifer thickness prediction. If the aquifer is formed by a single continuous
sandstone-rich interval, pressure communication could affect injectivity and pro-
ductivity of adjacent doublets, as is illustrated in Figure 2.3-A. In contrast, pressure
communication is less straightforward if different sandstone-rich zones occur with
limited lateral extent. In the example of Figure 2.3-B, claystone-dominated zones
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can form flow barriers or baffles between doublets 1 and 2. Furthermore, when
the aquifer is not formed by a single sandstone-rich zone, the aquifer thickness
depends on the lateral extent of the sandstone-rich zones that the doublets can
encounter as is illustrated for doublet 2 in Figure 2.3-B. Furthermore, the model
in Figure 3-B suggests that multiple aquifer targets can be present at deeper and
hotter stratigraphic intervals affecting the geothermal potential in the region.

A. Delft Sandstone model B. Multiple sandstone-rich zones
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Figure 2.3: (A) Cartoons illustrating the difference in sandstone distribution in the Nieuwerkerk Forma-
tion in strike sections on graben scale according to (A) the Delft Sandstone model and (B) the multiple
sandstone-rich zone model.

The goal of this study is to place the fluvial aquifers in a sequence stratigraphic
framework. The results should decrease the uncertainty in the prediction of aquifer
thickness for new doublet systems in the WNB and contribute to optimised doublet
design. To reach this goal, drill cuttings are analysed in three geothermal wells:
HON-GT-01, PNA-GT-02 and VDB-GT-04. Utilising the age interpretation of fluvial
intervals and identification of regional Maximum Flooding Surfaces (MFS), aquifer
are placed in a sequence stratigraphic-based correlation framework. This frame-
work is used to interpret regional aquifer architecture in different fault blocks. With
our approach, we were able to show the added value of palynological cuttings anal-
ysis to improve the understanding of the regional fluvial aquifer architecture in the
WNB and reduce exploitation risks of future doublet systems.
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2.2. Data and Methods

2.2.1. Overview

This study was based on a combination of seismic interpretation, Gamma-Ray (GR)
log correlation, and palynological analysis of cuttings. In the seismic interpretation,
faults were identified in our study area, which were active during deposition of the
Nieuwerkerk Formation. In combination with a regional structural interpretation by
Duin et al. (2006) the lateral extent of these faults was identified. Secondly, a fluvial
intervals were placed in a sequence stratigraphic framework, utilising palynological
analyses of cuttings. These analyses were used to interpret the age of intervals
and Maximum Flooding Surfaces, forming the basis of the framework. GR logs of
eleven geothermal wells in our study area were used to compare fluvial architecture
in different fault blocks. All results were finally combined in maps that predict the
lateral extent of the sandstone-rich successions in the basin. An overview of the
data that was used in our study is presented in Figure 2.4.

# Geothermal wells with GR log

Wells for palynological
cutting analysis

Figure 2.4: Location of the geothermal wells for the GR well-log correlation, cutting analysis, the outline
of the seismic cross-section and the regional structural interpretation by Duin et al. (2006).

2.2.2. Structural setting of the Nieuwerkerk Formation

The surveys were merged to a basin-wide seismic cross-section perpendicular to
the regional fault trend (Figure 2.4, Vondrak, 2016). On the seismic section, major
faults were interpreted as well as two seismic horizons: the top and base of the
Nieuwerkerk Formation (Kombrink et al., 2012). Thickness differences on the sec-
tion reveal which faults were active when the formation was formed. Fault blocks
were identified that experienced different tectonic movement affecting fluvial ar-
chitecture of the Nieuwerkerk Formation. The regional outline of these faults was
derived from structural interpretation by Duin et al. (2006) in the WNB. This result
was used as the basis for regional well-log correlations and generation of maps that
describe the distribution of sandstone-rich successions.
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2.2.3. Palynological analysis

A total of 42 cuttings samples from well PNA-GT-02 and 40 samples from HON-
GT-01 was analysed. Two additional samples from well VDB-GT-04 (at depth 1890
m and 1910 m) complemented the palynological analysis of Munsterman (2012).
The samples were processed at the TNO laboratory using the standard sample pro-
cessing procedures (e.g. Janssen, 2008), which involved HCl and HF treatment, and
sieving over an 18 um mesh sieve. The well selection was based on the well location
in different graben blocks and the total thickness of the Nieuwerkerk Formation that
these wells encountered. Larger total thickness could potentially reveal more infor-
mation from the fluvial interval. The location of the wells in different fault blocks
allowed relating differences in fluvial architecture to the syn-tectonic origin of the
interval. The palynological analysis consisted of age dating and identification of the
Elegans Maximum Flooding Surface (MFS) and the Paratollia MFS (e.g. Jeremiah
et al., 2010), which formed the framework of our regional correlation scheme.

2.2.4. Age dating

The age interpretation was based on the Last Occurrence Date (LOD) of paly-
nomorphs, in particular dinoflagellate cysts (dinocysts), and pollen and spores
(sporomorphs). Key-references concerning the palynostratigraphy of Early Creta-
ceous from the North Sea region were: Abbink (1998), Costa and Davey (1992),
Davey (1979, 1982), Duxbury et al. (1999), Duxbury (2001), Heilmann-Clausen
(1987), Herngreen et al. (2000), Partington et al. (1993) and Riding and Thomas
(1992). The international geological time scale of Gradstein et al. (2012) was fol-
lowed.

2.2.5. Sporomorph Eco-Grouping (SEG) method

The SEG method (Abbink, 1998; Abbink et al., 2004). Abbink (1998) and Abbink
et al. (2004) were used to identify the Paratollia MFS in the fluvial aquifer interval of
HON-GT-01 and PNA-GT-02. With this method, sporomorph types were related to
vegetation eco-groups. Abbink et al. (2004) classified Jurassic to Lower Cretaceous
sporomorphs into six eco-groups. (1) Upland vegetation grows on higher terrain
well above ground water level, which is never submerged by water. (2) Lowland
vegetation is found on plains with or without fresh water swamps. It is not influ-
enced by salt water. When periodically submerged it is referred to as ‘Wet-Lowland’
otherwise ‘Dry-Lowland’. (3) River vegetation is found on riverbanks and could be
periodically submerged. (4) Pioneering vegetation occupies recently developed eco-
space that has been previously submerged by seawater. (5) Coastal vegetation is
found along the coast. (6) Tidally influenced vegetation is daily influenced by tidal
changes and regularly submerged in a salt-water regime. Quantitative analysis of
sporomorphs indicated percentages of eco-groups that were represented in the cut-
tings samples. In the SEG method it was assumed that the relative share in lowland
vegetation and the area where it accumulates decrease during a transgression (Fig-
ure 2.5-A) and show minimal presence on the moment of maximum transgression
when a MFS is formed (Figure 2.5-B). Based on this assumption, trends in relative
representation of eco-groups were related to sea-level fluctuation. MFS were as-
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signed to samples where the relative share of ‘Upland’ sporomorphs peaked with
respect to the ‘Lowland’ eco-group while the marine influenced eco-groups were
poorly represented or absent. Cuttings samples with 10 m intervals were anal-
ysed in the 2560 to 2810 m (MD) interval in HON-GT-01 and 2440-2850 m (MD) in

PNA-GT-02.

A. Low sea-level B. High sea-level

uonoRY-IS 3
x

o

Figure 2.5: Schematic representation of the impact of (A) low sea-level and (B) high sea-level on the
relative occurrence of eco-groups; 1= Upland, 2= Lowland, 3=River, 4 =Pioneer, 5=Coastal, 6= Tidally

influenced. Edited after Abbink et al. (2004).
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2.3. Results

2.3.1. Seismic interpretation

Three half grabens and one horst block were recognised in the seismic cross-
section (Figure 2.6-1). The grabens were referred to as ‘Westland fault block’,
‘Pijnacker/Delft fault block” and VDB fault block’. The interpretation of the top and
base of the Nieuwerkerk formation indicated a lateral thickness variation of the
Nieuwerkerk Formation in these grabens. Horizon flattening of the Top Nieuwerk-
erk Formation horizon was applied to highlight syn-depositional fault movement
(Figure 2.6-2). The associated faults that were active during deposition of the For-
mation are highlighted in red. The regional extent of these faults was derived from
the structural interpretation by Duin et al. (2006). These results were used for the
comparison of fluvial reservoir architecture in these three fault blocks.

Figure 2.6: (1) seismic section with interpretation of faults as well as top (yellow) and base (pink) of
the Nieuwerkerk Formation horizons. (2) Horizon flattening on top Nieuwerkerk Fm. The outline of the
seismic section as wells as the outline of the interpreted fault are indicated on the map.
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2.3.2. Palynological analysis

Palynological age dating of intervals in the three wells formed the basis of the
sequence stratigraphic correlation scheme. An overview of the results is presented
in table 2.1 and a detailed description of the analysis of all samples is presented in
AppendixA.

Depth (m) PNA-GT-02
2120-2175 Late Barremian
2195-2215 late Early Barremian, Elegans Ammonite Zone or older
2235-2275 earliest Barremian variabilis Ammonite Zone or older
2440-2590 Valanginian
2600-2850 Late Ryazanian - Early Valanginian
HON-GT-01
2320 Late Barremian
2340-2360 early Late Barremian
2380-2420 late Early Barremian, Elegans Ammonite Zone or older
2560-2730 Valanginian

2740 Early/earliest Valanginian
2750-2810 Late Ryazanian, post-kochi Ammonite Zone
VDB-GT-04

1320-1530 Barremian (Munsterman (2012)

1530-1625 Barremian-Hauterivian (Munsterman (2012)
1625-1890 Valanginian (Munsterman (2012)
1890-1910 Late Ryazanian - Early Valanginian

Table 2.1: Palynological age dating in well PNA-GT-02, HON-GT-01 and VDB-GT-04. Depth is ‘Measured
Depth along hole.

Several MFS were identified in the Valanginian to Late Ryazanian intervals of
PNA-GT-02 and HON-GT-01 with the SEG method. This method was applied to cut-
ting samples at 2440-2850 m Measured Depth (MD) in PNA-GT-01 and 2560-2810 m
MD in HON-GT-01. SEG graphs in Figure 2.7 show the relative occurrence of sporo-
morph association in the samples. MFS were related to the reduced occurrences in
the “Lowland” sporomorph Eco Group in combination with relative increase of the
“Upland” sporomorph Eco Group (Figure 2.7). The “Pioneer”, “Coastal” and “Tidally-
influenced” vegetation showed minimal values. Four MFS were identified in PNA-GT-
02 and two in HON-GT-01. The Paratollia MFS was associated with ‘MFS 2’ in both
wells. In well PNA-GT-02, this was based on the LOD of Stiphrosphaeridium dic-
tyophorum (Sdi) at 2600 m and the LOD of Canningia compta (Cco) at depth 2620
m (Figure 2.7). In HON-GT-01, the Paratollia MFS was interpreted at depth 2730 m
based on the LODs of Canningia compta (and a morphologically closely related Es-
charisphaeridia spp. at 2730 m) and Perisseiasphaeridium insolitum at depth 2740
m MD. In VDB-GT-04, the interpretation of the Paratollia Ammonite Zone was based
on the presence of Perisseiasphaeridium insolitum, Stiphrosphaeridium dictyopho-
rum, Canningia compta, Hystrichosphaeridium scoriaceum and Oligosphaeridium
diluculum in the samples at 1890 m and 1910 m MD. A marine origin of the sam-
ple at 1890 was recognised and therefore it may most likely be associated with
the Paratollia MFS. Please note that this is not based on the SEG analysis in this
well. The well-log correlation (Figure 2.7) indicates that the aquifers in these wells
are not part of a single sandstone-rich succession. At least two sandstone-rich
zones are encountered of Valanginian and Late Ryazanian age with limited lateral
extent. The Valanginian sandstone-rich zone in HON-GT-01 relates to the upper
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section of the sandstone-rich zone in PNA-GT-02 with the same age. In contrast,
the Valanginian succession in VDB-GT-04 is claystone-dominated. In this well the
aquifer is formed by a Late Ryazanian sandstone rich-zone that relates to the Late
Ryazanian sandstone-rich zone in PNA-GT-02. In HON-GT-01 the Late Ryazanian
succession is claystone-dominated. Stacking of both sandstone-rich zones accounts
for the increased aquifer thickness in well PNA-GT-02. In contrast, lower aquifer
thickness could be explained by the presence of a single sandstone-rich zone in
HON-GT-01 and VDB-GT-04.
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Figure 2.7: Combination GR logs, Palynological age dating of intervals, MFS interpretation from the
SEG analysis in the fluvial interval of HON-G-01 and PNA-GT-02. Age interpretation in VDB-GT-04 is
based on Munsterman (2012). Please note differences in GR log scale.

il




2.3. Results 19

2.3.3. Regional well-log correlation

Regional well-log correlation based on interpretation of the Elegans MFS indicates
that the Valanginian succession is sandstone-rich in both the Westland and Pij-
nacker/Delft fault blocks (Figure 2.8). Following the GR log pattern in these wells,
the top of this succession is selected in the other wells in the absence of palyno-
logical age dating. In most wells, the sandstone content of the Valanginian succes-
sion is even larger than in HON-GT-01 and PNA-GT-02. The lateral extent of this
sandstone-rich zone is limited because the Valanginian succession has low sand-
stone content in the VDB fault block (Figure 2.8). The Ryazanian succession has
a low sandstone content in the Westland fault block, but high sandstone content
in the Pijnacker/Delft and VDB fault blocks. The top of the Ryazanian succession
is related to the Paratollia MFS. In the three wells with palynological analysis, the
Paratollia MFS was recognised at approximately 300 m True Vertical Depth (TVD)
below the Elegans MFS. This trend is used to approximate the depth of the Paratollia
MFS in all wells as not all wells reached sufficient depth to compare GR log pat-
terns of the deeper Ryazanian succession. Our correlation scheme suggests that
the prevailing position of the meander belts in which sand was deposited during
these periods, shifted from the east to the west side of the basin from the Late
Ryazanian to the Valanginian.
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Figure 2.8: Well-log correlation of geothermal wells in three different fault blocks in the WNB.
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2.4. Discussion

The results of this study show a regional westward shift of sandstone-dominated
facies during the Valanginian Figure 2.8). Based on the unidirectional shift and the
recognition of syn-depositional fault movement (Figure 2.6), we propose a tectonic
origin for this shift. In contrast, a more random distribution of sandstone-rich zones
in the three fault blocks would be expected if only avulsion controlled sandstone
distribution in the basin (e.g. Hajek et al., 2010; Donselaar et al., 2013; Flood and
Hampson, 2015; Toorenenburg et al., 2016). Based on this conclusion maps are
generated that predict the lateral extent of the Late Ryazanian/Early Valanginian
sandstone-rich zone (Figure 2.9A) and the Valanginian sandstone-rich zone (Fig-
ure 2.9B). These maps confirm the prediction of a westward shift of sandstone-
dominated facies during the Valanginian by Den Hartog Jager (1996) which was
based on seismic facies interpretation. This trend was not recognised in previous
correlation studies because of the use of hydrocarbon wells on structural highs in
the basin that experienced different tectonic movement during deposition compared
to the graben fault blocks (Devault and Jeremiah, 2002; Jeremiah et al., 2010).

B. Valanginian

Sand dominated,
facies

C. Nieuwerkerk Formation stratigraphy

HON-GT-01 PNA-GT-02 VDB-GT-04

A--B& A a_____ B
Nieuwerkerk Formation
Valanginian Sandstone-dominated A [
Late Rvazéniamr;“ / \ \
Claystone-dominated
Westland Fault block Pijnacker/Delft; VDB Fault block
Fault block

Figure 2.9: Series of maps indicating the location of sandstone-dominated sedimentation during the
(A) Ryazanian/Early Valanginian and (B) Valanginian. Arrows indicate fluvial paleoflow direction. (C)
Cartoon illustrating facies distribution in the fluvial interval of the Nieuwerkerk Formation on a cross-
section perpendicular to the fault trend.
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The revised fluvial architecture of the Delft Sandstone has an impact on ex-
pected aquifer thickness in different fault blocks. Larger aquifer thickness could
be expected in the Pijnacker/Delft fault block where sandstone-dominated zones
in both succession overlap. Furthermore, it affects expected aquifer depth and
therefore drilling costs.The aquifer is found at larger depth in the VDB fault block
compared to the other two fault blocks (Figure 2.9C). In current WNB doublets, pro-
ductivity and injectivity vary considerably (van Wees et al., 2012). The variability
could be a result of different porosity and permeability distributions in stratigraph-
ically different sandstone successions. In that case, the expected injectivity and
productivity of future doublets should be based on values which are measured in
geothermal doublets in the same fault block. However, because of limited data
acquisition and monitoring, it is not possible to identify a single cause of this vari-
ability (Wees et al., 2012). Because of the limited humber of wells with palynolog-
ical cutting analysis in our study, uncertainty remains about the continuity of the
sandstone-rich zones between the wells. The Nieuwerkerk Formation is deposited
by a relatively small meandering fluvial system with a paleoflow depth of approxi-
mately 4 m (e.g. Devault and Jeremiah, 2002). The associated paleochannel width
and channel belt width are therefore estimated to be approximately 40 mand 1 to 2
km, respectively (e.g. Gibling, 2006; Bridge, 2006). Lateral continuity of individual
sandstone bodies during deposition is limited to the channel belt widths (e.g. Don-
selaar and Overeem, 2008). Through amalgamation sandstone body width might
extend further. However, claystone bodies are likely to form flow baffles or barri-
ers perpendicular to the paleoflow direction. This should be taken into account in
doublet placement. Our results underline the importance of palynological analysis
for fluvial well-log correlation. These analyses enabled the identification of markers
within fluvial claystone-dominated as well as sandstone-dominated successions in
the HON-GT-01 and PNA-GT-02 wells, respectively Figure 2.7). This would not have
been possible based on GR log interpretation alone.

2.5. Conclusions
Based on the results of this study we can conclude that:

« Current WNB geothermal doublets encounter sandstone-rich zones in at least
two stratigraphic intervals of Late Ryazanian-Early Valanginian and Valanginian
age.

 Sandstone-rich zones in both intervals can overlap which accounts for aquifer
thickness variations.

 During the Valanginian, tectonic movement induced a unidirectional shift of
the deposition of sandstone-dominated facies from the east to the west of the
basin.

« This shift has an impact on expected aquifer thickness and aquifer depth in
different fault blocks in the basin.
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On the connectivity
anisotropy in fluvial Hot
Sedimentary Aquifers and its
influence on geothermal
doublet performance

Abstract

Geothermal doublet layout with respect to the paleoflow direction in fluvial sedi-
mentary reservoirs could significantly affect pump energy losses. These losses can
be reduced by up to 10% if a doublet well pair is oriented parallel to the paleoflow
trend compared to perpendicular. The chance that flow paths are formed perpen-
dicular to this trend strongly depends on the net sandstone volume in the reservoir.
Detailed fluvial facies architecture realisations which are used in this study, are
generated with a process-based approach utilising geological data from the Lower
Cretaceous Nieuwerkerk Formation in the West Netherlands Basin. Finally, this
study emphasizes the importance of detailed facies architecture modelling for the
assessment of both risks and production strategies in Hot Sedimentary Aquifers.

This chapter is based on: Willems, C.J.L., Nick, H.M., Donselaar, M.E., Weltje, G.J., Bruhn, D.F, On
the connectivity anisotropy in fluvial Hot Sedimentary Aquifersand its influence on geothermal doublet
performance. Geothermics 65, 222-233, (2017).
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3.1. Introduction

Hot Sedimentary Aquifers (HSA) are commonly exploited by a doublet system, con-
sisting of a hot-water production and a cold-water reinjection well. Downhole well
distance typically is 1000 to 2000 m, and both wells target the same aquifer to
maintain pressure support in the reservoir. In fluvial reservoir rocks the doublet
connectivity is via a network of permeable fluvial channel sandstone bodies em-
bedded in non-permeable floodplain mudstone. Detailed knowledge of the size,
shape, spatial distribution and connectivity of the fluvial sandstone bodies (or: flu-
vial reservoir architecture) is required to assess the risk of pressure communication
loss between the wells and the inherent (Figure 3.1).

A B

Injection well Production well Production well

Injection well

Lithofacies:
Coarse sand
Fine sand
Shaly sand
Shale

Figure 3.1: Example of the effect of doublet layout with respect to the orientation of sandstone bodies
in the reservoir. Example (A) shows a perpendicular layout and (B) a parallel layout.

The effect of the fluvial reservoir architecture on the recovery of hydrocarbons
has extensively been studied (e.g. Jones and Doyle, 1995; Larue and Friedmann,
2005; Larue and Hovadik, 2006; Pranter et al., 2007; Larue and Hovadik, 2008;
de Jager et al., 2009). To a much more limited extent, this topic is addressed
for geothermal energy production (e.g. Hamm and Lopez, 2012; Crooijmans et al.,
2016) and for CO, sequestration (e.g. Issautier et al., 2014). Larue and Hovadik
(2008) identified ‘connectivity’ as one of the main parameters that control the recov-
ery efficiency of hydrocarbon reservoirs. Connectivity could be defined as the ratio
of the volume of the largest sandstone body cluster and the total sandstone body
volume (e.g. Larue and Hovadik, 2006). If the connectivity is high, less isolated
clusters occur and therefore fewer wells are required to drain the reservoir (e.g.
Geel and Donselaar, 2007). Previous work on connectivity in sedimentary reser-
voirs identified several main factors that control the chance that sandstone bodies
connect: (1) the net-sandstone volume or net-to-gross (N/G); (2) the sandstone
body geometry, and (3) the range in paleo- flow direction, which determines the
reservoir trend (King, 1990; Larue and Hovadik, 2006; Geel and Donselaar, 2007;
Larue and Hovadik, 2008; Ainsworth, 2005; Pranter and Sommer, 2011). Con-
nectivity of reservoir bodies is also influenced by post-depositional faulting (Bailey
etal., 2002), by diagenetic processes, and by depositional permeability heterogene-
ity within in the sandstone bodies (Willis and Tang, 2010; Henares et al., 2014). To
date, studies into the risk assessment of connectivity are dominantly focused on the
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optimization of hydrocarbon recovery efficiency. A main goal of connectivity anal-
yses was to identify a N/G threshold below which isolated bodies start to occur. In
meandering fluvial reservoirs, this N/G threshold is often recognized between 20 to
30% N/G, depending on the sandstone body geometries (e.g. Larue and Hovadik,
2006). Because in geothermal exploitation well pairs are used, a new directional
component in connectivity analyses is required. This can assist engineers to design
geothermal doublet systems with the largest possible exchange surface between
two wells in order to minimize pump energy losses and to delay cold water break-
through. A conceptual fluvial reservoir model illustrates the difference between the
hydrocarbon and geothermal exploitation objectives (Figure 3.2). The model con-
tains five wells in an L-pattern with a 500 m spacing and an alignment parallel and
perpendicular to the paleo-flow direction. In terms of drainable volume, these wells
are efficiently placed and intersect most of the sandstone bodies in the reservoir.
However, if the wells included geothermal doublets, the distance and orientation
of the well pair layout would significantly influence the chance that flow paths are
formed between well pairs. Please note that the well spacing in the model is a
third to one half of the 1.5 km spacing commonly used in HSA doublets (Lopez
et al.,, 2010; Mottaghy et al., 2011). A larger well spacing would increase the risk
of connectivity loss. The chance that sandstone bodies form flow paths parallel and
perpendicular to the paleoflow direction (i.e., the connectivity anisotropy) has so
far not been investigated.

Cross-sections:

Figure 3.2: Conceptual fluvial reservoir model with 5 wells. Floodplain fines are transparent; sandstone
bodies have the same colour if they are connected.

The West Netherlands Basin (WNB) is an example of an area with fluvial HSA ex-
ploitation. Nine doublets currently produce from the fluvial Nieuwerkerk Formation
(chapter 1).The orientation of these doublets with respect to the paleoflow trend
varies. Productivity and injectivity vary considerably in the WNB (Wees et al., 2012).
The reduction in injectivity could be related to well layout but also to other factors
such as scaling or skin formation. \Wees et al. (2012) pointed out that unfortunately
it is not possible to identify a single cause of this variability because of limited avail-
able data. The uncertainty in injectivity and productivity, limits the growth of HSA
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development. In the Netherlands this is reflected by the fact that approximately
100 exploration licences are granted, while only fifteen doublets have been actu-
ally realised in the past ten years. Such a gap between HSA potential and actual
exploitation exists worldwide (Boxem et al., 2011). Other examples of sedimen-
tary basins with large HSA potential but limited exploitation are the Perth Basin,
Australia (Pujol et al., 2015), and the Idaho thrust belt (\Welhan, 2016). A better
understanding of connectivity anisotropy could reduce the risk associated with HSA
exploitation and hence support its growth. Therefore, the first goal of this paper
is to evaluate connectivity anisotropy and its dependence on N/G. Secondly, the
possible effect of this anisotropy on doublet performance is evaluated. The results
should contribute to fluvial HSA development strategies that increase the efficiency
and decrease the risks of exploitation. For this purpose, hundreds of detailed fa-
cies architecture realisations have been generated. This stochastic approach, in
which reservoir heterogeneities are taken into account, is standard in hydrocarbon
exploitation (e.g. Keogh et al., 2007). In contrast, geothermal reservoirs are of-
ten modelled as homogeneous layers (Mottaghy et al., 2011). The realisations are
based on a geological dataset of the Lower Cretaceous Nieuwerkerk Formation (De-
Vault and Jeremiah, 2002). Sediments in this interval were deposited by a syn-rift,
meandering fluvial system. Extensional faulting in the Late Jurassic created half-
graben structures between southeast to northwest trending faults. These structures
guided the paleo-flow direction of the fluvial system. Intervals with different N/G
trends are recognized (Devault and Jeremiah, 2002). N/G trends are determined
by the sediment aggradation rate (Shanley and Mccabe, 1994; Posamentier and
Morris, 2000). As a result of low aggradation rates meander loops have more time
to develop. While they migrate laterally, floodplain fines are eroded and a high
N/G interval is generated with wide, thick, amalgamated sandstone complexes. In
contrast, low N/G intervals with more narrow and isolated sandstone bodies are
created as a result of fast aggradation rates. This is caused by frequent flood-
ing and deposition of fine sediments on the floodplain. The varying N/G trends in
the Nieuwerkerk Formation create uncertainty about connectivity of the sandstone
bodies between the doublet wells. In our study, the facies realisations are gener-
ated with a process-based approach (Karssenberg et al., 2001; Cojan et al., 2005;
Karssenberg and Bridge, 2008; Lopez et al., 2010; Grappe et al., 2012). This is dif-
ferent from previous connectivity analyses that used a more standard object-based
facies modelling approach (e.g. Keogh et al., 2007). As the facies modelling ap-
proach influences both the spatial distribution and the shape of the bodies, it could
have an effect on a connectivity analysis (Villamizar et al., 2015). In object-based
modelling, the spatial distribution of the sandstone bodies in the model is random.
In contrast, in a process-based modelling approach the spatial distribution of sand-
stone bodies is governed by the simulated sedimentary processes. This creates
a more realistic and sedimentologically-based spatial distribution of facies bodies.
Another characteristic of the process-based modelling approach is that the geome-
try of the facies bodies and N/G are related (e.g. Bridge, 2006; Cojan et al., 2005).
Previous connectivity studies, however, used an object-based approach where N/G
and sediment geometry were varied independently which could affect the results
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(e.g. Larue and Hovadik, 2006). With our approach we are able to show that the fa-
cies architecture is non-negligible and that detailed geological modelling is required
to increase efficiency of HSA exploitation.

3.2. Data and Methods

Hundreds of facies realisations were generated that vary in N/G. The realisations
were analysed in three steps. Firstly, the relation between sandstone body cluster-
ing and N/G was determined by a connectivity analysis. Secondly, the connectivity
anisotropy was analysed by deriving the equivalent permeability in three directions,
parallel, perpendicular and vertical to the paleoflow direction. Finally, well pairs
were placed parallel and perpendicular to the paleoflow in the realisations and
equivalent permeability and pump energy losses were calculated in steady state
production simulations.

3.2.1. Geological dataset

The geological modelling in this study is based on a subsurface dataset of the flu-
vial Nieuwerkerk Formation in the WNB. The dataset was used to derive a realistic
range of heterogeneities to constrain the set of facies realisations. The dataset
consists of Gamma-Ray (GR) logs and cores from deep wells, their locations are
indicated in Figure 3.3. The core study provided thickness ranges of facies bod-
ies which were used as input for the facies modelling. In approximately 75 m of
core in MKP-11 and 25m in Q13-09, five different types of facies bodies were rec-
ognized: floodplain fines, crevasse splays, single-storey channel bodies and amal-
gamated sandstone complexes. The thickness of individual sandstone bodies is
approximately 4 m (Figure 3.4). Based on the bank-full flow depth, the bank-full
flow width was estimated at 40 m (Williams, 1986). Crevasse splay thickness in
the cores varied between 0.2 to 0.6 m. (Figure 3.4). Furthermore, cores provide
porosity-permeability relations for the reservoir property modelling. The gamma
ray logs are used to derive N/G ranges of the Nieuwerkerk Formation. GR logs in
the WNB show that N/G varies from approximately 10 to 90% (Figure 3.3).
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Aquifer interval

(1640)

Figure 3.3: Gamma-ray (GR) logs from WNB geothermal doublets. Low GR readings indicate sandstone
(yellow); high GR reading indicate finer grained sediments such as silt and clay. TVD is True Vertical
Depth. Well locations are indicated by the coloured dots on the map. Red dots indicate hydrocarbon
wells with cores, small black dots indicate all hydrocarbon wells in the study area.

3.2.2. Process-based facies modelling

Input parameters for the process-based facies modelling software, Flumy, were (1)
channel width and depth, (2) avulsion frequency, (3) flood frequency, (4) maxi-
mum overbank flood deposit thickness (H;,) and (5) floodplain topography param-
eter (henceforth: FT-factor). The thickness of floodplain deposit decreases away
from the channel (Figure 3.5). The distance at which the thickness decreased ex-
ponentially is the FT-factor. A high FT-factor means that the flood deposit is wide
and thick which increases the sediment aggradation rate and decreases the N/G of
the realisation. Paleo channel depth and width were derived from the core analy-
sis and analogues, respectively. The other parameters cannot be derived directly
from subsurface data. Therefore large ranges of values were used to capture the
uncertainty. Avulsion frequency was varied between 200 and 1600 years. This pa-
rameter could not be derived from the dataset and hence a large range around a
800 to 1000 year (Torngvist and Bridge, 2002) mean was used. Avulsion frequency
mainly affects the sandstone body width. Flood frequency, H;, and the FT-factor
were the primary controls on N/G. To obtain realisations with N/G values between
10% and 90%, overbank flood frequency was varied between 20 to 200 years, H,
between 0.2 to 0.6 m and the FT-factor between 300 to 900 m. During every simu-
lated flood, sediments were deposited on the floodplain with a maximum thickness
H:, near the channel. In the simulations, sedimentary processes distributed and
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shaped different facies bodies such as channel lags, point-bars, crevasse splays,
mud plugs and floodplain fines. The process-based method implemented in Flumy
software is explained in more detail in Cojan et al. (2005); Grappe et al. (2012).
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Figure 3.4: GQ13-09 GR log and cored interval on the left. In a map view of a conceptual meandering
fluvial system, with the different facies bodies which are encountered in the core. Characteristics of
several facies bodies are emphasized.

Figure 3.5: Several process-based input parameters related to a river cross section.

3.2.3. Facies realisations

Six types of facies bodies were distributed in the realisations. The set of realisations
were divided in two groups. In realisation Group 1, the paleoflow direction was par-
allel to the long edge and in Group 2, the paleoflow direction was perpendicular to
the long edge of the model (Figure 3.6). Our facies realisations have dimensions
of 1kmx2kmx50m which relate to a typical area of influence of a HSA geothermal
doublet (e.g. Lopez et al., 2010). Grid block size varies from 10 cm near the well
bore region to 20mx20mx2.5m at 100 m away from the wells. By utilising this res-
olution, grid blocks are smaller than the assumed geometries of sandstone bodies
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(Zhang and Montgomery, 1994; Loughnane et al., 2014). Synthetic GR logs were
made by extraction of a facies column from realisations. GR values were assigned
to different facies in these columns: Channel Lag 15, Point-Bar 20, Mud Plug 120,
Crevasse splay 50, Overbank alluvium 140. These values were derived from the
core analysis (Figure 3.4).

— Channel Lag
Foint bar

CreVASSe Splay
= Owverbiank Allurrmium Group 1: Group 2:
— Watland

Pud Flug 5 1km

=) Paleo flow direction

Figure 3.6: paleoflow direction in realisations of Group 1 and in Group 2.

3.2.4. Porosity and permeability modelling

The facies body types that result from the process-based modelling were divided
into two classes, reservoir and non-reservoir. The non-reservoir class includes fine
grained facies such as crevasse splays, overbank alluvium and mud plugs. Their
assumed permeability and porosity are 5 mD and 10%, respectively. Sandy facies
bodies such as point-bars and channel lags were all assumed to be reservoir grid
blocks. Porosity values were assigned to these blocks based on the core plug poros-
ity data. From this data, a beta distribution correlation function was derived. The
distribution characteristics including: mean, standard deviation, skew and kurtosis
are equal to 0.28, 0.075, 0.35 and 2.3, respectively. Secondly, the permeability of
each grid block was determined by a porosity-permeability relation obtained from
petrophysical data of well MKP-11 (TNO, 1977): k = 0.0633 €?>°07¢, where k is
the permeability [mD] and ¢ is the porosity [-]. Because of this specific porosity
distribution, the arithmetic average sandstone permeability is approximately 1000
mD.

3.2.5. Analysis methods

The set of facies realisations were analysed in three ways. First, the clustering of
sandstone bodies was evaluated in a connectivity analysis. Secondly, the equiv-
alent permeability in different directions and between the wells was calculated in
steady-state, finite-element, isothermal production simulations. For this purpose,
a pressure difference was applied to opposite model boundaries parallel, perpen-
dicular and vertical to the paleoflow direction. The resulting average Darcy flow



3.2. Data and Methods 35

velocity was calculated and related to equivalent permeability in all three dimen-
sions. Finally, the formation of flow paths between doublet wells was evaluated
in a similar way. More than 2000 doublets wells were placed in the facies reali-
sations. Equivalent permeability between doublet wells was compared for parallel
and perpendicular doublet layout.

3.2.6. Connectivity analysis

In all realisations, sandstone body clustering was evaluated as a function of N/G.
The connectivity (C) was defined such that it is equal to the ratio of the largest
sandstone cluster volume and the total sandstone volume (Figure 3.7):

%
¢ — Zsandstone cluster (3.1)

Vsandstone total

In this work, three definitions for connectivity between grid blocks were compared
to obtain more information on how sandstone grid blocks are distributed in the
realisations. A first option is to consider two blocks as ‘connected’ only if they have
an adjacent face (Figure 3.8A-1). Secondly, two blocks could be connected if they
share an edge (Figure 3.8A-2). In this way, not only six but eighteen connections
can be formed. Finally, two grid blocks can be considered as connected if they share
a corner (Figure 3.8A-3) which results in 26 possible connections. In summary,
connectivity was calculated for three connectivity definitions defined as 6-, 18- and
26-point connectivity.

Reservair1: Reservair 2: Reservair 3:

i Floodploin fines 41]“1_2—‘ 1

- I —

: T sandstone

5
Connectivity =100%  Connectivity = 60% Connectivity = 40%
N/G =50% N/G = 50% N/G = 50%

Figure 3.7: Three 2D geobody connectivity examples. The coloured rectangles are schematic sand-
stone bodies embedded in non-reservoir floodplain fines (in white). Bodies with the same colour are
connected.
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A. Grid block connections

Number of connection options:

A. Face connection: - 6 options
B. Edge connection: @ 18 options
C. Corner connection: - 26 options
B. 2D example:
Face connectivity = 33% Corner connectivity = 50%
e
I [ ]

I Floodplain fines (non-reservair)
Sandstone (reservoir)

Figure 3.8: (A) Examples of grid block connectivity definitions. (B) 2D example of how these different
options affect sandstone connectivity in the same reservoir model.

3.2.7. Equivalent Permeability on realisation scale and in well
pairs

In steady-state, finite-element production simulations, a 40 bar pressure difference

(AP) was consecutively applied in three dimensions between opposite realisation

boundaries. To determine the fluid pressure field, the single-phase steady-state

continuity equation was solved with constant viscosity (1) using (3.2).

kfacies

In this balance, kgges is the permeability field which is assigned to the grid blocks
in each realisation and y is the water viscosity (0,001 Pa.s). The detailed modelling
procedure follows the approach by Saeid et al. (2014, 2015). The Darcy flow velocity
(v) can be found as,

)/
v= —fa;'es vp (3.3)

Subsequently, by integrating the fluid flux (g) across the model boundaries on
which the pressure difference is applied, the equivalent permeability K can be de-
termined parallel, perpendicular and vertical to the paleoflow direction using (3.4)
(e.g. Matthai and Nick, 2009).

qul
Kequivalent = APA (3.4)
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where A is the cross-sectional area of the flow and L the distance between the
boundaries of the realisation on which the pressure difference is applied. The de-
rived equivalent permeability was related to the N/G of the realisation in the anal-
ysis of the results. Finally, equivalent permeability was also determined between
doublet well pairs. In all realisations, doublet wells were placed at two spacing
distances: 800 and 1000 m. For each spacing distance, three different locations
were used in each realisation. Well pairs were always placed parallel to the long
edge of the models on the central axis. In total, 2100 simulations were carried out.
Large numbers of simulations are required to get statistically meaningful results
due to the geological uncertainties associated with random well placement. The
simulations yielded a required pressure difference between wells for a 100 m3/h
production rate. This pressure difference was used to determine equivalent perme-
ability between wells using (3.2). Subsequently, the associated pump power [W]
was estimated by (3.5),

QAP
Epump = —— (3.5

&

where Q is the flow rate and € the assumed pump efficiency of 60%. The N/G was
the main parameter in our analysis and varied between 10% to 90% in the realisa-
tions. The equivalent permeability analysis between the well pairs was calculated
for different well placement.
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3.3. Results

3.3.1. Facies architecture analysis

In low N/G reservoirs, impermeable floodplain fines separate the sandstone bodies
and form extensive flow baffles perpendicular to the paleoflow direction (Fig Fig-
ure 3.9A). This is evident from the reservoir example of Figure 3.9A with a N/G
value below the connectivity threshold (Larue and Hovadik, 2006). Because of this
low N/G value, many isolated single story sandstone bodies occur. At N/G values
above the N/G threshold (Figure 3.9B), the sandstone bodies amalgamate, increase
in width and form one big cluster with more flow paths. However, still more flow
baffles perpendicular to the paleoflow direction can be recognized. Also vertical
flow baffles are maintained as indicated by the synthetic GR log. These baffles
decrease vertical permeability and permeability perpendicular to the paleoflow di-
rection. The effect of these baffles on connectivity and equivalent permeability is
discussed below.

A. Facies realisation: N/G 13%

Cross-sections at random locations  Synthetic GR log Sandstone in transparent matrix

#
B. Facies realisation: N/G 46%
Synthetic GR log Sandstone in transparent matrix

Figure 3.9: (A) Example of a reservoir realisation with 13% N/G, from of Group 1. Facies colours as
explained in figure 5. In the 3D reservoir sketch, sandstone bodies have a different colour if they are
not connected (B) Examples a reservoir realisation with 46% N/G, from of Group 2. Synthetic GR log
are derived from facies column at random location in the realisation.

Horizontal layer:

Cross-sections at random locations

Horizontal layer:
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3.3.2. Connectivity

Results of the connectivity analysis show differences between the three definitions
of connectivity (Figure 3.10). For the 18-point connectivity and 26-point connec-
tivity definitions results are similar. 6-point connectivity results in approximately
10% lower connectivity value in the same realisation. The difference between 6-
point and 18-point connectivity indicates that grid blocks are often close but do not
share a face. This will influence production simulations because flow can only occur
through grid block faces. A N/G threshold is recognized at 30% N/G. The use of 18-
and 26-point connectivity results in a slight shift of this threshold to approximately
25% N/G.
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Figure 3.10: Relation of connectivity to N/G for Group 1 realisations.

Below 30% N/G, the connectivity to N/G relation has a large standard deviation
(Figure 3.11A). Due to this uncertainty in the connectivity, more realisations are
required in the low N/G region to determine a stable average (Figure 3.11B). When
the N/G is below 10%, more than 25 realisations are required. In the second
N/G range from 12 to 15, the required number of realisations decreases to 15
realisations. Finally, if the N/G is more than 15%, 10 realisations are sufficient.
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Figure 3.11: Statistical analysis of connectivity in realisation Group 1. (A) Connectivity of Group 1 and
its standard deviation as a function of N/G. (B) Average connectivity in 4 N/G bins, with 30 realisations
in each bin. The average value is determined with a random pick of an increasing number of realisations
per bin. The average is stable when the value no longer depends on the number of realisations.

3.3.3. Equivalent permeability between opposite model bound-
aries

The relation of equivalent permeability to N/G has a different trend compared to
the connectivity analysis (Figure 3.12). Equivalent permeability increases between
5 to 100% N/G to 1000 mD which is the average sandstone permeability. This
indicates a dependence of fluid flow behaviour on N/G, also above the connectivity
threshold. Below 70% N/G, equivalent permeability is higher in the direction par-
allel to the paleoflow direction, despite the isotropic properties in each grid block
(Figure 3.12). More flow paths are formed parallel to the paleoflow direction com-
pared to perpendicular. This increases the equivalent permeability. The vertical
equivalent permeability behaves differently. Below 30% N/G, only very few vertical
sandstone grid block connections are formed from top to base in the realisations.
Above this N/G value, the vertical equivalent permeability increases but is lower
than equivalent permeability in the horizontal directions. The relations of equiva-
lent permeability in the horizontal directions to N/G are in between the harmonic
and arithmetic average permeability curves of the realisations. This means that in
every realisation connections are formed between the realisation boundaries.

For a more detailed analysis of the anisotropy, the ratio of perpendicular and
parallel equivalent permeability (kpe/Kpar) and vertical and parallel (kyert/kpar) are
determined. These ratios are related to N/G and compared in Figure 3.13. Between
10% and 20% N/G, the equivalent permeability is approximately 40% lower in
the direction perpendicular compared to parallel to the paleoflow. This anisotropy
decreases towards 70% N/G. Above this threshold, equivalent permeability is equal
in both horizontal directions. Vertical permeability increases in this range and is
equal to the permeability in horizontal direction at 100% N/G.
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Figure 3.12: Combination of equivalent permeability between opposite model boundaries, connectivity
and harmonic and arithmetic average permeability of realisations of Group 1.
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(70% N/G) perpendicular and parallel equivalent permeability are equal.
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To determine whether sufficient realisations are used, equivalent permeability
values are grouped in 5% N/G bins. The minimal number of realisations for a stable
average is five facies realisations per N/G bin (Figure 3.14), as the average does
not change with inceasing realisation numer. The variance in the equivalent per-
meability to N/G relation is significantly lower than the connectivity to N/G relation
(Figure 3.11).
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Figure 3.14: Average equivalent permeability in four N/G ranges as a function of number of realisations
per range. The average are determined for four N/G bins, with 30 realisations per bin. The average
value is determined with a random pick of an increasing number of realisations per bin.

3.3.4. Equivalent permeability between doublet wells

Comparing equivalent permeability calculations between opposite realisation bound-
aries and between well pairs, three observations can be made. Firstly, equiva-
lent permeability between doublet wells (Figure 3.15A) shows a smaller anisotropy
compared to equivalent permeability between realisation boundaries (Figure 3.12).
Secondly, the equivalent permeability as a function of N/G is lower. Thirdly, the
scatter of the results is larger. These observations result from the random well
placement. In our simulations, it is possible that both wells intersect different num-
bers of sandstone grid blocks or no sandstone grid blocks at all. This would result
in unexpected low equivalent permeability, even at high N/G values. When the re-
sults are expressed in pump energy losses, the anisotropy is more clearly recognized
(Figure 3.15B). Because of the inverse relation between the pressure difference and
permeability (3.4), the effect of doublet layout with respect to the paleoflow trend
is more clearly expressed in pump energy losses that relate proportionally to pres-
sure (3.5). Nevertheless, our results show that pump losses are approximately 0.1
to 0.2 MW higher with a perpendicular doublet layout for N/G values below 60%.
This is approximately 10% of the capacity of a typical WNB doublet.
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Figure 3.15: (A) Equivalent permeability from the doublet simulations with perpendicular and parallel
layout. (B) Pump energy loss estimate based on the same doublet production simulations as in (A).

3.4. Discussion

Connectivity

Our connectivity analysis showed a difference between the use of 6- and 18-point
connectivity, especially in lower N/G realisations. It is uncertain to which extend
this is a resolution effect. One could imagine that two adjacent grid blocks that
connect through an edge are in reality part of a single sandstone body. Higher
resolution realisations are required to accurately capture connections in lower N/G
reservoirs. In lower N/G reservoirs amalgamation is less frequent and therefore
the average surface of connections between sandstone bodies decreases (Bridge,
2006). Smaller objects need higher resolution grid blocks (e.g. Loughnane et al.,
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2014). This is however not evaluated in this study. The choice for one of the three
connectivity definitions depends on the purpose of the study. If models are gener-
ated for production simulations, 6-point connectivity relates more to the simulations
because flow only occurs through grid block faces. If the realisations are generated
for volumetric analyses, the comparison of the three definitions gives information
on how the reservoir grid blocks are distributed. This could be used to evaluate the
facies modelling. Despite our process-based facies modelling approach, the con-
nectivity to N/G relation is not significantly different from previous work (e.g. Larue
and Hovadik, 2006; Pranter and Sommer, 2011). Therefore, our results do not con-
firm the expectation of Villamizar et al. (2015) that object-based modelling could
result in overestimation of connectivity. The discrepancy between the expectation
of Villamizar et al. (2015) and our results could be a consequence of the size of
the realisations relative to the size of the individual sandstone bodies. In our 1 km
wide models, we describe connectivity of sandstone bodies on a channel belt scale
(Donselaar and Overeem, 2008). Villamizar et al. (2015) based their suggestion
on studies of Hajek et al. (2010) and Flood and Hampson (2015). These studies
recognized autogenic sandstone body clustering in outcrops that are approximately
one order of magnitude larger than the channel belt width. Therefore, larger real-
isations should be used to test this expectation. Connectivity on this larger scale
applies to risk assessment of interference between adjacent doublets. Our results
apply to connectivity within a single doublet. For evaluation of connectivity on a
doublet scale, both facies modelling methods are adequate.

Equivalent Permeability on realisation scale

Comparison of our connectivity and equivalent permeability analyses indicates that
the connectivity analysis alone is insufficient to determine doublet layout strategies.
This analysis is not able to differentiate the potential of HSA reservoirs with different
N/G above the connectivity threshold. However, Crooijmans et al. (2016) showed
that also above this threshold, doublet life time depends on N/G. In contrast, the
equivalent permeability has an increasing trend over the complete N/G range. This
shows that on average an increasing number of flow paths is formed when the N/G
increases. Furthermore, the equivalent permeability analysis provides directional
information on connectivity. Connectivity is the main factor that influences hydro-
carbon recovery (Larue and Hovadik, 2008), for heat recovery however additional
analyses are required to assess the potential. To apply the results of our study,
three main factors must be taken into account. First, the N/G threshold values
and equivalent permeability ratios relate to this specific set of reservoir realisations.
They might vary for fluvial reservoirs with different sinuosity, range in paleoflow
direction or width to thickness ratio of the sandstone bodies. These are the main
parameters that affect connectivity (Larue and Hovadik, 2006). The same work-
flow but different geological parameters could be applied to assess connectivity
anisotropy in other HSA basins. Secondly, the results are affected by simplifica-
tion of the geological modelling in our study. For example, small-scale internal
sandstone body heterogeneities which are smaller than the grid block resolution
are neglected. Reservoir properties are assumed isotropic in each grid block. In
reality, small-scale sedimentary heterogeneities such as shale drapes, accretion
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surfaces and bedding planes decrease the permeability perpendicular to the pale-
oflow direction (e.g. Pranter et al., 2007). This could be accounted for by utilising
anisotropic grid block permeability like in Bierkens and Weerts (1994). Thirdly,
sandstone porosity is randomly assigned to sandstone grid blocks. In reality, grain
size heterogeneity within sandstone bodies depends on paleoflow speed, and the
proximity to the channel axis and river bends. As a result, the permeability distribu-
tion is not random across sandstone bodies (Willis and Tang, 2010). These factors
could influence the magnitude of the anisotropy and the N/G threshold above which
the anisotropy vanishes. Finally, these results indicate large risks associated with
horizontal wells in contrast to the results of Hamm and Lopez (2012). The low
vertical equivalent permeability in our calculations indicate that flow paths are less
likely to be formed between horizontal compared to vertical wells. To compensate,
horizontal well length should be large which in turn will significantly increase well
costs. This is most likely not an attractive strategy because current HSA exploita-
tion with deviated wells is already marginally economic. The vertical equivalent
permeability in our results would be higher if the thickness of the realisations was
increased. However, it will always remain lower than equivalent permeability in
horizontal directions because of frequent vertical flow baffles that are preserved,
also in higher N/G aquifers (Figure 3.10).

Equivalent Permeability between two wells

The anisotropy in equivalent permeability between two wells cannot be clearly rec-
ognized compared to equivalent permeability between two opposite model bound-
aries (Figure 3.12). This is a result of geological uncertainty associated with well
placement (Figure 3.15A). If in our simulations a constraint had been used for the
well location stating that both wells should intersect the same amount of sand-
stone, the anisotropy in connectivity would have become more clear. However,
we chose unconstraint well placement to evaluate the order of magnitude of pump
energy losses as a result of realistic well placement. These losses in our calcula-
tions are conservative. In reality doublets with high pump energy losses would not
be taken into production without any measures to improve injectivity or productiv-
ity. Examples of such measures could be (1) continued drilling into a deeper and
higher N/G interval, (2) creation of a side-track or (3) hydraulic stimulation of the
well. Moreover, reservoirs with a 10 to 20% N/G are not likely to be exploited at
all. No WNB doublets installed so far encounter only reservoir intervals with N/G
lower than 30%, especially not with a small total thickness of 50m like in our re-
alisations. The present study focused on the risks associated with perpendicular
well layout. However, an advantage of a perpendicular layout could be that longer
flow paths are formed which may increase the doublet life time (Hamm and Lopez,
2012). This would allow closer well spacing, reducing well path length and hence
drilling costs. Next to reservoir architecture the structural setting is also a doublet
layout constraint. For example, fault blocks in the WNB dip perpendicular to the
paleoflow direction (Devault and Jeremiah, 2002). Therefore, a consideration in
doublet orientation could be to target the deeper and hotter part of the fault block
by a production well, and the more shallow part with an injection well to take advan-
tage of the hydrostatic head within the reservoir. The balance between advantages
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and disadvantages of these constraints should be analysed in further studies with
transient production simulations that provide a basis for net energy optimization.
Finally, our results underline the importance of detailed geological modelling. Ho-
mogeneous models underestimate the risks related to connectivity. A stochastic
approach with detailed modelling of reservoir heterogeneities is required to reduce
uncertainties and improve efficiency of HSA doublets.

3.5. Conclusions

On the basis of our calculations with detailed model realisations we can conclude
that:

« In fluvial HSA with a N/G below 70%, impermeable facies bodies form signif-
icant flow baffles, perpendicular to the paleoflow direction.

« Lower pump energy losses can be expected when a well pair is oriented paral-
lel to the paleoflow direction. This applies to reservoirs with N/G values below
70%.

« Equivalent permeability between doublet wells has a smaller anisotropy com-
pared to equivalent permeability opposite model boundaries.

» The acquisition of geological data and the use of detailed facies architecture
realisations are not negligible. Homogeneous realisations could significantly
underestimate the geological risks of geothermal doublets. This study pro-
vides a workflow for reservoir engineers to determine the optimal doublet
layout in HSA.
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4

The influence of facies
heterogeneity on the doublet
performance in low-enthalpy

geothermal sedimentary
aquifers

Abstract

A three-dimensional model is used to study the influence of facies heterogeneity on
energy production under different operational conditions of low-enthalpy geother-
mal doublet systems. Process-based facies modelling is utilised to construct realistic
aquifer models honouring geological heterogeneity. A finite element based reser-
voir simulator is used to model the fluid flow and heat transfer over time. A series of
simulations is carried out to examine the effects of aquifer heterogeneity on the life
time and the energy recovery rate for different discharge rates and the production
temperature (T,,,) above which the doublet is working. With respect to the results,
we propose a design model to estimate the life time and energy recovery rate of
the geothermal doublet. The life time is estimated as a function of net sandstone
volume, Tin and discharge rate, while the design model for the energy recovery
rate is only a function of net sandstone volume and T.,,. Both life time and re-
covery show a positive relation with an increasing net sandstone volume. Further
our results suggest that neglecting geological heterogeneity may lead to significant
errors in predicting the life time of low-enthalpy geothermal systems for aquifers
with a net sandstone volume below 70%.

This chapter is based on: Crooijmans, R.A., Willems, C.J.L., Nick, H.M., Bruhn, D.F, The influence of
facies heterogeneity on the doublet performance in low-enthalpy geothermal sedimentary reservoirs.
Geothermics 64, 209-219, (2016).
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4.1. Introduction

In the geothermal sector, connectivity and facies heterogeneity are not commonly
considered in doublet life time and energy recovery predictions. Simplified geologi-
cal representations are commonly used such as homogeneous models (Saeid et al.,
2014) or layer cake models (e.g. Poulsen et al., 2015; Mottaghy et al., 2011; Deo
etal., 2014). The study described in chapter 3 as well as hydrocarbon related stud-
ies, however, show that geological parameters such as facies heterogeneity and
connectivity also have a major impact on the fluid flow patterns (e.g. Donselaar
and Overeem, 2008; Willis and Tang, 2010) and the recovery (e.g. Larue and Fried-
mann, 2005; Larue and Hovadik, 2006, 2008). This is because these parameters
have an impact on the net aquifer volume and flow path formation between the
wells. In addition, claystone bodies may form flow baffles or barriers that increase
flow path length or reduce net aquifer volume, respectively (chapter 3). The net
sandstone volume (N/G) and sandstone body geometry control the connectivity in
the aquifer (Larue and Hovadik, 2006). The connectivity is defined as the ratio
of the volume of the largest connected sandstone body cluster over the sum of
the volume of all sandstone bodies (Hovadik and Larue, 2007; Larue and Hovadik,
2006, chapter 3).The lessons learnt in the hydrocarbon sector provide some insight
into the importance of the use of detailed aquifer representations in a geothermal
system. These lessons however cannot be applied directly to geothermal studies
because oil is only extracted from the pore volume, while the heat extracted from
geothermal aquifers is obtained from the fluid in the pores and from the rock ma-
trix. The previous chapter of this thesis provided insight into the impact of facies
heterogeneity on flow path formation between doublet well pairs. This chapter de-
scribes an evaluation of the impact of facies heterogeneity on doublet life time and
energy recovery. For this purpose, 48 detailed facies realisations are selected from
the set of realisations that were generated in the study described in chapter 3. The
use of these process-based facies realisations ensured realistic representations of
sedimentary aquifers. The realisations ranged in N/G from 10 to 100%. A finite ele-
ment method (FEM) is utilized to simulate the fluid flow and heat transfer processes
in geothermal doublets. In the first part of this chapter the modelling approach is
explained for both the generation of aquifer realisations and the non-isothermal
simulations. Next the relation between N/G and the doublet performance param-
eters (life time and recovery) is discussed, followed by the effect of the discharge
rate. Then, the results are combined to obtain a so-called ‘design model’, which
estimates the life time of a doublet systems and the energy recovery. In the end
the difference between randomly generated realisations and the aquifer realisa-
tions is assessed to highlight the relevance of the facies based aquifer realisation
in low-enthalpy geothermal aquifer modelling.



4.2. Methodology 53

4.2. Methodology

4.2.1. Aquifer Models

Three types of aquifer models were used in this study. Model Type I and II were
made utilising a process-based facies modelling (chapter 3). Model Type III reali-
sations were made using a random facies field generator. The difference between
Type I and II is the way in which properties were assigned to the sandstone grid
blocks within the sandstone bodies. In Type I porosity and permeability were het-
erogeneously distributed within the sandstone bodies whereas in the Model Type
IT single average porosity and permeability values were assigned for the sandstone
grid blocks in the realisations. The realisations were then employed for conducting
dynamic simulations (Figure 4.1). The heat transfer in the aquifer and temperature
at the production well were calculated over time by using the software package
COMSOL Multiphysics utilising a finite element method. In the base case (initial)
scenario the discharge was 100 m3/h, the initial aquifer temperature was 75°C and
for the base case scenario the production stops when the production temperature
dropped to 74°C (Minimal production temperature, T,;,;;). The decline in the produc-
tion temperature was related to the arrival time of the cold water front. Flow and
heat transfer simulations were conducted employing all the generated aquifer real-
isations for several scenarios with different discharge rates (80, 100, 120 and 140
m3/h). Consequently, the life time values and total heat recovery were calculated
for different minimal production temperatures (74, 72, 70 and 68°C).

P(x,2000,z)=P,
1km

Channel Lag
I Point bar
Crevasse splay
: o Floodplain fines
Px,0,2)=Pq = L Wetland
5 Mud Plug

Figure 4.1: Schematic of the model domain and the well locations.

4.2.2. Aquifer model type I, II and III

Process-based facies modelling software Flumy (Grappe et al., 2012) was utilised to
generate detailed facies realisations of a 1 km x 2 km x 50 m geothermal aquifer
with a resolution of 20 m x 20 m x 2.5 m. For the study described in this chapter,
48 realisations were selected from the total set of realisations that was generated
for the study of chapter 3. In this chapter, the paleoflow direction in all realisations
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was parallel to the long edge of the aquifer boundary (Figure 4.1). The choice
of orienting the paleoflow direction parallel to the long-edge increased the con-
nectivity in the aquifer realisations compared to a paleoflow perpendicular to the
long edge (chapter 3). The N/G in the realisations ranged from 10 to 100%. The
generation of facies realisations is described in more detail in (section 3.2.3). The
process-based facies realisations contained seven types of geobodies; pointbars,
sand plugs, channel lag, crevasse splays, levees, overbank floodplain fines and
mud plugs. The aquifer models were simplified by dividing the 7 types of geobod-
ies into two groups; sand (channel lag, point bar, sand plug) and shale (crevasse
splay, levee, overbank alluvium, mud plug). The sand group was considered as
aquifer and the shale group as non-aquifer and the groups were used to calculate
the N/G of the realisations. Further, to study the relevance of process-based facies
modelling on the estimation of the life time and energy production of the doublets,
geo-model realisations (model Type III) were generated with the sandstone and
shale grid blocks randomly (uncorrelated) distributed. Model Type III realisations
had the same N/G range.

4.2.3. Aquifer property modelling

A beta distribution correlation function was used to generate a heterogeneous
porosity field within the sand group of the Type I realisations. This distribution
was obtained from petrophysical data of well MKP-11 (TNO, 1977). The distribu-
tion characteristics including: mean, standard deviation, skew and kurtosis were
equal to 0.28, 0.075, 0.35 and 2.3, respectively. The associated permeability of
this group was derived from a porosity-permeability relationship based on the same
petrophysical data:

k = 0.0633¢29-507¢ (4.1)

where k is the permeability [mD] and ¢ is the porosity [-]. The effect of hetero-
geneity in the thermal rock properties on heat transfer in the geothermal aquifer
was insignificant compared to the heterogeneity in the flow properties (Mottaghy
etal., 2011). Therefore the thermal rock properties were considered homogeneous
and isotropic. The porosity and permeability of the shale group were also assumed
to be homogeneous and isotropic (table 4.1). To determine the effect of the hetero-
geneous porosity of the aquifer bodies, some of the aquifer realisations were rebuilt
with a homogeneous sand group and hamed as model Type II. In this group of real-
isations the porosity and permeability of the sand group was equal to the averaged
porosity and permeability of the sand group in the aquifer realisations of model Type
I. The size and distribution of the aquifer bodies were kept the same. The aquifer
bodies have a constant porosity of 28% and constant permeability of 1000 mD. All
other parameters were kept constant as in the model Type I. The differences in life
time and production between a processed-based facies aquifer model (Type I) and
a random realisation (Type III) were a measure of the importance of process-based
models used in geothermal aquifer simulations.
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Parameter  Description Value  Dimension
aL Longitudinal dispersion coefficient 6.5 m

aT Transversal dispersion coefficient 2.2 m

ke Permeability of the shale bodies 5 mD

AL Conductivity of the pore fluid 0.7 W/m/K
Asand Conductivity of the sandstone bodies 2.7 W/m/K
Ashale Conductivity of shale bodies 2.0 W/m/K
Psand Density of the sandstone bodies 2650  kg/m?
Dshale Density of the shale bodies 2600 kg/m?
Dsand Average porosity of the sandstone bodies  0.28 -

Dshale Average porosity of the shale bodies 0.1 -

Ce Specific heat of the pore fluid 4200 J/kg/K
Csand Specific heat of the sandstone bodies 730 J/kg/K
Cshale Specific heat of the shale bodies 950 J/kg/K

L well spacing 1000 m

Py Initial pressure 200 bar

S Salinity of the pore fluid 3 ppm/106
To Initial temperature 348 K

Ting Injection temperature 348 K

Table 4.1: List of parameters used in the dynamic model.

4.2.4. Flow and heat transfer model

The generated aquifer realisations (Type I, II and III) were employed for heat
transfer and fluid flow modelling. Figure 4.1 illustrates the aquifer and the well
locations (well spacing is 1 km). The injection and the production wells had the
same discharge rate which remains constant over time. The two outer boundaries
at the short edge were assigned a constant pressure, the others were no flow
boundaries (Figure 4.1). The N/G at the well positions, in all dynamic models, had
to be roughly the same as the N/G of the field, especially for aquifer realisations
with low N/G. In some of the aquifer realisations the well may not have been in
contact with any sandstone body increasing the well pressure and changing the
flow patterns within the realisation. In this work, the maximum allowable difference
between N/G at the wells and the aquifer realisation was 2.5%. To achieve this, the
doublet wells were placed within a range of 50 m in the x and y direction from the
original well locations (Figure 4.1). The orientation of the doublet and the distance
between the wells were kept constant in all simulations.

4.2.5. Governing equations

Heat transfer in geothermal systems was described by two main processes: con-
duction and convection. For a system with a rigid rock, incompressible fluids and
local thermal equilibrium between rock and fluid the heat transfer equation reads:

0 *
5. (PCT) =V (AVT) = V- (peCeuT) + peCeqT (4.2)

where t is time [s], T the temperature [K], 1 the total conductivity tensor
[W/(kgK)1,p¢ the fluid density [kg/m3], Cthe fluid specific heat capacity [J/mK], u
Darcy velocity vector [m/s], and pC is the volumetric heat capacity, g is external
sinks and sources [1/s], and T~ refers to the temperature at sources. Darcy ve-
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locity was calculated as: u =— (k/u)V P. Where u is the dynamic viscosity [Pa s]
and P is the fluid pressure [Pa]. The fluid pressure field was obtained by solving
the continuity equation: ¢ dpr/ At +V - (psu) = pr g. The total thermal conduc-
tivity was expressed as: 1 = AggI+14s. Where A4 is the equivalent conductivity of
the fluid an the matrix and the A4 the thermal dispersion tensor. This equivalent
conductivity and the volumetric heat capacity were both volume averaged:

Aeq =1 -P)As+ Pis
pC = (1—@)psCs + PppeCs (4.3)

where the suffixes s and f stand for solid (shale, sand) and fluid (brine), re-
spectively. Thermal dispersion had influence on the total conductivity. Thermal
dispersion was described as a function of the fluid velocity and fluid heat proper-
ties. The thermal dispersion tensor which is based on the solute dispersion model
(Scheidegger, 1961), reads:

A= (e + (@DuDI + peCe(ay — aT)I"ﬁ (4.4)

|u] was the magnitude of the Darcy velocity vector and «; and a1 were the
thermal dispersion coefficients in the longitudinal and transversal direction, respec-
tively. The brine pore fluid had a constant specific heat capacity, heat conductivity
and salinity (Table 4.1. The viscosity of the brine varied with temperature (T) and
its salinity (S) [ppm] (Batzle, 1992):

f=0.1+ 03335+ (1.65 + 91.953)[0:42(5 ° - 0.17) 2 + 0.045]T *° (4.5)

The density of the brine was depended on the temperature, the pressure and
the salinity:

pf = pw + 5(0.668 + 0.44S + 10°[300P — 2400PS + T(80 + 3T — 3300S3P + 47PS)]
(4.6)

where

pw =1+10%(—80T — 3.3T2 + 0.00175T> + 489P — 2TP+
0.016T2P — 1.3x10T3P — 0.333P2 — 0.002TP%) (4.7)
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For equation 4.5- 4.7, Twasin [°C] and Pin [MPa] (Batzle, 1992). The model do-
main was discretised by 3D tetrahedral and hexahedral finite elements. In general,
discretization errors were the dominant sources of numerical errors in simulations
(Matthai and Nick, 2009). To minimise the discretisation error a maximum finite el-
ement mesh size of 20 m x 20 m x 2.5 m was chosen. The minimum finite element
mesh size was 0.5 m. The maximum mesh size was the same as the resolution of
the realisations. This avoided the necessity of porosity and permeability upscaling
(averaging properties due to grid coarsening) of aquifer realisations. Saeid et al.
(2015) analysed the discretisation error for a similar dynamic model and found that
the chosen mesh size results in a negligible discretisation error for the fluid and
heat transfer simulations for the range of studied parameters. In this study, the
relative and absolute error tolerances for flow and heat transport simulations were
set to 107 and 10 respectively.

4.2.6. Life time

The water temperature calculated at the production well was used to obtain the life
time of the doublet. The life time of the doublet was determined at the time when
the production fluid temperature dropped below the minimal production tempera-
ture. The temperature losses in the surface facilities and the wells were neglected.
Saeid et al. (2015) illustrated that the temperature losses in the wells have negligi-
ble effect on the temperature of the production fluid of a geothermal system.

4.2.7. Recovery and net energy production

The calculated production temperature over time were used to obtain recovery, R =
Eprod/Etota- Where Riis the recovery of the field [%], Eproq the cumulative produced
energy [J] and E;, the total available energy [J]. The cumulative produced energy
was defined as:

n
Eprod = Z QiAtiprf (Tprod,i - Tinj): (4.8)

i=1

and the total available energy as:

m
Etotal = Z VipipsiCei(To — Ting) + V;(1 — d)psiCs,j(To — Tinj) (4.9)
=1

where t is the time step increment, the subscript i the time step, n total number
of time steps, Q the discharge [m3/s], Tproq,i, @nd Tip; the temperature [K] of the
production fluid and the injection fluid at step i, respectively.m is the total number
of finite elements, V; the volume of the mesh element jand T is the initial temper-
ature [K].The energy production was the produced energy minus the pump energy
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that was required to induce a pressure difference between the injection and the
production well: Enet= Eprog— Epump- Where Epym, Was the required pump energy,
assuming the efficiency of the pumps was equal to 1:

n
Epump = Z QAt; (Pinj - Pprod) (4.10)
i=1

4.3. Results

4.3.1. Base Case

When applying the base case conditions for the dynamic simulation of different re-
alisations of model Type I the following features were observed: (i) the N/G has
noticeable impact on the life time of the doublet especially for low N/G values (Fig-
ure 4.2A); (ii) decreasing N/G results in decreasing the life time, which is more
pronounced for realisations with N/G smaller than 40%; and (iii) the cumulative
energy production shows the same results as the recovery (Figure 4.2A), but the
recovery increases slightly faster at N/G values larger than 60%. Since the differ-
ences between recovery and the cumulative energy production are negligible only
the obtained recovery is discussed in this study. The recovery shows a similar rela-
tion with N/G as the life time (Figure 4.2B). Note that 40% N/G is the point where
the connectivity starts to decrease with lower N/G values
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Figure 4.2: (A)Life time of the doublet for Q = 100 m3/h and Ty, = 74 °C and connectivity versus
N/G, for model Type I realisations. (B) Total energy production and recovery versus N/G for Q = 100
m3/h and Trin = 74 °C and connectivity versus N/G, for model Type I realisations.

The variation in the temperature breakthrough curves obtained at the well pro-
duction for aquifer realisations (Type I) with similar N/G values increase significantly
with a decreasing N/G. For a N/G of around 50% the breakthrough temperatures
are almost identical (Figure 4.3C). At a N/G of around 30% the time at which the
temperature starts to drop and the gradient at which it drops start to differ among
the realisations (Figure 4.3B). The differences are even larger at a N/G around
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10% (Figure 4.3A). The variations can also be seen in the required pump energy
(Figure 4.4). Higher required pump energy to have the same discharge implies
that the sandstone bodies at the injection well are not well connected to the sand-
stone bodies at the production well. As a result the net energy produced is less
scattered than the required pump energy at very low N/G. The difference in the
temperature breakthrough curves originates from the difference in the correspond-
ing medium configurations. Aquifer realisations with a N/G of 10% in Figure 4.3A
illustrate that the location and geometry of the sandstone bodies determine which
part of the aquifer has a high permeability zone. These geometries differ per re-
alisation. Some sandstone bodies go straight, while others are curved and/or split
in two, which also results in isolated sandstone bodies in different locations in the
domain. When the N/G increases this effect becomes less. At a N/G around 30%
there are still some continuous shale bodies separating the sands (Figure 4.3B).
The shales form low permeable zones functioning as flow barriers. For realisations
around 50% N/G, the sandstone bodies are all connected to each other and cover
the whole area, which makes the realisations look more alike (Figure 4.3C).

4.3.2. Impact of discharge and minimal production tempera-

ture

As expected, with increased discharge rates, the life time of the doublet decreases
(Figure 4.5A). Similarly, with increased discharge, the variance in life time among
realisations (Type I) is reduced (Figure 4.5B). This is related to the fast decrease in
life time for aquifers with a large N/G. When the discharge rate goes from 60 to 100
m3/h, the life time decreases with approximately 20 years for Type I realisations
with a N/G of 100%, while at a N/G of 10% life time decreases with approximately
10 years. At high discharge rates (Q > 200 m3/h) an increase in the discharge has
rather negligible effect on the life time, while at low discharge rates (Q = 60 m3/h)
small changes have a large impact on the life time, 10 years difference compared
with Q = 80 m3 /h (Figure 4.5B). A decrease in the minimal production temperature
results in a longer life time and higher recovery (Figure 4.6). Because the production
temperature reduces by only 2 to 5 degree per decade (Figure 4.3), the life time
and recovery can be significantly increased if the minimal production temperature
is reduced.

4.3.3. Homogeneous versus heterogeneous aquifer bodies

The aquifer realisations with homogeneous sandstone bodies (Type II) have a
slightly higher life time, 1.6 years on average with a maximum of 4.2 years, than
that of model Type I realisations with heterogeneous sandstone bodies (Figure 4.7).
The overestimation falls mostly within the uncertainty level of the calculated life
times, which is related to the aquifer heterogeneity.

4.3.4. Random realisations versus aquifer realisations

Utilising the random realisations (Type III) with N/G higher than 70% results in
life time values comparable to those calculated for the model Type I realisations
(Figure 4.8A). Utilising model Type III realisations in the dynamic model results in
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Figure 4.3: Production temperature development for Q = 100 m3/h, corresponding to different Type

I realisations (1-9). Claystone gridblocks are transparent, and connected sandstone bodies have the
same colour.

an overestimation of the life time for N/G values between 70% and 40%, where
the life time is almost stable. Below 40% N/G the life time starts to drop in case
of Type III realisations, but less than that of the Type I realisations. It is found
that the connectivity values of the aquifer for Type III realisations drops drastically
and reaches zero for Type III realisations with N/G less than 30%, while the Type I
realisations have a minimum connectivity of 42% (Figure 4.8B). This means that the
random realisations (Type III) have sandstone bodies at the wells which are small
and isolated. These realisations do not have a high permeable zone between the
wells. And with respect to the boundary conditions, fixed discharge, the pressure
difference between the injector and producer increases significantly. The models
with the random realisations (Type III) result in a much lower variance in life time
for aquifers with the same N/G value when they are compared to the life time values
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obtained for the model Type I realisations (Figure 4.8A).

4.3.5. A Life Time and Recovery design model

In the relations of life time and N/G for various production rates (Figure 4.9) two
regions can be recognized. Region 1 has a N/G range from 10 to 45% and Region 2
from 45 to 100% N/G. In Region 1 life time increases logarithmically with increasing
N/G. In Region 2 life time increases linearly with N/G.

The design model for life time and recovery are described as equation 4.11 and
4.12:
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LT =

390+506.9AT (ln(N/G))15
390+36.9AT (ln(45))15 + 18.7—(22.84AT (N/G _ 45)

for 15 < N/G < 45

for 45 < N/G < 100
(4.11)
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_ |(0.75AT + 5.67)(In(N /G))*> for 15 < N/G < 45
~ |(0.75AT + 5.67)(In(45))1> + (0.28 — 0.035A)(N/G — 45)  for 45 < N/G < 100
(4.12)
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These empirical relations describe the life time as a function of N/G, Q and AT, and
the recovery as a function of only N/G and AT. In Region 1 the geological param-
eter N/G is the main controlling factor on both life time and recovery. The human
controlled parameter Q (discharge rate) is the most influential factor in Region 2
on life time, while the human controlled parameter AT is the most influential factor
on the recovery. The model is only tested for discharge rates between 80 and 140
m3/h and minimal production temperature values down to 68°C. More research is
required to check if the model is valid for lower minimal production temperatures
and higher discharges. This is because below 65°C the production temperature
curve is no longer linear (Figure 4.3), which indicates that the effect of AT on the
life time is non-linear. The predicted life time values are not exactly the same as
those obtained from the production simulations (Figure 4.10). This is partly a result
of the variance in life time of aquifer models with similar N/G values (Figure 4.8).
The effect is found to be the same for the recovery. This figure indicates that the
design model works best for N/G from 15 to 100%, but underestimates the life time
of aquifers with a N/G around 10% (Figure 4.10).
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Figure 4.10: Life time obtained with the dynamic model versus the life time obtained with the design
model (R2 = 0.92). The data points of all heat transfer and flow simulations of Type I are used.

4.4, Discussion

Base case - model type I

The effect of N/G on life time and recovery can be described with natural logarith-
mic relations for N/G values below 45% and with linear relations for N/G values
above 45%. In Region 1 the connectivity has a larger variance, precluding accu-
rate prediction of the life time and recovery. The variance in connectivity increases
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with decreasing N/G. This could partly be an effect of the chosen resolution of the
aquifer realisations (Type I), which result in less accurate connectivity calculations
for a N/G below 20%. Hovadik and Larue (2007) showed that increasing the ge-
omodel resolution decreases variance for connectivity and improves connectivity.
This in combination with the effect of the facies distribution explains why it is harder
to predict doublet performances of low N/G aquifers; more variables play a role.
For the linear part the relations are more accurate. The connectivity is 100% for all
realisations and has therefore negligible effect on the results. The higher variance
in life time for low N/G aquifers indicates that the accuracy of the aquifer model is
crucial, which is for high N/G aquifers with lower variances less important, albeit not
negligible. The energy recovery shows the same effect as in the oil recovery; once
the connectivity starts to drop the recovery drops fast Larue and Hovadik (2008).
The absolute values of the recoveries from oil and geothermal energy cannot be
compared directly, because the recoveries are defined in a different way. In the
oil industry the total amount of oil available is only in the pore of the sandstone
bodies, while the total amount of available heat is in the connected pores and the
matrix of both the sandstone and non-sandstone bodies. This means the oil can
only be produced from the sandstone part, while heat can be produced from the
surrounding low permeable layers by conduction. Nonetheless, the heat recoveries
obtained in this study have a range from 15 to 65% (Figure 4.2A), which is similar to
the oil recoveries reported by Larue and Hovadik (2008). The differences between
obtained energy recoveries for realisations with 50 and 100% N/G are small, which
indicates that the shales play an important role in geothermal doublet performance
for aquifers with N/G lower than 50%. As a result, aquifers with a N/G of roughly
50% are almost as efficient as those with 100% N/G. Notice that the heat capacity
and conductivity are similar for sandstone and shale, which makes the differences
in heat conduction small.

Discharge

Discharge affects the life time and recovery, but the difference in recovery between
a discharge of 80 and 140 m3/h is small compared to the variance in recovery for
production simulations with similar N/G (Figure 4.2A). This means the discharge rate
can be adjusted to the yearly energy demand, without influencing the cumulative
produced energy significantly during the life time of the doublet. The pressure in
the injection well increases with increasing discharge or when the well is only in
contact with small isolated sandstone bodies. This pressure cannot be higher than
the rock strength, otherwise the aquifer will be fractured. Fractures in the aquifers
would change the fluid flow behaviour significantly (e.g. Matthai and Nick, 2009;
Nick et al., 2011) and the stated relations would not be applicable.

Minimal production temperature

Lower minimal production temperatures extend the life time and recovery. When
the produced temperature declines the daily energy produced declines as well, be-
cause the discharge is constant.If a constant daily energy production is preferred
the discharge has to increase to compensate for the produced water with lower
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temperatures. This will decrease the life time of the project and speed up the cool-
ing of the production temperature. This loop will accelerate the whole process and
the differences in life time will be less than shown in Figure 4.6A. The variance
in the obtained life time and recovery increases for decreasing minimal production
temperatures (Figure 4.3). This is related to the dispersion effect. The result of
this effect is most noticeable after the cold water front has reached the production
well. The temperature of the produced water drops more slowly for a system with
higher thermal dispersion. This uncertainty in temperature drop makes it harder to
predict the life time and recovery for lower minimal production temperatures.

Homogeneous sandstone bodies — model Type II

Aquifer realisations with homogeneous property distribution within the sandstone
bodies may overestimate the life time up to 4 years compared to aquifer realisations
(Type I) with heterogeneous sandtone properties, but in most cases the overesti-
mation is less than 1 year. The difference in life time between homogeneous and
heterogeneous sands is within their uncertainty bounds. Therefore the intra sand-
stone body heterogeneity could be disregarded for the life time calculation.

Random realisations —model Type III

The simulations with the random realisation result in unrealistic required (well) pres-
sure values and in much higher life times compared to aquifer realisations (Type I)
when N/G values are below 70%. These unrealistic pressure values are related to
the fixed discharge rate and the shape and connectivity of the sandstone bodies. In
the random realisations, hardly any flow paths through only sandstone grid blocks
are formed between the wells. As a result very high injection well pressure values
are needed to push the water through the shale in between the sands in order to
achieve the required discharge rate. A realistic geological model is therefore nec-
essary for N/G values below 40%. Above 40% N/G the connectivity has a smaller
impact on life time and recovery, as it is always larger than 95% and well pairs are
placed only parallel to the paleoflow direction (e.g., chapter 3. The life time values
obtained with the random realisations are overestimated for a N/G between 40 and
60%. For N/G values above 70%, the life time obtained by the random realisations
is comparable with the ones obtained with aquifer realisations. Nevertheless, in
the random realisations the difference between maximum and minimum possible
life times is maximum 5 years, while the results of the aquifer realisation show that
the difference can be significantly larger (£10 years), which seems to be the case
even for aquifers up to 70% N/G (Figure 4.8A). Therefore production simulations
should be employed to calculate the risks of an early cold water breakthrough, es-
pecially before drilling. Even though it is hard to make very accurate production
simulations before drilling, simulation results will provide a valuable range of ex-
pected life times. This means that the geology has a major impact on life time and
is as important as the human controlled parameter ‘discharge’ when estimating the
life time of a low-enthalpy geothermal doublet. When layer cake models are used
to calculate the life time one major assumption is that the aquifer consits for 100%
of permeable sandstone. The comparison of the random realisations with aquifer
realisations shows that it is important to know the connectivity of the sandstone
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bodies between the injection and production well, not only for the life time, but
for well pressure too. This means that if the injector is poorly connected to the
producer, higher pressures are needed to keep up the discharge. This pressure
varies the most for realisation below 45% N/G, which is the region where the con-
nectivity varies (Figure 4.2A). The pressure increases are probably less noticeable
when layer cake models are used.

Design model

The life time and recovery models are only directly applicable for aquifers with
roughly the same heat transfer and flow characteristics, well spacing and aquifer
thickness as used in this study. The models assume that all aquifers have the same
type of non-linear relation, but the fitting parameters are formation specific. Despite
the limitations, model can be used for primary calculations for estimating life time
and recovery. It must be kept in mind, however, that the results underestimate
reality for the lower range of N/G between 35 and 50% and overestimate it for a
N/G above 90% (Figure 4.2A). The accuracy of the models is reduced because of
the variance in life time and recovery. This variance is especially high. When N/G is
below 15%, the models are less accurate because of large variance combined with
an underestimation of life time. This is, however, no problem for the targets for low-
enthalpy geothermal aquifers in the Netherlands, since the Nieuwerkerk Formation
has a N/G between 20 and 50% (Den Hartog Jager, 1996). When applying the
model to this Formation the calculated life time can still be between 21 years (N/G
= 20%) and 31 years (N/G = 31%) for Q equal to 100 m3/h and AT equal to 1
°C. Inclusion of N/G values measured in nearby fields in the study area can help
narrowing this range of N/G and improving the life time prediction. Nevertheless this
implies that accurate field data and aquifer realisations are necessary for accurate
prediction of the doublets life time and recovery.

4.5. Conclusions

The work combines a process-based model with a flow and heat transfer model.
The process-based model is capable of generating aquifer models (Type I and II)
utilising core data. We show that the life time can be estimated with the design
model for both Region 1 (N/G < 45%) and Region 2 (45%< N/G < 100%) . We
have demonstrated that the difference in life time within Region 2 is relatively small
and the main controlling factor is the discharge. In Region 1 the dependence of life
time on N/G is larger than in Region 2. Therefore small over and underestimation in
N/G have a large impact on life time predictions in Region 1. The shale has a posi-
tive contribution to the heat transfer in the system, which increases the potential of
lower N/G aquifers. When using a geological model with randomly distributed fa-
cies, first the life times are overestimated, especially for aquifers in Region 1. Next,
the variance in life time for aquifers with the same N/G is less than 5 years for
model Type III aquifers, while it is 10 years when process-based facies modelling
(Type I) is used. This means a realistic representation of the facies heterogene-
ity is needed to make more reliable predictions of the life time of a low-enthalpy
geothermal doublet.
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S

The impact of reduction of
doublet well spacing on the
Net Present Value and the life
time of fluvial Hot
Sedimentary Aquifer doublets

Abstract

This paper evaluates the impact of reduction of doublet well spacing, below the cur-
rent West Netherlands Basin standard of 1000 to 1500 m, on the Net Present Value
(NPV) and the life time of fluvial Hot Sedimentary Aquifer (HSA) doublets. First, a
sensitivity analysis is used to show the possible advantage of such reduction on the
NPV. The parameter value ranges are derived from West Netherlands Basin HSA
doublet examples. The results indicate that a reduction of well spacing from 1400
to 1000 m could already influence NPV by up to 15%. This effect would be larger in
more marginally economic HSA doublets compared to the West Netherlands Basin
base case scenario. The possibility to reduce well spacing is supported by finite
element production simulations, utilising detailed facies architecture models. Fur-
thermore, our results underline the necessity of detailed facies architecture models
to assess the potential and risks of HSA doublets. This factor significantly affects
doublet life time and net energy production of the doublet.

This chapter is based on: Willems, C.J.L., Nick, H.M., Goense,T., Bruhn, D.F,, The impact of reduction
of doublet well spacing on the Net Present Value and the life time of fluvial Hot Sedimentary Aquifer
doublets. Geothermics, 68, 54-66.
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5.1. Introduction

Large potential resources of heat are stored in sedimentary rocks. In the Nether-
lands alone, the Dutch geological survey estimated the total recoverable heat from
this type of resource to be approximately 85,000 PJ (Kramers et al., 2012). Un-
fortunately, expansion of HSA exploitation is slow, and a large gap currently exists
between HSA potential and exploitation (section 1.2). This is a result of a combina-
tion of high initial investment costs and large uncertainties in both doublet life time
and energy recovery (e.g., chapter 4). Because of these uncertainties, often large
well spacing distances are used, ranging from 1000 to 1500 m, to avoid early cold
water breakthrough (Mijnlieff and Wees, 2009; Lopez et al., 2010; Mottaghy et al.,
2011; Daniilidis and Herber, 2016). Overdesign, however, could lead to unneces-
sarily long thermal breakthrough time. For example, no thermal breakthrough has
yet been reported in the past 40 years of exploitation in the Paris Basin (e.g. Lopez
et al., 2010). A reduction of the current well spacing standard could still result in
sufficient life time, while improving the financial situation of a doublet in two ways.
First, it may reduce the drilling costs by reducing the overall well length, as two
wells have to be drilled deviated from the same platform. Secondly, smaller spac-
ing could also reduce the required pump energy due to shorter flow paths between
the wells. Another advantage is the decrease of chance on geological flow baffles
between the wells, such as sealed sub-seismic faults (e.g. Bailey et al., 2002) or
claystone bodies (Larue and Hovadik, 2006; Pranter and Sommer, 2011, chapter 3).
Finally, it could increase the possible number of doublets that can be realised in the
same area, as suggested by Mijnlieff and Wees (2009). The number of studies
on optimisation of geothermal doublet design is limited. These studies often focus
on extending life time and maximising energy production (e.g. Sauty et al., 1980;
Chandrasiri Ekneligoda and Min, 2014; Adams, 2015). Therefore, in this chapter
both the possible financial advantage of well spacing reduction and its impact on
doublet life time are evaluated. In the first part, the effect of a variation in well
spacing on the Net Present Value (NPV) for a typical WNB doublet is determined.
This is derived from a sensitivity analysis in which both production and financial pa-
rameters are varied. Parameter ranges are derived from a West Netherlands Basin
case study. The analysis is based on finite-element production simulations in ho-
mogeneous aquifer models. We evaluate the effect of well spacing reduction on the
Net Present Value (NPV) of a HSA doublet. Also, we discuss the effect such a reduc-
tion would have on the life time of a doublet. In a second part, the impact of fluvial
aquifer architecture on doublet life time is evaluated. For this purpose detailed flu-
vial facies architecture realisations are used. This is required, because the spatial
distribution of permeable and impermeable facies bodies in the aquifer could sig-
nificantly affect doublet life time and capacity (e.g. Pranter et al., 2007; Hamm and
Lopez, 2012; Poulsen et al., 2015; Crooijmans et al., 2016). Homogeneous aquifer
models do not capture this uncertainty. Like in chapter 3 and 4, detailed fluvial
facies architecture realisations are generated utilising a process-based facies mod-
elling approach (Cojan et al., 2005; Grappe et al., 2012; Hamm and Lopez, 2012)
based on a WNB geological dataset. Minimum well spacing is analysed in terms
of life time and NPV. The results of this study could be used as an incentive for



5.2. Data and aquifer modelling 73

re-evaluation of HSA well spacing standards. Utilising detailed facies architecture
models, more profound estimates of doublet life time and capacity can be made.
This should prevent overdesign and thereby improve the competitiveness of HSA
exploitation.

5.2. Data and aquifer modelling

5.2.1. Data

The aquifer models that were used for the study described in this chapter were
based on a geological dataset of the fluvial Lower Cretaceous Nieuwerkerk Forma-
tion in the West Netherlands Basin (Devault and Jeremiah, 2002; Jeremiah et al.,
2010; Donselaar et al., 2015), presented in chapters 2 and 3 of this thesis. The
dataset comprises Gamma-Ray (GR) logs of geothermal and hydrocarbon wells and
cores of hydrocarbon wells in the WNB. This dataset was used to derive a realistic
range of heterogeneities to constraint the set of facies realisations. The core study
provided thickness ranges of facies bodies which were used as input for the facies
modelling. Based on analogue studies, assumptions are made on the associated
width of these bodies (e.g. Williams, 1986; Tornqgvist and Bridge, 2002; Gibling,
2006). The GR logs provided a range of N/G of the geothermal aquifers.

5.2.2. Aquifer modelling

Two types of aquifer models were used in this study: (1) detailed facies architecture
realisations and (2) homogeneous models. The first type of models were gener-
ated with a process-based approach. For the study in this chapter, a selection of
15 realisations was made from the set of realisations that were used in chapter 4.
The dimensions of these realisations were 1km x 2km x 50m, the paleoflow direc-
tion was parallel to the long edge and the N/G ranged from 15 to 70% N/G. In the
process-based realisations, sedimentary processes distribute and shape different fa-
cies bodies such as channel lags, point-bars, crevasse splays, mud plugs and flood-
plain fines. The same aquifer property modelling approach was used as described
in chapter 3. Facies grid blocks in the realisations were divided into two classes,
aquifer and non-aquifer. The non-aquifer class included fine grained facies such as
crevasse splays, overbank alluvium and mud plugs. These bodies were all assumed
to be relatively impermeable. Their assumed permeability was 5 mD and porosity
10%. Sandy facies bodies such as point-bars and channel lags were all assumed to
be aquifer grid blocks. Porosity values were assigned to these blocks based on the
core plug porosity data. From this data, a beta distribution correlation function was
derived. The distribution characteristics including: mean, standard deviation, skew
and kurtosis were equal to 0.28, 0.075, 0.35 and 2.3, respectively. Secondly, the
permeability of each grid block was determined by a porosity-permeability relation
obtained from petrophysical data of well MKP-11 (TNO, 1977): k = 0.0633 2> %,
In this equation, k is the permeability [mD] and ¢ is the porosity [-]. For the NPV
sensitivity analysis, homogeneous aquifer models were created based on the same
geological dataset. These models had an average porosity of 28% and permeability
between 250 and 2000 mD . This permeability range was derived from WNB HSA
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well tests (Lingen, 2014) and core plug measurements (TNO, 1977). The thickness
of the homogeneous models in the sensitivity analysis varied between 50 and 120
m.

5.3. Numerical production simulations

The numerical modelling procedure follows the approach as explained in chapter 4.
Differently in this chapter, the aquifer was confined between two 50 m thick imper-
meable over- and underburden layers that provide thermal recharge. The energy
balance was solved for a rigid medium fully saturated with water, in which thermal
equilibrium was assumed between the fluid and solid phases:

a
pCo-T + puCu¥ - @T) =V AIVT) =0 (5.1)

In this balance, t (s) is time, T [K] is the temperature, p is the mass density
[kg/m3), C,, [/kgK] is the specific heat capacity, A [W/mK] is the thermal conduc-
tivity, I the identity matrix, and g [m/s] is the Darcy velocity vector. The suffix
w refers to the pore fluid and s to the solid matrix. The heat capacity, density
and conductivity values for aquifer grid blocks are 730 J/kgK, 2650 kg/m3 and 2.7
W/mK respectively. For the non-aquifer blocks these values are 950 J/kgK, 2600
kg/m3 and 2.0 W/mK. The thermal conductivity and the volumetric heat capacity are
described in terms of a local volume average. Heat conductivity, density and heat
capacity are assumed to be independent of temperature for simplicity and described
by: 1 = (1-p )2+ pA,, and: pC= (1-¢ )oCs+ ¢pp,, Cy, in Which ¢ is the porosity.
This Darcy flow velocity vector can be determined by: g = (kV P)/u, where is k
[m?] the intrinsic permeability, u the temperature and salinity dependent viscosity
explained in chapter 4, and P [Pa] the pressure. The pressure field is obtained
through solving the continuity equation: ¢ (@ p, )0t + V-(p,, )= pw S, where S
[1/s] is external sinks and sources. The production simulations yield a production
temperature development over time and the required injection and production pres-
sure for the defined production rate. The difference between these pressures for
each time step / (AP;) was used to estimate pump energy losses (Eyymp,;) as indi-
cated in equation 5.2 (e.g Willems et al., 2017), where Q is the production rate and
€ the pump efficiency. The produced energy (Epoq,) Was estimated by equation
5.3 on each time step i (e.g Willems et al., 2017) in which p,, is the water density
of 1050 kg/m?3 and AT; the difference between injection and production tempera-
ture on each time step i. The net energy production, or the doublet capacity was
determined by the sum of the produced power and the pump power losses.

QAP;

Epump,i = ——

- (5.2)

Eprod,i = QpwCwAT; (5.3)
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5.4. Net Present Value model

A NPV model developed by Van Wees et al. (2010) was utilized to relate production
simulations to NPV. Input for the NPV calculations were net energy production in
Watt and the economic parameters listed in Table 5.1. In our study, additional
separator costs were included, because in many WNB doublets natural gas co-
production occurs. The NPV is the depreciated, discounted, net-cumulative income
after 15 years. This period was chosen, because it is the maximum duration of
the Dutch feed-in tariff scheme (SDE+) for geothermal energy (Van Heekeren and
Bakema, 2013, 2015). 0.25 M€ pump work-over costs were taken into account
every five years, which is equal to half of the estimated pump costs. 40% down-
time was assumed for maintenance throughout the year.

Base case economic parameters

Heat price 6 €/G]

Electricity price for operations 22,22 €/G]

Discount rate 7 %

CAPEX %

Well costs 1.5 M€/ km

Pump 0.5 M€

Separator 0.1 M€

Contigency costs (10%) 0.89 M€

SEI (insurance) 0.69 M€

OPEX 5 % of CAPEX/year
Tax 25.5 % of taxable income
Depreciation period 10 years

Feed-in tariff (SDE+)

Base energy price (2015) 0.052 €/kWh

correction price (2015) 0.019  €/kWh
contribution SDE+ 9.17 €/G]

Table 5.1: Base case economic parameters for the NPV realisation based on Van Wees et al. (2010)

Because doublet wells are drilled from one surface location, doublet well spacing
influences the well length (Figure 5.1). In this study, the length of a single well (WL)
was approximated by the sum of a vertical (Do) and a deviated section (Dge,),
WL=D,,e++Dge,. The vertical section was assumed to be 1500 m. The length of the
deviated section, was approximated by:

Daev = \/TVD ~ Dra)P+ (5 (54)

In equation 5.4, TVDis True Vertical Depth which is 2.2 km and L is the doublet
well spacing. Using this equation, a reduction of the well spacing from 1000 m
to 800 m could result in a reduction of the total well length by 2% and drilling
costs could reduce accordingly. As drilling costs of a 2.2 km deep doublet are
approximately 7.2 M€ (Van Wees et al., 2010; Nielson and Garg, 2016), a reduction
in spacing from 1000 to 800 m could lead to up to 0.14 M€lower investment. A
reduction from the 1500 m standard to 800 m would decrease the total well length
by approximately 9% and the associated well costs by approximately 0.65 M€.
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1000 m

Figure 5.1: Well lay-out example of a conceptual doublet in the WNB. The black dotted lines indicate
how a well spacing reduction influences the total doublet well length. The wells target a fluvial sand-
stone fault aquifer bounded by faults drilled deviated from one surface location. Yellow colours indicate
sandstone and greenish and grey colours indicate impermeable floodplain fines.

5.5. Analyses

5.5.1. NPV sensitivity analysis

In the sensitivity analysis, the effect of a 100 m and 400 m well spacing variation
from a 1000 m base case scenario on the NPV was evaluated. This was compared
to the relative impact of other parameters. In this analysis, homogeneous aquifer
models were utilized. Two categories of parameters were compared, financial and
production related parameters. The financial parameters were varied by £10% of
the base case value. Production related parameter ranges were derived from the
geological data and currently active WNB doublets. The parameter ranges are listed
in Figure 5.3. In the analysis, each parameter was varied individually, while keeping
the others at the base case value.

5.5.2. Impact of fluvial facies architecture on life time

In the second part of this paper, the effect of aquifer architecture on the advantage
of reduction in well spacing was evaluated. In this part, production simulations were
carried out utilizing detailed fluvial facies architecture realisations. In the set of
realisations, N/G varied between 15 to 70% N/G. Doublet wells were placed at 400,
600, 800 and 1000 m (Figure 5.2A) under the condition that both wells intersect the
same amount of sandstone grid blocks, like in chapter 4. Doublet well pairs were
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placed parallel to the paleo flow direction as this reduces the required pump energy
losses (chapter 3). For comparison, two homogeneous models were generated in
which the thickness was adjusted by 15 and 70% respectively (Figure 5.2B and C).
In this way, both model types had the same net-aquifer volume range. Two life time
scenarios were considered. In the first scenario A, the life time was reached after
the production temperature decreased by 10% of its initial value. In the second
scenario B, the life time was reached when the temperature decreased by 1°C.

B. 15% N/G Homogeneous model:

A. Facies realisation 32,5 % N/G:

= |=1000m
L=800m
L=600m

Figure 5.2: (A) Example of a facies realisation used in a production simulation with four well spacing
distances. Homogeneous models with adjusted height to compensate for the uncertainty in net aquifer
volume for (B) 15% and (C) 70% N/G.
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5.6. Results

5.6.1. Base case scenario

The thermal capacity of our base case doublet is 4.1 MW (equation 5.2 and 5.3).
The associated discounted cumulative cash flow and the net annual income are
presented in Figure 5.3A. For the base case scenario the NPV is approximately
3.7 M€and represents the cumulative discounted cash flow after 15 years. The
associated Internal Rate of Return on Investments (IRR) would be approximately 8
years. The thermal breakthrough moment happens after more than 60 years, even
if aquifer thickness is reduced to 50 m (Figure 5.3B). After this thermal breakthrough
the production temperature only decreases by approximately 1 to 2 °C per decade.
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Figure 5.3: (A) Base case scenario cumulative discounted cash flow and net annual income. (B)
Production temperature development for 1000m wells spacing, 100 m3/h production rate in the base
case scenario and in a 50 m thick aquifer.

5.6.2. NPV sensitivity analysis

The result of the sensitivity analysis is presented in Figure 5.4. A tornado plot
shows the change in NPV in percentages (ANPV), as a result of the variation of a
single parameter. This change is defined as: (NPVgc - NPV, )/NPVg- 100%. NPVpgc
is the base case NPV, and NPV, is the NPV as a result of adjustment of a parameter
in the sensitivity analysis. The parameter ranges are presented on the right side
of the tornado plot. These analysis indicates that variation of the temperature
difference between injection and production water (AT) has the most significant
impact on a HSA doublet NPV. A five degree Celsius variation could change the
NPV by approximately 50%. A 10 m3/h variation of the production rate could vary
the NPV by up to 40%. Reducing the well spacing from 1400 to 1000 m could
improve the NPV up to 15%. Because well length is estimated by equation 4, the
well length decreases by 5.5% if the well is reduced from 1400 to 1000 m. An
additional reduction from 1000 to 600 changes well length by 4.2%. Therefore
the tornado plot shows a slight asymmetrical result. An additional well spacing
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reduction from 1000 to 600 m increases the NPV by approximately 13%. The 100
meter well spacing variation has smaller impact on the NPV of approximately 4%.
Permeability, aquifer thickness and pump efficiency have a limited effect on the
NPV. Because of the inverse relation between injection pressure and permeability,
the negative effect of a 750 mD permeability reduction on NPV is larger than the
positive effect of a 1000 mD permeability increase. Variation of the pump energy
efficiency by £10% (equation 5.2) did not have a significant impact on NPV (less
than 1%). Other parameters that have a significant impact on NPV are CAPEX and
the height of the feed-in tariff subsidy. 10% variation of discount rate, heat price
and OPEX affect the NPV by approximately 10%. In our analysis, well spacing is
the only independent parameter, which is determined prior to drilling. Production
rate and AT depend on geological uncertainties, surface facility efficiency and on
required heat consumption. Also, all financial parameters depend on economy or
government policy. Therefore, these results also indicate the uncertainty in NPV as
a result of uncertainty in geological and financial circumstances. Note that these
results are based on homogeneous aquifer models, the effect of facies and property
heterogeneities are not included.

Production parameters Min BC
AT (Tprod - Tinj) [°C] ] 35 40 45
Production rate [m3/h] — a0 100 110
Awell spacing 400 [m] [ ] 600 1000 1400
AWell spacing 100 [m] [} 200 1000 1100
Permeability [mD] = 250 1000 2000
Reservoir thickness [m) l- H min - 50 75 100
Pump efficiency [3] . max | 54 60 66
-60% -30% 0% 30% 60%
Financial parameters -10% BC +10%
CAPEX [M€] | — s 87 e
Feed-in tariff [€/G)]] T 8.25 9.17 10.09
Discount rate [%) . _ - 6.3 7 7.7
Heat price [€/ Gl] . _ " -10% . 5.4 & 6.6
OPEX [% of CAPEX] —— m+10% | 45 5 5.5
-60% -30% 0% 30% 60%

Figure 5.4: Tornado plots illustrating the impact of several parameters on NPV in percentages. The
parameter ranges and their base case (BC) values are presented on the right side of the tornado plots.
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The parameters in the sensitivity analysis affect the NPV of a doublet because
they influence the discounted cumulative cash flow. This is because the initial in-
vestment costs are changed or the net income is affected. Examples of discounted
cumulative cash flow in three scenarios (A,B and C) from the sensitivity analysis are
presented in Figure 5.5. Scenario A is the base case scenario. In scenario B the
well spacing is reduced by 400 m from 1000 to 600m while all other parameters
are kept at their base case value (Figure 5.4). As a result, the initial investments
costs are reduced while the net income is constant. Therefore, the discounted
cumulative cash flow curve is shifted upward, increasing the NPV after 15 years
(Figure 5.5). In scenario C the production rate is increased from 100 to 110 m3/h
while all other parameters are kept at their base case values. The higher produc-
tion rate increased the slope of the discounted cumulative cash flow, which also
increases NPV (Figure 5.5).

(2]

- A: base case
b |= = =B:L600; Q=100 m3/h -
C:Q =110 m3/h; L=1000 m

Y

discounted cumulative cashflow [M€]

time [years]

Figure 5.5: Discounted cumulative cash flow for scenario A (base case parameters), B (L=600, Q=100
m3/h) and C (L=1000 Q= 110 m3/h) in the sensitivity analysis.

The theoretical advantage of a well spacing reduction on NPV in Figure 5.4,
applies to a typical WNB HSA doublet. To evaluate the effect of well spacing variation
on NPV in doublets in other basins or countries, the sensitivity analysis is repeated
for doublets with different drilling costs, production or reinjection temperatures
and production rates. These three parameters are chosen because they have the
most significant impact on NPV according to our analysis results in Figure 5.4. In
scenario 1 and 2, drilling costs are varied by 0.3 M&/km from the WNB base case
(Table 5.1). In scenario 3 the AT is 5 degrees higher than in our base case scenario.
This could be a result of a higher production temperature or higher heat extraction
efficiency and affects the net energy production (equation 5.3). In contrast in
scenario 4 the AT is 5 degree lower. Finally the production rate is changed by 20
m3/h in scenario 5 and 6. In these six scenarios only the base case value of the
indicated parameter in scenario 1 to 6 is varied while all other values are kept at
the same value as in Figure 5.4. For each scenario, a new NPV value is calculated.
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Subsequently, the effect of a 100 m well spacing variation from 1000 m on this
NPV is calculated. The results are presented in Figure 5.6. The results indicate that
well spacing variation has greater impact on NPV in areas with higher drilling costs.
If the drilling costs are 0.3 M€/km higher than in the WNB, the 10% well spacing
reduction changes NPV by approximately 10% which is approximately 5% more
compared to the result in Figure 5.4. If the doublet capacity is lower because of
the 5 degree reduction of AT, a 10% well spacing reduction could increase the NPV
by up to 15%. Well spacing reduction has an even higher impact on NPV in doublet
with lower production rates. In a doublet with an 80 m3/h production rate, a 10%
well spacing reduction increased the NPV by approximately 25%. In doublets with
lower drilling costs, higher AT, or higher production rates compared to the WNB
base case, the impact of well spacing reduction on NPV remains a few percentages.
These results imply that reducing the well spacing to improve NPV is more relevant
for marginally economic doublets.

mLl=1100m

WHNE BC Awell spacing 100 m (figure 4) | - L= 500m

1 drilling costs: 1.2 M&/km L

2 drilling costs: 1.8 ME&/km B

3 AT{Tprod-Tinj): 45°C o

4 AT (Tprod-Tinj): 35°C [ —

5 production rate: 80 m3/h [E——— |

6 production rate: 120 m3/h L

-60% -30% 0% 0% 60%
ANPVY

Figure 5.6: Effect of 10% well spacing reduction on NPV from 1000 to 900 m, for different base case
scenarios. In scenario 1 to 6 all other parameters are equal to the base case values of Figure 3. AT
is the difference between injection and production temperatures. For comparison, the effect of 100 m
well spacing variation in the base case scenario is presented on top.
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5.6.3. Impact of fluvial facies architecture on doublet life time
The production simulations with detailed fluvial facies architecture realisations show
that 800 m spacing is sufficient to obtain more than 15 year life time. This is the case
when the allowed production temperature drop is 1°C and 7.5°C, with a production
rate of 100 m3/h (Figure 5.7). If the production rate is 150 m3/h, 800 m spacing
is only sufficient when AT is 7.5°C. With 600 m spacing the life time exceeds 15
years only with a 100 m3/h production rate and with AT of 7.5°C. The results also
indicate an underestimation of the uncertainty in life time by the homogeneous
aquifer models. The range of life time results per well spacing distance is larger,
when detailed facies architecture realisations are used. This uncertainty increases
for larger well spacing distances. In contrast, it is lower for higher production
rates. The uncertainty in life time increases slightly for higher allowed production
temperature drop (AT).

AT = 7.5°C, Q=100 m%h O AT = 1°C, Q=100 m?h

=100F 1
“ 50 F

0 H

AT =1°C, Q=150 m*h

150 J
W ——Homogensous 70% NG
@ AR I B R Homogeneous 15% NIG
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Figure 5.7: Life time for different well spacing in homogeneous models (blue and black line) and facies
realisations (red dots) utilising life time scenario of a 7.5°C production temperature drop (left column)
of a 1°C drop (right column). The horizontal black dotted line indicates the minimal required 15 year life
time for the feed-in tariff scheme. The red line indicates the life time distribution of life time per well
spacing for the facies realisations.
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5.6.4. Impact of fluvial facies architecture on NPV

Figure 5.8A shows that the fluvial facies architecture could significantly influence
the NPV. The NPV to well spacing relation for the 15% homogeneous model is still
higher than the average NPV to well spacing relation for all detailed facies reali-
sations. This could be explained by Figure 5.8B. This figure presents the ratio of
produced heat (Epq) and pump energy losses (Epymp) in €ach doublet scenario. It
shows that in the detailed facies realisations, pump energy losses are significantly
higher which decreases the net energy production and hence income. This is a re-
sult of the risk of flow path formation between the wells. No clear trend is observed
between the energy ratio and well spacing in the facies models in Figure 5.8B. In
contrast, a slight reduction of the energy ratio is recognized with increasing well
spacing for the 70% N/G homogeneous model. The energy ratio is approximately
5% lower for 400 m spacing compared to 1000 m spacing. For the 15% homo-
geneous model this reduction is not recognizable in this figure. A similar trend
would have been observed for the detailed facies models if sufficient realisations
were used. Nevertheless, the effect of well spacing on pump energy losses will
not have a significant impact in NPV in this well space range. Note that the ratios
in Figure 5.8B apply to a single moment in time as pump energy values are time
dependent (Figure 5.8C and D). This is because of the transient pressure stabilisa-
tion in the aquifer and because of the temperature dependent viscosity of the brine
in our simulations. Pump energy varies more significantly over time in lower N/G
realisations (Figure 5.8C) compared to high N/G realisations (Figure 5.8D). Heat
production remained constant until thermal breakthrough (Figure 5.8C). The vari-
ation in pump energy losses and heat production were, however, small and varied
by less than 0.02 MW in 20 years.
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A consequence of reducing the well spacing is a reduction of the maximal pos-
sible amount of recoverable heat (Figure 5.9). In addition, increasing production
rate increases NPV but decreases the recoverable energy (Figure 5.9). In contrast
larger well spacing increases the recoverable energy as it increases life time. Larger
well spacing is therefore favourable in lower N/G aquifers or in doublet with high
production rates. The results in Figure 5.9 suggest that a compromise between
financial efficiency and recovery efficiency of a doublet could be obtained depend-
ing on the expected sandstone volume, required production rate and required life
time. Finally, Figure 5.9 confirms that reducing well spacing to improve NPV is more
relevant for marginally economic doublets with low production rates. In the 45%
and 70% N/G models with 100 m3/h production rate, an optimum in NPV is most
clearly recognized. No peak in the NPV curves is observed when the life time is too
low because of high production rate or low sandstone volume.
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5.7. Discussion

Well spacing reduction and the advantage on NPV

Our results show a possible improvement of the NPV of approximately 15%, when
well spacing was reduced from 1400 to 1000 m. Even a small reduction of 100
m could already improve NPV by up to 4%. The sensitivity analysis indicates that
variation of AT (T4 — Tinj) @and production rate have a more significant impact on
NPV. However, these parameters are to a large extent dependent on (1) geologi-
cal uncertainties and (2) technological constraints. Geological uncertainties include
aquifer temperature of several degrees (Bonté et al., 2012) and aquifer productivity.
Also all financial parameters are influenced by external factors such as economy,
government policy and regional rates of equipment and technology. Well spacing
is one of the parameters in our analysis that could be designed prior to drilling. So
far, well spacing is primarily designed to create sufficient life time (e.g. Mottaghy
et al., 2011; Daniilidis and Herber, 2016). Therefore our study takes a more com-
prehensive look at the effect of well spacing. This becomes increasingly important
with more widespread deployment of geothermal doublets. The current spacing
standard significantly limits the possible number of doublets in the WNB (e.g. Mijn-
lieff and Wees, 2009). Well spacing reduction would therefore not only improve the
financial competitiveness of individual doublets but also enhance exploitation on a
regional scale. Furthermore, our results indicate that well spacing reduction has
a stronger impact in doublets with a lower productivity or net energy production
rate. This is because the NPV results from a combination of initial investment and
the height of the net income. These parameters determine the starting point and
slope of the discounted cumulative cash flow (Figure 5.2). Optimisation of NPV
by reducing well spacing is therefore of particular interest for marginally economic
HSA doublets. Our results are based on the assumption that the minimal required
life time is 15 years. This applies to HSA doublets in the Netherlands, because this
is the maximum duration of the Dutch feed-in tariff scheme. As a result the well
spacing for an optimal NPV is the smallest well distance with a minimal production
temperature reduction in this period of time. This is of course related to a specific
production rate. Most geothermal systems however, are designed to produce for
a much longer time such as 30 to 50 years, which requires a larger well spacing.
The NPV model by Van Wees et al. (2010) assumes an ideal HSA exploitation sce-
nario. It does not accurately reflect current WNB investment costs and NPV. Firstly,
this is a result of neglecting the costs which are associated to years of preparation
prior to drilling and consultants. In addition, often unexpected maintenance and
workover costs add to the initial investments in the first years. HSA exploitation
started approximately 10 years ago in the WNB and currently passes through a
learning curve. Therefore, our estimated investment costs apply more to future
Dutch doublets that are able to take advantage of the exploitation experience of
the first decade of HSA exploitation.

Furthermore, the NPV is increased in the base case scenario of the sensitivity
analysis (Figure 5.3A) because of the relatively high porosity and permeability values
of 28% and 1000 mD, respectively. In WNB doublets the NPV might be lower
because of the impact of geological heterogeneity on net energy production (e.g.,



5.7. Discussion 87

Figure 5.8A). Nevertheless, well spacing reduction would be especially relevant for
more marginally economic doublets as was shown in Figure 5.6.

In our simulations, vertical wells are used. Deviated wells could improve the
injectivity and productivity increasing the net energy production and improve NPV.
Hence, for optimisation of doublet design, the preferred angle of the deviated well
should be determined for a specific aquifer as it depends on the geological model,
net sandstone volume and aquifer thickness.

Life time

The main reason for the large current well spacing standard of 1000 to 1500 m
is to avoid early cold water breakthrough. However, our production simulations
indicate that this spacing might be overcautious. The life time in our production
simulations varies between 60 and 100 years in life time scenario A, and 15 to 35
years in life time scenario B both with 150 m3/h production rate and a 1000 m well
spacing (Figure 5.5). This shows that despite our conservative aquifer thickness of
50 m, still a considerable life time could be expected. Most current WNB doublets
actually have a larger well spacing. However, well spacing optimisation requires a
better understanding of the uncertainties in life time. Doublet life time is signifi-
cantly affected by facies architecture (Hamm and Lopez, 2012; Crooijmans et al.,
2016). Our production simulations with detailed facies architecture realisations in-
dicate that homogeneous models underestimate doublet life time. This is because
impermeable claystone bodies provide thermal recharge to the cold water plume
and flow baffles increase flow path length between the wells. Secondly, homoge-
neous models overestimate the net energy production of the doublet (Figure 5.6B)
because flow baffles or barriers could decrease injectivity or productivity. Espe-
cially in low N/G aquifers, wells might intersect different sandstone bodies that do
not form flow paths between the wells which increases the required pump energy
losses. Doublet well pairs were oriented parallel to the paleo flow direction and
the orientation of the fluvial sandstone bodies. Perpendicular doublet orientation
would increase the required pump energy losses (e.g., chapter 3) and therefore re-
duce NPV. In addition, perpendicular doublet orientation would have increased life
time uncertainty. This is a result of a higher probability that impermeable claystone
bodies form flow baffles or barriers. Flow-barriers can reduce life time when they
cut-off permeable parts of the aquifer reducing the net reservoir volume while the
flow baffles increase life time when they increase flow path length (e.g., chapter 4).
Our results show that a statistical approach with multiple realisations is required to
capture uncertainties in life time and doublet capacity. The large spread in life time
(Figure 5.5) indicates that more realisations would be required to accurately capture
this uncertainty in life time and capacity as were used in our study. The goal of our
study was, however to examine how facies heterogeneities influence the theoretical
advantage of well spacing reduction on NPV. Our results support the possibility to
reduce the well spacing, especially because the net sandstone volume in our models
is very conservative. For example, no WNB doublet only encounters a 15 to 20%
N/G aquifer of 50 m thickness. In general, WNB aquifers have a larger thickness and
higher N/G percentage. Our conservative sandstone volumes results in low doublet
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capacities (Figure 5.6B) and therefore lower NPV compared to the base case sce-
nario. In reality, doublets with very low injectivity or net sandstone volume would
not be taken in production without any measures (e.g. Blocher, 2016). Examples
of such a measures are to continue drilling into a higher N/G interval or to increase
heat exchange surface by hydraulic stimulation. If we would compensate for this,
life time and NPV in our results would increase. The detailed facies architecture re-
alisations in this current study are simplified by neglecting small scale permeability
heterogeneities and assuming isotropic aquifer properties in grid blocks. Examples
of such small scale heterogeneities are shale drapes, accretion surfaces and bed-
ding planes (e.g. Pranter et al., 2007). These features decrease on average the
permeability perpendicular to the paleoflow direction. This could be accounted for
adjusting the permeability in different directions in each grid block like in Bierkens
and Weerts (1994). Furthermore porosity was randomly distributed amongst the
sandstone grid blocks. In reality the porosity of channel lags, point-bars and sand
plugs varies more systematically across sandstone bodies as a result of sedimentary
process (Willis and Tang, 2010), which could influence flow path formation through
the sandstone bodies (Larue and Hovadik, 2008). These heterogeneities could fur-
ther diffuse the cold water plume. Note that in our simulations flow only occurs
through the rock matrix and no fractures are present. Fractures, especially parallel
to the flow between the doublets could decrease the thermal breakthrough time
of the cold water plume. Finally, it could be argued that not only the sandstone
volumes in our simulations were conservative, also the assumptions on the mini-
mal production temperature could be considered as such. The minimum required
production temperature for economic Dutch HSA exploitation for greenhouse heat-
ing is assumed to be 45°C and 65°C for district heating purposes (Pluymaekers
et al., 2012). These minimal temperatures are lower than the 67.5°C in our life
time scenario A and much lower than the 74°C of scenario B. Furthermore, due to
likely technological improvements on insulation and technological efficiency in the
next decades, lower production temperatures will most likely be sufficient in the
future. Our simulations show that production temperature reduces by 0.5 to 1°C
per year, depending on the net sandstone volume and production rate. The speed
of production temperature reduction in our simulations is relatively low compared
to previous studies (e.g. Mijnlieff and Wees, 2009) because thermal recharge from
over and under burden is taken into account (Poulsen et al., 2015). In Figure 5.10
the production temperature development over time in homogeneous aquifer models
and detailed aquifer architecture models are compared as an example. Doublets in
these simulations have a 600 m well spacing and 100 m3/h production rate. In the
lowest N/G aquifer realisation, the production temperature drops below 60°C after
60 years. In the highest N/G realisation this production temperature is reached af-
ter approximately 140 years. Therefore, Figure 5.10 underlines conservative nature
of our minimal temperature assumptions.
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Figure 5.10: Production temperature development over time for a 600 m well spacing for all facies
realisations (thin coloured lines) and the two homogeneous models as indicated in the legend.

5.8. Conclusions

This paper presents a modelling based study on the advantages and impacts of a
well spacing reduction in HSA doublets. Firstly, our results indicate that a reduc-
tion of 400 m well spacing could lead to a NPV improvement of up to 15%. The
impact of well spacing reduction on NPV is more significant in marginally economic
doublets. Secondly, production simulations with detailed facies aquifer architecture
derived from WNB geological data are used to evaluate the impact of smaller well
spacing on life time. Our results suggest that sufficient life time could be obtained,
if the well spacing is reduced below the current 1000 to 1500 m standard. These
current standards aim to avoid early cold water breakthrough. However, our results
show potential overdesign of these standards. This results in the negative effect of
decreasing the financial competitiveness of geothermal exploitation and reducing
the possible number of doublets in a region. Finally, the comparison of production
simulations with detailed facies architecture realisations and homogeneous models
shows that homogeneous models underestimate the uncertainty in life time and
doublet capacity. The aquifer heterogeneities have a significant effect on the flow
path formation between the wells. Therefore, a statistical approach with multiple
realisation is required to accurately assess HSA potential and to optimise exploita-
tion efficiency.
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6

An evaluation of interferences
in heat production from low
enthalpy geothermal doublets
systems

Abstract

Required distance between doublet systems in low enthalpy geothermal heat ex-
ploitation is often not fully elucidated. The required distance aims to prevent neg-
ative interference influencing the utilisation efficiency of neighbouring doublet sys-
tems. Currently production licence areas are often issued based on the expected
extent of the reinjected cold water plume on the moment of thermal breakthrough.
The production temperature, however, may not immediately drop to non-economic
values after this moment. Consequently, the heat production could continue and
the cold water plume in the geothermal aquifer could grow further sweeping a larger
area. Furthermore, the reservoir pressure influenced by the injection and produc-
tion spreads beyond the cold water plume extent, influencing not only the produc-
tivity of the adjacent doublet systems but also the shape of cold water plumes. This
affects doublet life time, especially if adjacent doublets have different production
rates. In this modelling based study a multi parameter analysis is carried out to
derive dimensionless relations between basic doublet design parameters and re-
quired doublet distance. These parameters include the spacing between injector
and producer of the same doublet, different production rates, reservoir thickness
and minimal required production temperature. The results of this study can be
used to optimize positive interference or minimise negative interference aiming at
improving geothermal doublet deployment efficiency.

This chapter is based on: Willems, C.J.L., Nick, H.M., Weltje, G.J., Bruhn, D.F,, An evaluation of interfer-
ences in heat production from low enthalpy geothermal doublets systems, Submitted.
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6.1. Introduction

Low enthalpy Hot Sedimentary Aquifers (HSA) are often exploited by multiple indi-
vidual geothermal operators with a single or a few doublet systems. An example
of this type of geothermal exploitation can be found in the West Netherlands Basin
(WNB) (e.g. Van Heekeren and Bakema, 2015). Different geothermal operators
may have different business cases with associated requirements for minimal pro-
duction temperature, life time and heat production rate. In the WNB a geothermal
production licence typically has an area which is equal to a rectangle with a size of
Lx 2L, in which L is the injector to producer well spacing (e.g. TNO, 1977; Mijnlieff
and Wees, 2009). This area should capture the extent of the cold water plume
at the moment of thermal breakthrough. After this moment, however, the produc-
tion temperature may not necessarily drop immediately below non-economic values
(e.g. Hamm and Lopez, 2012; Crooijmans et al., 2016; Willems et al., 2016). In
the WNB the production temperatures range from 70°C to 90°C, while the minimal
required production temperature for economical HSA exploitation is 40°C according
to Pluymaekers et al. (2012). Obviously, continued production increases the extent
of the cold water plume and thereby the area of influence of a doublet. Hence, the
current licencing strategy may limit the recovery efficiency since the heat produc-
tion could continue after the thermal breakthrough moment. In addition, doublet
exploitation affects aquifer pressure distributions over much larger areas than the
production licence (e.g. Mijnlieff and Wees, 2009). This could disturb injectivity and
productivity of adjacent doublets. Moreover, it could influence the shape of the cold
water plumes of adjacent doublets, thus, affecting their life time. This kind of in-
terference becomes more pronounced when an adjacent doublet has a significantly
higher production rate. In the Netherlands for example, current production rates
vary from 100 m3/h to 300 m3/h (e.g. Mottaghy et al., 2011; Pluymaekers et al.,
2012; Daniilidis and Herber, 2016) which may require a larger space between the
doublets. The current WNB licencing strategy may underestimate the required dou-
blet distance which could eventually lead to an inefficient recovery and a negative
interference. The challenges of preventing interferences in a Common-Pool Re-
source (CPR) are well known in exploitation of other types of geothermal resources
than HSA. An example is shallow geothermal systems for Aquifer Thermal Energy
Storage (ATES). However, these resources have different characteristics that in-
fluence interference. Unlike in HSA exploitation ATES systems operate periodically
(and injection and production can be reversed). Therefore exploitation could be
optimised in cycles based on experience from a previous cycle (e.g. Sommer et al.,
2015). In addition wells can easily be shut in and replaced by new ones on different
locations to optimise exploitation due to significantly lower costs (e.g. Jaxa-rozen
et al.,, 2015). A similarity between ATES and HSA exploitation is that doublet sys-
tems are often overdesigned and sub optimal use of the heat source is imminent
(Sommer et al., 2015; Willems et al., 2016). In contrast, high enthalpy geothermal
resources face a different challenge of over-exploitation. In this type of exploitation
reinjection is not standard and hence pressure depletion plays a major role in inter-
ference (e.g. Malafeh and Sharp, 2014; Tureyen et al., 2015). Compared to other
types of geothermal resources, HSA are still a less established type of geother-
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mal resource (e.g. Boxem et al., 2011), albeit with a growing interest for heating
purposes, not only in the Netherlands. To improve the potential of this type of
resource it is of particular importance to reduce risks of negative interference and
enhance potential recovery by optimising the layout and licensing of these type of
systems. The goal of this study is to better understand the required doublet dis-
tance as function of basic doublet design parameters. These parameters include
injector to producer spacing, production flow rate, reservoir thickness and minimal
required production temperature. The relation between these parameters and re-
quired doublet distance could be used to prevent negative interference, but also
to optimise doublet deployment. This study is based on a case study of the West
Netherlands Basin (WNB) where 15 doublets have been realised and 30 additional
exploration licences were granted in the past 15 years. A modelling based approach
is used in this study to explore the effect of doublet design parameters and doublet
distance on interference in HSA exploitation. The design parameters ranges are
derived from a WNB case study (e.g. Willems et al., 2017). Relations between dou-
blet performance, doublet distance and the doublet parameters are derived from
the multi-parameter analysis. These relations could be used to determine required
doublet distance.

Interference and doublet configurations

In this study, two different doublet configurations are considered. If injectors and
producers are aligned, this is referred to as the ‘tramline configuration’. In contrast,
well functions can be alternated creating ‘checkboard’ pattern, which is referred
to as “5-spot well layout” in the hydrocarbon industry. Mijnlieff and Wees (2009)
showed that tramline configurations result in negative interferences in terms of life
time and net energy production. Injectors increase the ambient aquifer pressure
and therefore can reduce the injectivity of other neighbouring injectors. Producers
act in the opposite way. As a result, the cold water plumes are narrower and cold
water breakthrough occurs earlier. The opposite effect was recognized for check-
board configurations. In this configuration both life time and injectivity were en-
hanced. However, checkboard configurations could also induce cross flow between
adjacent doublets. Figure 6.1 illustrates both types of configurations, well spacing
and doublet distance. Mijnlieff and Wees (2009) used only constant production
rates in all doublets and the same well spacing and reservoir thickness throughout.
However, production rate contrasts are likely to influence the interference. In ad-
dition, the interference could be dependent on reservoir thickness and well spacing
as these factors influence the net aquifer volume and hence the life time. For this
reason, we included different production rates from neighbouring well doublets as
well as variations in reservoir thickness and well spacing in our analysis.
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Figure 6.1: Comparison of (A) checkboard configuration in which adjacent wells have oposite functions
and (B) tramline configuration where the nearest well of an adjacent doublet has a similar function.

6.2. Method

6.2.1. Overview

A 2D finite element approach was used to conduct a series of simulations for HSA
exploitation with two doublets in the same aquifer. In these simulations doublet
distance and other basic doublet design parameters were varied. These param-
eters included well spacing, production rates and reservoir thickness. Here, the
distance between wells in the same doublet was referred to as well spacing; the
distance between wells of two adjacent doublets was referred to as doublet dis-
tance. The multi parameter analysis was carried out for both the checkboard and
tramline configurations (Figure 6.1). Based on these simulations the impact of the
different parameters on doublet performance was evaluated in terms of life time,
net energy production and Net Present Value (NPV). The doublet performance of
the two doublets in tramline and the checkboard configurations was compared to
production simulations with a single doublet with the same well spacing, aquifer
thickness and production rate. Interference was expressed as deviation from the
performance of a single doublet as a result of the proximity of another doublet.

6.2.2. Reservoir non-isothermal flow modelling
A 9x9 km 2D, horizontal, homogeneous aquifer model was used for the produc-
tion simulations. Like in the previous chpaters of this thesis, the aquifer properties
were derived from Nieuwerkerk Formation subsurface data (e.g. TNO, 1977; Crooi-
jmans et al., 2016; Willems et al., 2017). These properties are listed in Table 6.1.
The aquifer properties were isotropic and only the rock matrix flow was taken into
account assuming no presence of fractures.

The numerical modelling procedure followed the same approach as was de-
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Parameter  Description Value  Dimension
k Permeability 1000 mD
[} Sandstone porosity 0.28 -
As Sandstone conductivity 2.7 W/m/K
Ceand Sandstone specific heat 730 J/kg/K
Cp Brine specific heat 4200 J/kg/K
Psand Sandstone density 2650  kg/m3
Phrine Brine density 1050  kg/m3

res Initial reservoir temperature 75 °C
Ting Re-injection temperature 35 °C

Table 6.1: List of parameters used in the dynamic model.

scribed in section 4.2.5 of this thesis. In this approach, the energy balance was
solved for a rigid medium fully saturated with water, in which thermal equilib-
rium was assumed between the fluid and solid phases: pC d/0t T+ p,Cy V-(p
T)-VALI(VT)=0. In this balance, t [s] is time, T [K] is the temperature, p is the
mass density [kg/m3], C, [J/(kgK)] is the specific heat capacity, 2 [W/(mK)] is
the thermal conductivity, I the identity matrix, and g [m/s] is the Darcy velocity
vector. The thermal conductivity and the volumetric heat capacity were described
in terms of a local volume average. Heat conductivity, density and heat capacity
were assumed to be independent of temperature for simplicity and described by:
= (1-¢p )As+ ¢pA,, and pC = (1-¢ JpsCs+dp,Cy, in which ¢ is the porosity. This
Darcy flow velocity vector was determined by: g = (kVP)/u , where is k [m?] the
intrinsic permeability, u the temperature and salinity dependent viscosity like in
(Crooijmans et al., 2016), and P [Pa] the pressure. The pressure field was obtained
through solving the continuity equation: ¢(dp,)/0t +V-(pq)= pS, where S[1/s]
is external sinks and sources. The suffix w refers to the pore fluid and s to the solid
rock matrix. The values of all constant parameters are listed in table 6.1. Triangular
elements were used for the spatial discretisation that range in size from 0.2 near the
wellbore to 150 m far away from the doublets. The production simulations yielded
a production temperature development over time and the required injection and
production pressure for the associated production rate and set of parameters. The
difference between these pressures (AP) was used to estimate pump power losses:
Epump= (Q AP)/e (e.g. Willems et al., 2017), where Q is the production rate and &
the pump efficiency of 60%. The produced power (Epoq) Was estimated by: Epoq=
Q pp Cp AT (e.g. Willems et al., 2017) in which AT is the difference between injec-
tion temperature (35°C) and production temperature. The net power production
was determined by the sum of the produced energy and the pump energy losses.

6.2.3. Net Present Value model

The results of production simulations were expressed in financial terms utilising the
same NPV model as was described in section 5.4 of this thesis. The NPV is the
depreciated, discounted, net-cumulative income after 15 years. This period was
chosen, because it is the maximum duration of the Dutch feed-in tariff scheme
(SDE+) for geothermal energy (Van Heekeren and Bakema, 2013, 2015). Pump
work-over costs of 0.25 M€ were taken into account every five years, which is
equal to half of the estimated pump costs. A down-time of 40% was assumed for
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maintenance throughout the year. The same NPV parameter ranges were used as
presented in table 5.1.

6.2.4. Multi parameter analysis

The parameter value ranges were derived from WNB subsurface data and produc-
tion data from currently active geothermal well doublets in the WNB (TNO, 1977;
Van Heekeren and Bakema, 2015; Mijnlieff and Wees, 2009; Willems et al., 2016)
and are listed in table 6.2. In the production simulations, different aquifer thick-
nesses of 25, 50 and 75 m were used. Well spacing was equal in both doublets;
four different well spacing distances were used: 600, 800, 1000 and 1500 m. The
distance between the two doublets (dx) was varied from 4000 m to the well spac-
ing (L) minus 100 m in approximately 13 steps. Production rates in the simulations
ranged from 50 m3/h to 300 m3/h in both doublets. Finally, the multi parameter
analysis was carried out for both doublet configurations: checkboard and tramline
Figure 6.2). In total some 10,000 simulations were conducted to analyse interfer-
ence. In addition simulations were carried out with a single doublet with the same
parameter value ranges for calibration of doublet performance.

Parameter Description Value Dimension
H Reservoir thickness 25, 50,75 m
L Doublet well spacing 600, 800, 1000, 1500 m
dx Doublet distance L-100 to 4000 m
Q Production rate doublet 1 50, 100, 150, 200, 250 m3/h
Q Production rate doublet 2 50, 100, 150, 200, 250,300 m3/h

Table 6.2: List of parameters used in the dynamic model.

Checkboard configuration Tramline configuration
Top view aquifer
= 5 ® o
n >
L ]]QI % Ha; a,
= =) e ———— . O
dx
@ Producer Q;: production rate in doublet i
o Injector L: well spacing, distance between injector and producer

dx: doublet distance

Figure 6.2: Doublet configurations in the production simulations. The arrows indicate the main flow
direction of the reinjected cold water towards the production well.
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6.2.5. Interference

The doublet performance for each set of parameters was analysed in terms of (A)
life time, (B) net energy production, and (C) Net Present Value (NPV). The life time
of a doublet was reached when the production temperature decreased to a minimal
allowed temperature (T,,»). Three life time scenarios were compared (I) Tpin =
72.5°C, (II) Tpin = 70°C and (III) T,,, = 67.5°C. Interference was expressed as
deviation from the performance of a single doublet. Life time interference (ALT)
was defined as:

ALT = (LTgy — LT4)LTsq.100% (6.1)

in which LT, is the life time of doublet 1 in a simulation with a certain doublet
distance (dx), well spacing (L) and flow rate contrast. LT, is the life time of a
single doublet with the same parameter values. Interference in terms of net energy
production (AEP) is defined in a similar way as:

AEP = (EPgy — EP5q.)EP54.100% (6.2)

In which EPy, is the net-energy production of doublet 1 width a certain doublet
distance (dx) and EP; 4 is the net-energy production of a single doublet. Finally the
effect of the interference on NPV of doublet 1 is defined as:

ANPV = (NPVgy — NPVsq)NPV¢4.100% (6.3)
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6.3. Results

6.3.1. Area of influence of a single doublet

After thermal breakthrough, production temperature starts to decrease by approx-
imately 2°C per decade (Figure 6.3A). In this example the reservoir thickness is 75
m, the well spacing 1000 m and the production rate 150 m3/h. For instance, if the
minimal production temperature is 70°C, the life time of the doublet is 61 years.
The cold water plume has a symmetrical tear-drop shape which is controlled by
the streamline pattern. At the moment of cold water breakthrough the cold water
plume lies within a rectangle with size 1000 m by 2000 m Figure 6.3B). However,
if the life time is 61 years, the cold water plume extends beyond these boundaries
(Figure 6.3B). The fluid pressure distribution is constant over time and extends far
beyond the rectangle boundaries. The pressure influence on the ambient reservoir
pressure is limited. It changes the pressure by less than 1 bar at several hundred
meters away from the wells (Figure 6.3C).

6.3.2. Area of influence, Tramline configuration

The impact of doublet distance is quantified for doublets in tramline configurations.
In Figure 6.4 production temperature development of one of the two doublets is
presented when the doublet distance (dx) is 4000, 3000, and 1000 m. The pro-
duction temperature development in these three scenarios is compared to that of
a single doublet with the same well spacing, reservoir thickness and production
rate. In this example the reservoir thickness is 75 m and the well spacing of both
doublets is 1000 m. The doublets have equal production rates of 150 m3/h. When
the doublet distance (dx) is 1000 m the production temperature reduces earlier and
faster compared to the scenario with a doublet distance of 3000 m. For two sys-
tems with a doublet distance of 4000 m the production temperature development
is almost equal to that of a single doublet. These observations can be explained by
the temperature- and pressure distribution development around the wells as well
as the streamline patterns (Figure 6.5). In tramline configurations, the proximity of
the adjacent injector deforms the cold water plume (e.g., Figure 6.5A). The asym-
metrical streamlines pattern in this figure confirms that flow velocity is higher in
between the two doublets. As a result, the cold water plumes have a narrower
tear-drop shape with a smaller doublet distance. In contrast, the cold water plume
expands in a more symmetrical way when the doublet distance is 4000 m (Fig-
ure 6.5B). Nevertheless, the pressure distribution is still influenced as is reflected
by the asymmetrical shape of the contour lines in Figure 6.5B. The production li-
cence area is equal to a rectangle with sides dx+L and dx, in which dx is doublet
distance and L is well spacing. Comparison of Figure 6.5A and B indicates that with
larger doublets distance, a much larger part of the aquifer will be left unswept.

6.3.3. Area of influence: checkboard configurations

The impact of doublet distance is quantified for doublets in checkboard config-
urations. The results indicate that the thermal breakthrough time is delayed by
several years when compared to a single doublet, for a model with the checkboard
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Figure 6.3: (A) Development of production temperature of a single doublet. (B) Temperature distri-
butions, streamlines and velocity vectors in the aquifer after 29 and 61 years. (C) Pressure distribution
around the wells. Contour lines indicate a 0.2 bar transition. The black rectangle indicate a standard
WNB production licence with the size of L x 2L, in which L is the well spacing.

configuration with a doublet equal to the well spacing Figure 6.6). After thermal
breakthrough however, temperature reduction is faster compared to that of a single
doublet. No noticeable interference occurs if the doublet distance is 4000 m, as the
production temperature development is equal to that of a single doublet. When
the doublet distance is 1500 m, the delay in thermal breakthrough is even larger.
These results indicate that an optimum in life time interference could be found
when doublet distance is larger than the well spacing and smaller than 4000 m. In
addition, the result in Figure 6.6 indicate that the doublet distance affects the rate
of production temperature reduction after the thermal breakthrough moment influ-
encing the doublet life time. Therefore, the life time of a doublet in the checkboard
configuration could be lower than that of a single doublet depending on the minimal
required production temperature, despite the delay in thermal breakthrough time.
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Figure 6.4: A) Development of production temperature of one of the two doublets in the tramline
configuration. The well spacing in both doublets is 1000 m and their production rate is 150 m3/h.
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Figure 6.5: Temperature and pressure distribution in the aquifer after 30 years for (A) doublet distance
dx= 1000 m and (B) doublet distance dx =3000 m. Streamlines and velocity vectors are illustrated in
the temperature plots. Contour lines indicate a 0.2 bar transition in the pressure distribution plots. The
black rectangle indicates the production licences in both scenarios A and B. The reservoir thickness is
75 m, the well spacing (L) in both doublets is 1000 m and their production rate is 150 m3/h.
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For example, in case of a minimum production temperature of 70°C, the life time
of a single doublet is larger than the life time of a doublet in the checkboard con-
figuration and a doublet distance of 1000 m. Figure 6.7 illustrates that checkboard
configurations result in wider cold water plumes compared to tramline configura-
tions (Figure 6.5B). Streamlines are less dense indicating that reinjected water flows
less fast towards the producers. This prolongs the thermal breakthrough time. For
the case of the doublet distance equal to 1000 m, the cold water plumes cross the
production licence boundaries after 30 years. With this doublet distance, the rein-
jected water flows to both adjacent production wells with the same rate. As a result
of this cross flow between the doublets, the production temperature reduces faster
after the thermal breakthrough moment. If the doublet distance is larger than the
well spacing, e.g. 1500 m Figure 6.7B), the cold water plumes do not cross the
production licence boundaries before the thermal breakthrough moment.
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Figure 6.6: Production temperature development of one of the two doublets in the checkboard configu-
ration. The reservoir thickness is 75 m, the well spacing in both doublets is 1000 m and their production
rate is 150 m3/h.

6.3.4. Interference as a function of doublet distance

Interference is evaluated in terms of life time, net energy production and NPV as
functions of doublet distance (Figure 6.8). Interference is expressed as deviation
of doublet performance from that of a single doublet. If ALT, AEP or ANPV is 0, no
interference occurs. Figure 6.8A to C relate to interference in tramline configura-
tions, and Figure 6.8D to F relate to interference in checkboard configurations. The
results show that interference is always negative in tramline configurations unless
the doublet distance is 4000 m or more, which is 4 times the well spacing in this
example. Furthermore, Figure 6.8 indicates that interference is most significant in
terms of life time. AEP and ANPV in these results were smaller than 0.1% while
ALT varies more significantly from 0 to 30% depending on the doublet distance and
doublet configuration. The minimal production temperature has a small effect of
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Figure 6.7: Temperature and pressure distribution in the aquifer after 30 years for (A) doublet distance
dx= 1000 m and (B) doublet distance dx =3000 m. Streamlines and velocity vectors are illustrated in
the temperature plots. Contour lines indicate a 0.2 bar transition in the pressure distribution plots. The
black rectangle indicates the production licences in both scenarios A and B. The reservoir thickness is
75 m, the well spacing (L) in both doublets is 1000 m and their production rate is 150 m3/h.

several percentages on the life time. ALT is larger if T, is lower in the tramline
configuration. In the checkboard configuration, an optimum in positive interference
is recognised. This optimum shifts to higher doublet distance for lower T,;,.

6.3.5. Interference and production rate contrast - Tramline

A difference in production rate between doublet 1 and 2, henceforth referred to as
production rate contrasts, increases interference and the required doublet distance
in tramline configurations. This is derived fromFigure 6.9A to C. In this figure the
relation of ALT and doublet distance is presented for different production rate con-
trasts. A dimensionless production rate contrast (dQ) is defined as: dQ=(Q,- Q;)/(
Q,+Q;). The interference is more significant in the doublet with the lower produc-
tion rate. This can be seen inFigure 6.9B and C where ALT is larger for doublet 1
which has a lower flow rate than doublet 2. Therefore the required doublet distance
should be determined from the perspective of the doublet with the lowest produc-
tion rate. In tramline configurations interference will always reduce life time unless
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Figure 6.8: Comparison of the performance of a single doublet to a doublet in the tramline configuration
(A,B,C) and the checkboard configuration (D,E,F). In A and D the interference is expressed in terms of
life time (ALT) for three different minimal production temperatures. In B and E interference is expressed
in terms of net-energy production (AEP) and C and F show interference in terms of net present value
(ANPV).

very large doublet distance of approximately four times the well spacing or more
is considered (Figure 6.6 and 6.8). In Figure 6.9C two examples of determination
of minimal doublet distance are shown when the production rates in doublet 1 and
2 are 50 m3/h and 200 m3/h, respectively. If the accepted life time reduction is
15% the minimal distance is approximately 1950 m. In case the accepted life time
reduction is only 5%, the required doublet distance is 3600 m.

6.3.6. Minimal doublet distance - Tramline

Following the example in (Figure 6.9C, the minimal doublet distance for doublets in
tramline configurations is determined for all well spacing, production rate contrasts,
reservoir thickness scenarios and for ALT of -5% and -15%. Figure 6.10 presents
the resulting relations between the minimal doublet distance and dimensionless pro-
duction rate contrast dQ. In this figure the minimal production temperature (Tp,n)
is 70°C. In (Figure 6.10A the accepted ALT is 15% and in Figure 10-B accepted ALT
is 5%. It can be seen that dx,,;, increases for increasing production rate contrasts.
Furthermore dx,,;, is larger for doublets with larger well spacing. In Figure 6.10C
and D, the minimal distance is normalised by division of dx,,;, by the associated well
spacing. The normalised relation between doublet distance and production rate
contrast shows that dx,,;,/L is independent of the reservoir thickness. The minimal
distance is significantly higher when the allowed negative interference is smaller,
i.e. when ALT is 5% instead of 15% (Figure 6.10A and B). For example, when the
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Figure 6.9: Life time interference of doublet 1 and 2 in the tramline configuration, for different pro-
duction rate contrasts as function of doublet distance. Minimal production temperature is 70°C in this
example. In A the production rate is equal in both doublets. In B the production rate contrast is 50
m3/h, and in C the production rate contrast is 150 m3/h. In these examples, the reservoir height was
75 m and the well spacing 800 m.

allowed accepted ALT is 15% and two doublets in the tramline configuration have
an equal production rate (dQ=0), the required doublet distance is approximately
1.15 times the well spacing (Figure 6.10C). This increases to 2.1 when the allowed
life time reduction is only 5% (Figure 6.10D). Note that maximum production rate
contrast with a well spacing of 1500 m is only displayed for values of dQ up to 0.3.
This is because the maximum and minimum production rates are 300 m3/h and 150
m3/h, respectively. For lower production rates below 150 m3/h that would result
in larger contrasts, the life time of the doublet were longer, longer than 250 years,
especially for T,,;, of 67.5°C and 70°C.

Subsequently the normalised relation of doublet distance and dQ is determined
for three different minimal production temperature scenarios: (A) T, is 67.5°C,
(B) Tpin is 70°C and (C) T, is 72.5°C. The results in Figure 6.11 show that if T,
is lower, dxn;,/L increases. Required doublet distance is therefore dependent on
Tmin- This is a result of impact of doublet distance on the rate of the production tem-
perature reduction as shown in Figure 6.4. This figure shows that doublet distance
influences the rate of production temperature reduction after thermal breakthrough.
Because of this effect and because interference is calibrated on the performance of
a single doublet in our study, a larger doublet distance is required to compensate
when the minimal production temperature is lower.

6.3.7. Interference and production rate contrast - Checkboard
Production rate contrasts influence optima in positive life time interference. This is
derived from Figure 6.12. In this figure the relation of ALT and doublet distance is
presented for doublets in checkboard configurations with different production rate
contrasts (dQ). The relations indicate that positive interference is relatively larger in
the doublet with the lowest production rate. In addition, the optima of the doublet
with the lower production flow rate shift to large dx values if the production rate
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Figure 6.10: (A) Relation of minimal doublet distance and producton rate contrast (dQ) for a 5% life
time reduction in the tramline configuration. (B) Relation of minimal doublet distance and producton rate
contrast (dQ) for a 15% life time reduction in the tramline configuration. (C) Normalised minimal doublet
distance of A. (D) Normalised minimal doublet distance of B. For all figures the life time is determined
for a minimal production temperature of 70°C.

contrast (dQ) increases. Oppositely, the optima for the doublet with the higher
production rate shifts to lower dx values for higher dQ values. The production rate
contrast could also result in negative life time interference in the doublet with the
lowest production rate, despite the checkboard configuration. An example is pre-
sented in Figure 6.12B. In this example, doublet 1 produces at 50 m3/h and doublet
2 at 100 m3/h. If the doublet distance is 750 m, an optimum in ALT of approximately
5% in doublet 2 is obtained while the ALT in doublet 1 is -15%. Doublet distance
should be carefully chosen if doublets are placed in checkboard configurations, es-
pecially with a production rate contrast. The results in Figure 6.12 illustrate that
optimal doublet distance (dx,) for doublets in checkboard configurations could be
chosen from 3 different perspectives. A first option is to choose dx to maximise
positive interference in the doublet with the lowest production rate. An example is
presented in Figure 6.12C. For a doublet distance of 1600 m, the ALT in doublet
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Figure 6.11: Dimensionless relations between minimal doublet distance and flow rate contrast for
different minimal production temperature and for a 5% and 15% life time reduction in the tramline
configuration.

1 is 30% while the ALT in doublet 2 is 0%. In contrast, optimal doublet distance
could aim to maximise positive life time interference in the doublet with the highest
production rate. An example is presented in Figure 6.12B. For a doublet distance
of 900 m, the ALT in doublet 2 is 5% while the ALT in doublet 1 is -15%. Finally
optimal doublet distance could be chosen as a compromise where the ALT curves
for both doublets intersect. This option is shown in Figure 6.12C by the vertical blue
line with a dx = 900 m. In that case ALT is approximately 2% in both doublets.
In this study, optimal doublet is determined such that interference is optimised for
the doublet with the lowest production rate.

6.3.8. Optimal doublet distance - Checkboard

The optimal doublet distance for doublets in checkboard configuration is deter-
mined for all well spacing, production rate, and reservoir thickness scenarios (Fig-
ure 6.13A). Note that this is optimised with respect to the doublet with the lowest
production rate. Like in Figure 6.10C, the dx,,; values are normalised by division of
dopt by the associated well spacing. The dimensionless relation of the ratio of d,,;
and well spacing to the dimensionless production rate contrast dQ is shown in Fig-
ure 6.13B. This figure indicates that the optimal doublet distance is increased when
the T, is lower. For example, for a minimal production temperature of 67.5°C op-
timal doublet distance is approximately 1.3 times larger than the well spacing. For
the higher minimal production temperature of 72.5°C, this factor reduces slightly
to 1.2. Therefore, optimisation of interference depends on the minimal allowed
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Figure 6.12: Life time interference of doublet 1 and 2 in the checkboard configuration, for different
production rate contrasts as function of doublet distance. Minimal production temperature is 70°C in
this example. In A the production rate is equal in both doublets. In B the production rate contrast is 50
m3/h, and in C the production rate contrast is 150 m3/h. In these examples, the reservoir height was
75 m and the well spacing 800 m.

production temperature and the production rate contrast between both doublets
and production rate contrast.
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Figure 6.13: (A) Optimal doublet distance for the checkboard configuration as a function the dimen-
sionless flow rate contrast dQ. (B) dimensionless ratio of dx,,: and well spacing (L) as a function the
dimensionless flow rate contrast.

6.4. Discussion

Minimum production temperature

Our results indicate that an analysis of the minimal production temperature should
be part of a doublet deployment strategy. Firstly, this is because this parameter
is related to the life time and the maximum extent of the cold water plume. Our
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results underline the possibility for continued production after the thermal break-
through moment as the production temperature only drops by a few degrees after
several decades (Figures 6.4 and 6.6). When thermal recharge from reservoir
heterogeneities as well as over- and underburden were taken into account, the rate
of production temperature reduction would be even lower (Poulsen et al., 2015;
Crooijmans et al., 2016; Willems et al., 2016). In addition, lifetimes could be even
longer if we took technical progress into account; lower production temperatures
may well be sufficient in the future because heat insulation and heat exchanger
efficiency are likely to improve in the next decades. Secondly, the minimal produc-
tion temperature is related to the required doublet distance as interference could
affect the rate of temperature reduction after cold water breakthrough (e.g., Fig-
ures 6.4 and 6.6). In our evaluation, interference is calibrated to the performance
of a single doublet with the same production rate, well spacing and aquifer thick-
ness. Therefore the dimensionless relations between required doublet distance and
production rate contrast that were derived are dependent on minimal production
temperature to compensate for interference. Because of the current uncertainty in
minimal production temperature for doublet systems, further study is required on
this parameter to reduce future interference risks.

Geological heterogeneity

In our study simplified homogeneous models where used to derive the impact of
doublet design parameters, such as well spacing production rate and aquifer thick-
ness, on interference. Our results indicate the relative effect of these parameters
on required doublet distance. However, geological heterogeneities could affect the
resulting relations for required doublet distance. Geological heterogeneities include
facies architecture (e.g., chapters 2 and 3), small scale sedimentary features (e.g.
Bierkens and Weerts, 1994), faults and fractures (Hardebol et al., 2015; Bisdom
et al., 2016) as well as aquifer thickness variation. These heterogeneities affect
interference when they affect pressure distribution and aquifer volume around the
wells. For example, different types of heterogeneities could either form flow baffles
or in contrast form high permeability zones. In both cases they deform the cold
water plumes and the pressure distribution around the wells. Their impact on in-
terference depends on the directional trend of the heterogeneities with respect to
the location of the adjacent doublet. When the heterogeneities enhance pressure
communication between adjacent doublets, larger doublet distance is required com-
pared to when flow baffles decrease pressure communication. In addition, thermal
recharge from over- and under-burden was neglected in our analysis. The effect of
thermal recharge on doublet life time is dependent on the aquifer thickness and the
ratio of flow rate and conduction rate (Poulsen et al., 2015). We expect however,
that thermal recharge will not affect our results significantly because interference
is calibrated to the performance of a single doublet. The impact will be more sig-
nificant for lower required production temperatures as thermal recharge affects
production temperature reduction. The determination of required doublet distance
in specific HSA regions need to include a stochastic approach in which uncertain-
ties in geological heterogeneities as well as thermal recharge from over and under
burden is taken into account.
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Tramline versus Checkboard configurations

The definition of required doublet distance in this study is dependent on the dou-
blet configuration. A differentiation is made between minimal required doublet
distance and optimal doublet distance. Optimal doublet distance is defined as the
doublet distance for which an optimum in positive interference is obtained. This is
only possible when doublets are placed in the checkboard configuration. In con-
trast, minimal doublet distance aims to prevent negative interference. For doublets
in checkboard configurations this minimal required distance aims to prevent cross
flow of reinjected water between adjacent doublets. Cross flow could occur if the
doublet distance is smaller than the injector-producer well spacing in checkboard
configurations. In addition, it could be induced by production rate contrasts even
if the doublet distance is larger than the injector-producer well spacing. When
doublets are placed in tramline configurations, minimal doublet distance aims to
minimise negative interference. In this configuration reinjected water is forced to
flow faster towards the production well of the same doublet. Our results show that
this effect cannot be avoided unless doublet distances of at least four times the well
spacing are used. This factor could change if geological uncertainties are taken into
account as discussed in the previous section. Nevertheless, these results imply that
the required distance to avoid negative interference for doublets in tramline con-
figurations significantly limits the possible number of doublets that produce from
the same resource. To avoid negative interference, determination of the required
doublet distance should be based on the doublet with the lowest production rate
Figures 6.9 and 6.12). In that case, after the life time is reached for the doublet
with the highest production rate, production could continue in the doublet with the
lowest rate and negative impact on exploitation is minimised. In general larger
doublet distances are required if the production rate contrast between the doublets
increases. This applies to optimal doublet distance in checkboard configurations
as well as minimal doublet distance in both configurations. By using tramline and
checkboard configurations in our simulations, the two most extreme interference
scenarios were compared. In tramline configurations with equal well spacing, neg-
ative interference is as large as possible because both the injectors and producers
reduce each other’s injectivity and productivity negatively. If one of the two dou-
blets had a larger spacing, the negative effect of one of the two wells on the other
doublet would be reduced. In contrast, the most positive interference could be
achieved in checkboard configurations with equal well spacing. Again, this positive
interference would be smaller if one of the two doublets had a larger spacing or a
different orientation. Despite these restrictions for specific scenarios, the relations
in Figure 6.11 and Figure 6.13 can be used to describe the impact of the parameters
in our study on interference. The magnitude of interference would also be larger
if the number of doublets increased (Mijnlieff and Wees, 2009). We only used two
doublets to analyse interference. For multiple doublets in tramline configurations,
minimal doublet distance will increase as less space is available for the cold water
plumes. In contrast, the optimal doublet distance will shift to smaller values as ther-
mal breakthrough is delayed longer if a doublet is surrounded by more doublets.
After thermal breakthrough, however, the reduction of the production temperature
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could also be increased when more doublets are used as cold water fronts from
multiple doublets reach production wells.

Regional development

The results of this study underline the importance of a regionally coordinated ex-
ploitation strategy. This also has been suggested to benefit ATES as well as high
enthalpy geothermal systems (e.g. Malafeh and Sharp, 2014; Jaxa-rozen et al.,
2015; Tureyen et al., 2015). A regional doublet deployment approach could aim
for positive interference and avoid negative interference resulting from tramline
configurations as well as production rate contrasts. These features require larger
doublet distances, resulting in lower total installed capacity and lower heat recovery
efficiency. In the more advantageous checkboard configuration, a lower injector-
producer well spacing can be used while positive interference maintains sufficient
life time. This can reduce the required doublet distance even further and increase
the possible number of doublets producing from the same resource. Regional dou-
blet deployment will mainly have an impact on life time interference. The results of
this study indicate that interference in HSA exploitation is only significant in terms
of life time (Figure 6.8). Net energy production and NPV are only affected by less
than 1% by the proximity of another doublet. In comparison, the impact of geo-
logical uncertainties on net-energy production and NPV are an order of magnitude
larger (chapter 5). In our study NPV is determined over a 15 year period because of
the Dutch feed-in tariff duration (Van Wees et al., 2010). Interference could affect
NPV more significantly when it is determined for a period of time that exceeds the
thermal breakthrough time (e.g. Malafeh and Sharp, 2014). In geothermal systems
where volumetric reinjection rates are lower than the production rates, interference
will affect injectivity and productivity more significantly due to pressure depletion
(e.g. Tureyen et al., 2015). Finally it should be mentioned that optimisation of
doublet deployment requires a regional geological model including aquifer hetero-
geneities and their uncertainties. Such a model requires upfront investment for
cores, logs and data analysis. However, over a longer time period, the benefits can
outweigh investments as negative interference is avoided and doublet placement
could be optimised to meet the operator requirements.

6.5. Conclusions
On the basis of our multi parameter analysis we can conclude that:

 The fluid pressure interference in HSA exploitation has a significant impact on
doublet life time as it influences cold water plume development. The impact
on net energy productivity and NPV is an order of magnitude smaller.

« Optima in positive life time interference are recognized for doublets in check-
board configurations.

 Production rate contrasts between adjacent doublet systems and minimal pro-
duction temperature influence the required doublet distance.

 Coordinated doublet deployment and smaller well spacing could significantly
increase the possible number of doublets.
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7

General discussion and
conclusion

The focus of this thesis is on the investigation of doublet deployment parameters
influencing heat exploitation of fluvial HSA. This final chapter combines the re-
sults of the previous chapters and shows that a coordinated, geologically based
approach to geothermal doublet deployment is a prerequisite for efficient large-
scale heat exploitation from fluvial HSA. This is done by comparing the efficiency
of heat exploitation of two different deployment strategies; the current WNB *first
come, first served’ strategy and an optimised, coordinated deployment strategy.
The efficiency of both strategies is compared by simulating their impact on ex-
ploitation in an aquifer model of the Pijnacker/Delft fault block in which currently
two active doublet systems are realised (Figure 7.1).

7.1. Aquifer model of the Pijnacker/Delft fault block

The model used in the simulations is a simplified homogeneous representation of
the aquifer in the Pijnacker/Delft fault block. The model consists of a horizontal 50
m thick homogeneous sandstone layer confined between 300 m impermeable over-
and underburden layers providing thermal recharge. Two of the four boundaries
of the model are formed by northwest to southeast trending faults. The other
two boundaries are placed allowing the model to capture the extent of current
exploration licences (Figure 7.1). The permeability of the aquifer layer is assumed
isotropic and equal to 1000 mD. The permeability of the over- and underburden is
5 mD. Element size ranges from 0.3 m to 40 m in the aquifer layer and from 40 m
to 300 m in the over- and underburden layers. In the production simulations the
same numerical approach is used as described in chapter 6.
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Figure 7.1: Overview of the Pijnacker/Delft fault block, the model outline and the currently active
doublets and geothermal licences. Satelliteimmage: ESRI base-map, licence polygons from www.nlog.nl

7.2. Doublet deployment strategies

In the current ‘first come, first served’ deployment strategy (Figure 7.2A), a maxi-
mum of three doublets can be placed in the model. This is caused by the large well
spacing of 1500 m and the irregular doublet orientation. In a second coordinated
deployment strategy (Figure 7.2B), the preferred doublet orientation, well spacing
(L) and doublet distance (dx) were based on the results of chapters 3 to chapter 6.
The preferred doublet orientation with respect to the paleoflow trend was chosen
from the southeast to northwest, parallel to the main faults. Utilising a single ori-
entation for all doublets increases the possible number of doublet systems as could
be derived from Figure 7.2. Although this orientation would create a lower pump
energy loss in heterogeneous models (chapter 3), it will not influence this simula-
tion, because a homogeneous model was used. Well spacing of 800 m in 50 m thick
homogeneous aquifers have an expected life time of 30 to 40 years according to our
results of chapter 5. We assumed this to be sufficient for direct-use applications in
the WNB. The checkboard configuration was chosen to reduce doublet distance and
optimise positive interference (chapter 6). The associated distance was 1040 m.
This is based on an assumed minimal required production temperature of 67.5°C,
which is 90% of the initial aquifer temperature of 75°C. As a result of these de-
ployment parameters, 9 doublets were placed in the aquifer model (Figure 7.2B).
In both deployment strategies a constant 200 m3/h production rate (0.05 m3/s)
was assumed. The simulations provided a production temperature development
over time in all doublet systems. The associated energy production (Epoq [W])
was estimated by: Eer=Q Copp (Tproa-Tini), in Which Q is the production rate of
the doublet equal to 0.05 [m3/s], G, is the water heat capacity of 4200 [J/(kg°C)],

pp is the water density of 1000 [kg/ m3], Tprog is the production temperature that
varied in time and Tj,; the reinjection temperature of 35°C. The total cumulative
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energy (E.,) was the sum of the net energy production over the total life time of
each doublet system: E.,= E,o t, in which t is production time in seconds. To
evaluate interference, the production temperature development of the doublets in
both deployment strategies are compared to production temperature development
with a single doublet with 1500 m and 800 m respectively. Interference is defined
as deviation of the production temperature of a single doublet with a similar well
spacing.

C. Singhe doublet: L=1500
A. Deployment strategy 1 R g

B. Deployment strategy 2

2 Injector
® Producer

Figure 7.2: Topview of the doublet locations in the current *first come, first served’ deployment ‘strategy
1" with 1500 m well spacing (L). (B) Doublet locations in the coordinated deployment ‘strategy 2’ with
doublet distance (dx) of 1040 m and 800 m well spacing. (C) and (D) doublet location in the single
doublet reference simulations.Satellite immage: ESRI base-map, well locations from www.nlog.nl

7.3. Results

The 800 m well spacing in the coordinated deployment strategy leads to sufficient
life time of approximately 41 years per doublet (Figure 7.3A). The results show
that life time is increased as a result of interference in this deployment strategy,
because the life time of the single doublet with similar spacing would be 30 years
(Figure 7.3A). The life time of the *first come, first served’ deployment (strategy
1) with 1500 m well spacing on the other hand is much longer, ranging from 100
to 200 years (Figure 7.3B). In simulations with this strategy negative interference
is recognised as a result of uncoordinated doublet deployment. Two out of three
doublets have a lower life time compared to that of a single doublet with similar
spacing. The magnitude of interference in the Pijnacker/Delft fault block could not
be derived from these simplified simulations. However, the simulations indicate
that negative interference is more likely without coordinated doublet deployment
in HSA exploitation. The annual heat production rate is 0.83 P]/year in strategy 1
and 2.5 P]/year in strategy 2 (Figure 7.3C). This suggests it is possible to increase
the heat recovery rate from HSA by using smaller well spacing and coordinated
doublet deployment. Based on the result of chapter 5 we can assume that this
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will also improve the NPV of each doublet. Both an improved NPV as well as in-
creased heat production rate could enhance HSA exploitation as they make HSA a
financially more attractive resource. However, the smaller well spacing in strategy
2 does have a negative impact on the total cumulative recovered energy. The total
cumulative recoverable heat in strategy 1 is higher than in strategy 2, because of its
longer lifetime. It could have been even higher without the negative interference.
By further optimising the doublet deployment parameters also the cumulative re-
coverable energy of strategy 2 could be increased to match the result of scenario
1, for example by reducing the production rate or increasing the well spacing. The
main advantage of coordinated doublet deployment is that heat production rate
could be increased through realisation of more doublet systems while the risks for
negative interference is reduced. In future optimisation studies for a specific HSA,
geological heterogeneities should be taken into account to ensure that life time and
net energy production are not overestimated as a result of homogeneous aquifer
modelling. Despite the simplifications in aquifer modelling in our final simulations,
the results show that coordinated geothermal doublet deployment is a prerequisite
for efficient heat exploitation from fluvial HSA. As such it could fill the gap between
the current HSA exploitation and the theoretical potential.

A . B

o _ =

1LY strategy 2 74} Sy strategy 11
— \ - ., 2
o k) o N
@ 70} “ 2 10|
“—;: LN T, . 615G :E T _&15C !
L Ll A 5
£ g5 | W\ 1 & g6/ h
E li‘ \ = = =ginghe doublet L=800 m =0
2 W% doublkid 19 8

v -
562 A 3 62|
3] W ]
o W e 2 | PNA-GT-0102
2 - —emem PNAGT-01/
Eggl NN ST | Er,.g. o PNAGGT-O304
o R doublet 3
N ==q | = = = single doublet L=1500 m
54 . PN . B4l N M . .
o 50 100 150 200 o S0 100 150 200
time [years] time [years]

cumulative energy [PJ]

------ Siratigy 2

0 50 100 150 200

Figure 7.3: Production temperature development in (A) deployment strategy 2 and (B) strategy 1. (C)
Cumulative produced heat as function of time for both deployment strategies. The dotted line indicates
the associated average yearly heat production rate for both strategies.
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7.4. Outlook and recommendations

This thesis provides an example of the potential gain of coordinated doublet de-
ployment and describes a workflow to derive deployment parameters. The results
imply a next major challenge for HSA exploitation, which is the generation of a
policy driven environment which is in favour of coordinated doublet deployment.
The current policy in the Netherlands leads to an individual ‘first come, first served’
deployment, despite the obvious disadvantages for upscaling exploitation. A co-
ordinated deployment could not only lead to increased heat production, as shown
in this thesis, but also be a means to share data and investment costs amongst
multiple operators in the same area. Furthermore, it could be a means to mit-
igate risk resulting from geological uncertainties. Well placement in any type of
subsurface resource exploitation has a certain success rate regardless of extent of
data acquisition and geological analysis of this data. Exploitation risks as a result
of geological uncertainties can be reduced by exploitation of the same resource
through multiple doublet systems. Exploitation with multiple doublets also requires
further research into design of adequate heating distribution networks. Another
related parameter that needs to be evaluated in future studies is the minimal re-
quired production temperature. More accurate estimation of this parameter could
increase heat use efficiency in a heat distribution network. Furthermore, addi-
tional studies are required for actual doublet deployment optimisation for specific
HSA. Firstly, the uncertainty of well placement should be evaluated. In chapter 2
it was shown that fluvial reservoirs have an anisotropy in connectivity which leads
to higher equivalent permeability in the direction parallel to the paleoflow direc-
tion. However, the anisotropy was masked by the impact of geological uncertainty
on well placement. This was recognised from the large range of resulting pump
energy losses in the well pair production simulations, even in aquifer realisations
with high net sandstone content. The success rate of wells could be analysed in
numerical studies in which not only well placement but also aquifer thickness and
net sandstone volume is varied. Secondly, the uncertainty in heat capacity and
heat conductivity modelling is neglected in our study. In our models, heterogeneity
of heat capacity and conductivity in neglected. The assumed values for these pa-
rameters affect production simulations and therefore requires validation by means
of numerical sensitivity analyses. Finally, our reservoir simulations are conducted
in horizontal aquifer models with only matrix flow. In reality the structural setting
including sealing and non-sealing faults and fractures will have a significant impact
on flow and has to be incorporated in determination of deployment strategies.






AppendixA

Age assessment of cutting samples in well PNA-GT-02, HON-GT-01 and
VDB-GT-04

PNA-GT-02
Sample/Interval 2120-2175 m: Late Barremian.
The age interpretation is based on:

» LOD Cassiculosphaeridia magna at 2120 m
» LOD Trichodinium speetonensis at 2120 m

Remarks: isolated occurrence of Muderongia simplex subsp. microperforata at
2120 m is most likely a result of reworking. Facies: near coastal marine conditions,
at the base (2175 m) a more shallow/restricted marine influence. This is explained
by a more proximal setting. Marine dinoflagellate cysts are recognised, of which
open-marine species prevail (approximately 30% of the total number of dinoflagel-
late cysts and sporomorphs).

Sample/Interval 2195-2215 m: Late Early Barremian, Elegans Ammonite
Zone, or older.
The age interpretation is based on:

« LOD Kleithriasphaeridium cf. corrugatum at 2195 m
» LOD Muderongia crucis/tetracantha at 2195 m

Remarks: the Early Barremian, Elegans Ammonite Zone top should be below
2175m because the age of this sample is determined as Late Barremian. Facies:
lagoonal to restricted shallow marine near coastal conditions. Subtilisphaera per-
lucida is dominant at 2195 m which indicates a lagoonal depositional environment.
At 2215 m Subtilisphaera perlucida and the open marine species Spiniferites spp.
are the most abundant dinocysts.

Sample/Interval 2235-2275 m: earliest Barremian, Variabilis Ammonite
Zone, or older.
The age interpretation is based on:

» LOD Chlamydophorella membranoidea at 2235 m

o LOD Cribroperidinium confossum at 2235 m
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Remarks: The occurrence of Cribroperidinium confossum is generally related to
the earliest Barremian variabilis Ammonite Zone (Duxbury 1977, Jeremiah et al.,
2010). The LOD of Chlamydophorella membranoidea is calibrated in the earliest
Barremian, Variabilis Ammonite Zone (Davey, 1979), this is why the sample cannot
be younger as indicated.

Sample/Interval 2440-2590 m: Valanginian
The age interpretation is based on:

o LOD Aequitriradites verrucosum at 2440 m

Remarks: Aequitriradites verrucosumis a good marker for the Ryazanian-Valanginian
interval.

Sample/Interval 2600-2850 m: Late Ryazanian (post base kochi Ammonite
Zone)- Early Valanginian
The age interpretation is based on:

o LOD Stiphrosphaeridium dictyophorum at 2600 m

e LOD CCanningia compta at 2620 m

o LOD Hystrichosphaeridium scoriaceum at 2690 m

o Low numbers of Classopollis in all assemblages down to sample depth 2850 m

Remarks: The LOD of Canningia compta is an excellent marker for the Early
Valanginian (TNO standard zonation scheme for the Late Jurassic to Early Creta-
ceous). Hystrichosphaeridium scoriaceum has a LOD in the Early Valanginian and
occurs very rarely in the Late Ryazanian, stenomphalus-icenii zones (Heilmann-
Clausen, 1987). The "climate shift” in the kochi Ammonite Zone of the Early Ryaza-
nian is not reached. That the sporomorph genus Classopollis remains in very low
values until end depth of the studied interval confirms this.

HON-GT-01
Sample/Interval: 2320 m: Late Barremian.
The age interpretation is based on:

o LOD Hystrichodinium ramoides

o LOD Muderongia staurota

Sample/Interval: 2340-2360: early Late Barremian.
The age interpretation is based on:

o LOD Kileithriasphaeridium fasciatum 2340 m
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Remarks: Costa and Davey (1992) describe a LOD of a non-specified Barremian
interval fissicostatum/rude Ammonite Zone. (Heilmann-Clausen, 1987) more specif-
ically indicate a LOD in the earliest Late Barremian brunsvicensis Ammonite Zone.

Sample/Interval: 2380-2420 m: late Early Barremian, Elegans Ammonite
Zone, or older.
The age interpretation is based on:

» LOD Muderongia crucis/tetracantha at 2380 m

LOD Rhynchodiniopsis cf. cladophora at 2380 m

LOD Kleithriasphaeridium corrugatum at 2400 m

« LOD Muderongia simplex subsp. microperforata at 2400 m
Sample/Interval: 2560-2730 m: Valangian

The age interpretation is based on:

« LOD Batioladinium cf. sp. I (Davey, 1982) at 2560 m

» LOD Aequitriradites verrucosum at 2640 m

o LOD Pareodinia sp. (Davey, 1982) at 2660 m

Remark: the presence of Batioladinium varigranosum at 2630 m indicates an
age of Early Hauterivien or older is consistent with this current age determination.

Sample/Interval: 2740 m: Early Valangian
The age interpretation is based on:

e LOD Canningia compta
» LOD Perisseiasphaeridium insolitum
Sample/Interval: 2750-2810: Late Ryzanien (post-kochi Ammonite Zone).
The age interpretation is based on:
« LOD Batioladinium pomum 2750 m
Remark: the “climate shift” in the kochi Ammonite Zone in the Early Ryazanian

is not recognised. The sporomorfengenus Classopollis is only sparsely encountered
in the deepest samples.
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VDB-GT-04

Two additional samples (at depth 1890 m and 1910 m) were taken for palynolog-
ical re-analysis from well VDB-GT-04. A Late Ryazanian-Early Valanginian age for
interval 1740-2006 m was recorded.

Sample/Interval 1890-1910 m: Late Ryazanian-Early Valanginian The age
interpretation is based on the presence of Perisseiasphaeridium insolitum, Stiphrosphaerid-
ium dictyophorum, Canningia compta, Hystrichosphaeridium scoriaceum and Oligosphaerid-
ium diluculum. Dinoflagellate cysts that are limited chronostratigraphically to the
Ryazanian are missing. The association has a relatively extended range from Late
Ryazanian to Early Valanginian. The flooding at depth 1890 m may most likely be
associated with the Paratollia MFS.
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