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Abstract: In the sedimentary bedrock of southwest Scania, located in the southernmost part of Sweden, there are 

several low-enthalpy Mesozoic sandstone aquifers situated at different depths. These aquifers collectively hold the 

potential for direct-heat geothermal utilization. Given the energy supply challenge across Europe, there is a growing 

need to characterise the geothermal resources and quantify their energy content. Despite this demand, the assess-

ment of geothermal resources in Sweden has not been performed to any larger extent in comparison to assessment 

studies of similar geothermal aquifers in Europe. This limitation is concerning, as these aquifers should be acknowl-

edged as national renewable energy assets. This study presents a first-ever geothermal assessment using the stored 

heat “Heat-In-Place” (HIP) method on the Cretaceous Arnager Greensand over southwest Scania. The results pre-

sent a set of maps that illustrate the stored heat in the subsurface for the Arnager Greensand, and additional maps 

detailing the spatial distribution, such as the depth to the formation, thickness, and reservoir temperature. The Arn-

ager Greensand stores a total of 3270 PJ in a range of 1.25 – 4.53 GJ/m2 over SW Scania. The stored heat values are 

slightly higher with a total of 3610 PJ in the range of 1.37 – 4.99 GJ/m2 in the rock matrix and reservoir fluids sepa-

rately. The produced maps show the regional geothermal signatures of the Arnager Greensand where the stored heat 

is particularly marked in the southern parts of the region covering the Falsterbo Peninsula. The relatively greater 

stored heat in this area can be attributed to the greater thickness of the Arnager Greensand formation. The region 

from the Falsterbo Peninsula to Malmö and Trelleborg demonstrates relatively greater stored heat values, offering 

potential for further local geothermal investigations. Its proximity to urban and industrial areas significantly en-

hances the feasibility of integrating a well-doublet system into a district heating system. Due to the absence of bore-

hole data, the assessment of the stored heat over the Skurup Platform is uncertain. This necessitates additional bore-

hole information to improve the geothermal assessment. In a broader regional context, the stored heat findings indi-

cate that the Arnager Greensand has limited potential as a geothermal reservoir as the stored heat values are lower 

than those of similar geothermal aquifers in comparable geological settings. Taking into account the Lower Creta-

ceous sandstones beneath the Arnager Greensand as a combined aquifer with a greater cumulative thickness, the 

geothermal potential increases over the Lower Cretaceous interval in SW Scania.  
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Sammanfattning: I den sedimentära berggrunden i sydvästra Skåne finns flera mesozoiska sandstensakviferer. 

Dessa akviferer kännetecknas av låga entalpinivåer och återfinns på olika djup och har en potential att användas för 

geotermisk värmeutvinning. I samband med den pågående utmaningen att säkerhetsställa Europas energiförsörjning 

ökar behovet av att karakterisera och kvantifiera de geotermiska resurserna. Trots detta har bedömningen av geoter-

miska resurser i Sverige inte genomförts i någon större utsträckning jämfört med bedömningar av liknande akvife-

rer i Europa. Denna begränsning är problematisk, särskilt med tanke på att dessa akviferer utgör betydande nation-

ella förnybara energitillgångar inom ramen för den gröna omställningen. Denna studie presenterar en geotermisk 

energibedömning av den kretaceiska Arnagergrönsanden i sydvästra Skåne. Metoden som har använts heter Stored 

heat "Heat-In-Place" (HIP) metoden. Studiens resultat redovisas med kartor som visualiserar den lagrade geoter-

miska energin i Arnagergrönsanden, samt ytterligare kartor som visar djupet till formationen, mäktigheten och re-

servoartemperaturen. Arnagergrönsanden har en lagrad geotermisk energi på totalt 3270 PJ inom intervallet 1,25 – 

4,53 GJ/m2 över sydvästra Skåne. Den geotermiska energin är något högre med en total på 3610 PJ inom intervallet 

1,37 – 4,99 GJ/m2 om man beräknar energin för bergarten och reservoarvätskorna separat. Kartorna visar Arnager-

grönsandens regionala geotermiska signaturer där den geotermiska energin är som störst i de södra delarna av reg-

ionen över Falsterbohalvön, vilket beror på att Arnagergrönsanden är som mäktigast i detta område. Från Falsterbo-

halvön till Malmö och Trelleborg sträcker sig ett område med relativt höga energivärden, vilket öppnar upp möjlig-

heter för framtida lokala geotermiska undersökningar. Områdets närhet till stads- och industriområden förbättrar 

avsevärt möjligheterna att integrera en geotermianläggning i fjärrvärmenätet. Osäkerheterna i den geotermiska 

energibedömningen är betydande över Skurupsplatformen på grund av avsaknaden av borrhålsdata. För att förbättra 

modellen skulle ytterligare djupborrningar vara av stort värde. I en regional kontext visar den geotermiska energi-

bedömningen att Arnagergrönsanden har en begränsad potential att användas som en geotermisk reservoar för vär-

meutvinning. De resulterande värdena är lägre än de för liknande geotermiska akviferer i jämförbara geologiska 

miljöer. Om man inkluderar de kretaceiska sandstenarna som är belägna under Arnagergrönsanden som en kombi-

nerad akvifer med en större kumulativ mäktighet ökar den geotermiska potentialen över det nedre kretaceiska inter-

vallet i sydvästra Skåne. 

Nyckelord:  geotermi, geotermisk energi, geotermisk potential, potentialkartor, geotermisk bedömningsmetod, 

geotermisk energibedömning, direktanvändning, mesozoiska akviferer 

Handledare: Mikael Erlström (LU), Daniel Sopher (SGU), Jan-Erik Rosberg (LTH) 
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1  Introduction  
The energy supply is a significant challenge facing 
most European countries today. There is also, accord-
ing to the EU energy roadmap for the year 2050, a 
need to increase the amount of renewable energy in the 
energy mix, such as geothermal energy, to shift away 
from non-renewables (European Commission, 2011). 
The fundamental principle behind geothermal energy 
extraction is to harness the naturally occurring heat in 
the earth’s crust to generate electricity and/or to supply 
thermal energy for heating. This can be accomplished 
by accessing relatively high-temperature fluids and 
steam in the subsurface, located within permeable sed-
imentary formations or within fractures in crystalline 
rock. The warm fluids are then brought to the surface 
using wells (Norden, 2011; Trumpy et al., 2016; Zar-
rouk & McLean, 2019a; Stober & Bucher, 2021d). 

Geothermal aquifers consist of permeable fluid-
bearing sedimentary rocks (more commonly porous 
sandstones) located between depths of a few hundred 
meters to several kilometres in the subsurface 
(Norden, 2011; Marrero-Diaz et al., 2015; Limberger 
et al., 2018). These reservoirs are typically outside of 
volcanic terrains classified as low – medium enthalpy 
reservoirs which roughly corresponds to low – medi-
um temperature reservoirs. These reservoirs have been 
the target of exploration and successfully exploited for 
direct-heat utilization worldwide over the past decades 
(Marrero-Diaz et al., 2015; Trumpy et al., 2016).  

The terminology direct-use, also frequently re-
ferred to as direct utilization or direct heat in the litera-
ture, encompasses all forms of geothermal resource 
utilizations that do not include the generation of elec-
tricity. These applications can for example include, 
space heating and cooling, recreation, greenhouse 
heating, aquaculture, agricultural drying, and industrial 
use (Lund, 2009; Zarrouk & McLean, 2019a). A com-
mon divider between direct-use and electric power 
generation is that direct-use applications use geother-
mal fluids between 30 and 150 °C corresponding to 
low temperature resources (Lienau et al., 1989; Pahud, 
2002; Norden, 2011; Limberger et al., 2018; Zarrouk 
& McLean, 2019a). The specific temperature utilized 
will vary based on the geological conditions and the 
actual geothermal plant design and specific usage. The 
major advantage of using geothermal energy for direct
-use is that geothermal aquifers in the low – intermedi-
ate temperature ranges are widespread across the 
world and can be accessed at economic drilling depths 
(Lund, 2009). 

From a European perspective, the assessment of 
the geothermal resources is showcased in the Nether-
lands, where abundant publicly available oil and gas 
data from previous hydrocarbon campaigns have been 
used to create subsurface structure models for various 
sandstone reservoirs situated at depths of 1 – 4 kilome-
tres. These models have in turn been used as a founda-
tion for further regional-scale mapping of geothermal 
reservoirs (Kramers et al., 2012; Pluymaekers et al., 
2012). Sandstones are not the only viable reservoirs 
for geothermal utilization. Fractured carbonate aqui-
fers also constitute a substantial portion of the geother-
mal reservoirs that have been identified and exploited. 
Carbonate aquifers (Karst) often have considerable 
geothermal potential as the aquifers often have suffi-

cient porosity and natural permeability (Goldscheider 
et al., 2010). A successful geothermal development of 
a carbonate aquifer is exemplified by the exploitation 
of the Dogger limestone aquifers situated at a depth of 
1.5 – 2 kilometres in the Paris Basin. The Dogger geo-
thermal project has been operating for more than 40 
years, which exemplifies the viability of  sustainable 
geothermal direct-use exploitation (Lopez et al., 2010). 

The potential of geothermal energy as an expanda-
ble renewable energy resource has become increasing-
ly important worldwide. By the end of 2020, there 
were 350 direct-use district heating plants in Europe 
with a total capacity of 6 GW (thermal energy) and 
232 new projects were under development (European 
Geothermal Energy Council, 2022). At the same time 
by the end of 2020, there were also 139 operational 
geothermal power plants with a total capacity of 3.5 
GW (electric energy) (European Geothermal Energy 
Council, 2022). To put these numbers into perspective, 
the worldwide geothermal capacity in 2021 totalled an 
estimated 35 GW for thermal energy and 14.5 GW for 
electric energy (Renewable Energy Policy Network, 
2022). Although the total contribution of geothermal 
energy to the worldwide energy pool remains low, it is 
estimated that the geothermal resource could provide 
as much as 5.8 EJ annually by 2050 (1600 Terawatt-
hours) (International Energy Agency, 2011). The suc-
cessive review articles by Lund et al. (2011), Lund and 
Boyd (2016), and Lund & Toth (2021) overviews the 
current state of global geothermal energy utilization 
for direct-use applications.  

In view of this, there is a growing demand to char-
acterise the geothermal resources and quantify the geo-
thermal energy in the ground that can be utilized for 
energy purposes. One common way of assessing the 
geothermal potential in the ground is by using the 
stored heat method, also known as the volume 
(volumetric method), or the heat in place (HIP) meth-
od. This method was first developed by the United 
States Geological Survey (USGS) in the seventies dur-
ing several national geothermal resource assessments. 
The method was found suitable as a way to quantify 
and at the same time facilitate a comparison between 
the nations geothermal resources (Nathenson, 1975a, 
1975b; White & Williams, 1975; Muffler, 1978; Muf-
fler & Cataldi, 1978; Brook et al., 1979). The method 
has since been used for geothermal resource assess-
ments worldwide and continues to be the most widely 
recognized geothermal assessment methodology. The 
method quantifies the amount of stored heat 
(geothermal energy) in the geothermal resource. The 
input parameters are limited to the reservoir volume, 
the volumetric heat capacities of different mediums, 
the reservoir temperature, the reference temperature, 
and optionally a porosity parameter. The subsequent 
workflow then determines how much of this stored 
geothermal energy can be extracted at the wellhead in 
the form of actual retrievable energy which in turn can 
be used for direct-use applications and/or generating 
electricity (Muffler & Cataldi, 1978). 

Several studies have computed various types of 
maps that visualise the amount of stored heat in the 
ground for specific stratigraphic intervals (Calcagno et 
al., 2014; Marrero-Diaz et al., 2015; Trumpy et al., 
2016; Frick et al., 2022). In most cases, these studies 
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have used the baseline methodology described by the 
USGS. The results are often presented with the unit 
Joule per square meter (J/m2) for each calculated cell 
within a raster (grid) as a way of visualising the spatial 
differences between areas. The resulting map showing 
the amount of stored heat is often accompanied by 
additional computed maps that illustrate variations in 
the depth to the formation top boundary, reservoir 
thickness, and the reservoir temperature.  

A geothermal assessment study by Balling et al. 
(2019) serves as an example of how the stored heat 
method can be used in a Nordic setting for various 
geothermal aquifers. The study brings forward new 
data about the temperature distributions and the 
amount of stored heat in four major geothermal reser-
voirs in the Danish Basin. The study found that reser-
voirs with a temperature range of 45 – 80 °C cover 
large regional on-shore areas in Denmark. The study 
also provides valuable insights into how the geother-
mal system responds when exploited over longer peri-
ods and how that affects the reservoir performance. A 
different approach to geothermal assessment was per-
formed in Finland by Arola et al. (2019). This study 
considers the geothermal potential in the uppermost 
300 meters of the ground (bedrock and Quaternary 
sediments). The study is set apart from other geother-
mal assessments as it produced a map for shallow geo-
thermal energy potential, whereas other studies more 
commonly consider deeper geothermal potential. Their 
study highlights the significance of recognizing shal-
low geothermal energy as a part of the usable geother-
mal resource and not only deeper-situated reservoirs. 

Geothermal investigations in Sweden have histori-
cally focused on two options for geothermal energy 
extraction: to utilize the warm aquifers waters in the 
deep-situated sedimentary reservoirs in southern Swe-
den or to exploit areas of relatively higher heat flow in 
the Precambrian crystalline basement (Malmqvist et 
al., 1978; Alm & Bjelm, 1995). These two options 
continue to be the primary focus of geothermal investi-
gations in Sweden (Juhlin et al., 2022). The first men-
tion of the stored heat method in a Swedish context 
was in the late seventies in connection to the national 
program for geothermal energy (Bjelm, 1977; Bjelm et 
al., 1979; Bjelm & Persson, 1981). These reports pro-
vide a first-generation estimate for the stored heat in 
several sandstone aquifers in SW Scania. Their assess-
ments of the stored heat can be viewed as rough esti-
mates because the stored heat is calculated based on 
fixed borehole parameters without considering the 
spatial variability of the parameters. The results were 
later reported in the Atlas of geothermal resources in 
Europe compiled by the European Commission. The 
Atlas provides a broad overview of geothermal reser-
voirs identified in Europe (Hurter & Schellschmidt, 
2003). 

Since then, there has been one more study by Erl-
ström and Rosberg (2022) using the stored heat meth-
od in Sweden. The study applies parts of the method 
on the Campanian Lund Sandstone aquifer in SW Sca-
nia. The Lund Sandstone is to this day the only deep 
geothermal aquifer exploited in Sweden with almost 
40 years of production. The geothermal plant in Lund 
utilizes approximately 20 °C warm water from a con-
fined sandstone aquifer at a depth of 640 – 800 meters. 

The system is designed with a set of heat pumps and 
heat exchangers in a closed loop system together with 
several production and reinjection wells coupled to the 
district heating system (Bjelm & Lindeberg, 1995). 

Another notable geothermal project is the Lund 
deep geothermal exploration project. Between the 
years 2002 and 2003, a 3700-meter-deep exploration 
well (DGE-1) was drilled into the Romeleåsen Fault 
Zone located in Scania. The project targeted a poten-
tial reservoir in the fractured crystalline basement as-
sociated with the fault zone. The project aimed to find 
warm fluids and conductive fractured bedrock condi-
tions that could be exploited for direct-use in the Lund 
district heating system. The investigations showed that 
the temperatures and conductivity of the rock mass 
were not sufficient for further development (Rosberg 
& Erlström, 2019). At the same time as the Lund deep 
geothermal exploration project, an additional geother-
mal project was conducted in the nearby city of 
Malmö. Two exploration wells (FFC-1 and FFC-2) 
were drilled targeting Mesozoic sandstone aquifers at a 
depth of 1600 – 2100 meters. Although, the wells en-
countered water of approximately 55 °C with the re-
quired productivity, execution of a full project was 
halted due to competition from alternative energy re-
sources in Malmö at that time. However, an extension 
of the FFC-1 borehole was done some years later in 
order to investigate the feasibility of EGS technology 
(Engineered Geothermal Systems) (Rosberg & Erl-
ström, 2021; Juhlin et al., 2022). While neither of 
these deep geothermal projects in the end focused on 
sedimentary aquifers as a potential geothermal reser-
voir, they both shed light on the potential geothermal 
resources in Sweden and the advancements made in 
the field.  

However, despite the recent geothermal develop-
ments focusing on the Precambrian crystalline base-
ment, there is potential to improve the assessment of 
other geothermal resources in Sweden. This especially 
applies to the deeper aquifers in the sedimentary bed-
rock of SW Scania. One of those aquifers is the Creta-
ceous Arnager Greensand which was first recognized 
as a potential geothermal reservoir during the seventies 
(Malmqvist et al., 1978). The top of the formation in 
SW Scania is found at depths between 1100 – 1850 
determined from borehole drillings. The formation has 
been identified as one of the more promising for-
mations for CO2 storage (Hurter & Schellschmidt, 
2003; Anthonsen et al., 2014; Mortensen et al., 2016; 
Mortensen & Sopher, 2021). The Arnager Greensand 
is described in Erlström et al. (2018) as one of several 
Mesozoic sandstone intervals in the Öresund area that 
have geothermal utilization potential. The aquifer 
shows high permeability and porosity values in certain 
areas (Juhlin et al., 2013) which are key parameters 
when assessing the feasibility of geothermal utiliza-
tion.  

 

1.1 Objective and aim 
The objective of this project is to evaluate the stored 
heat (HIP) method, as a way of quantifying the amount 
of stored energy in the ground. The initial parts of the 
study focus on describing the underlying concepts of 
geothermal energy systems. This will transition into a 
summary of the stored heat method. The background 
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chapter will provide a geological description of the 
Arnager Greensand, including distribution, age, lithol-
ogy, and reservoir properties. Based on this, a suitable 
stored heat method will be tested on the Arnager 
Greensand. The project aim is to create a geothermal 
potential map which shows the stored heat in the Arn-
ager Greensand over SW Scania. The results will be 
given in J/m2 for the estimate of the total amount of 
stored heat. The ambition is that the resulting maps 
and calculated stored heat values can be used as a ba-
sis for future geothermal developments in SW Scania.  

 

2 Background 
 

2.1 Geothermal energy 
Geothermal energy can simply be described as energy 
in the form of heat generated in the interior of the 
earth. Deep geothermal energy is commonly set apart 
from more shallow geothermal energy with an arbi-
trary depth of 400 meters (Pahud, 2002; Erlström et 
al., 2016; Stober & Bucher, 2021a). The distinction 
between these two classifications of geothermal ener-
gy is related to the fact that the temperature of the up-
per few tens of meters of the subsurface is influenced 
by the seasonal variations of the sun (Fetter, 2014). 
The two domains are also distinguished from each 
other due to the different techniques utilized to extract 
the geothermal energy. Shallow geothermal energy can 
be used for cooling and heat storage applications 
whereas deeper geothermal energy is typically viewed 
as a heat source characterised by higher temperatures 
(Pahud, 2002). 

Deep geothermal heat originates from the radio-
genic decay of unstable nuclides (uranium, thorium, 
and potassium) and the residual heat originating from 
the formation of the planet (Van Schmus, 1995; Gando 
et al., 2011; Stober & Bucher, 2021a). The generated 
heat continuously flows to the surface of the earth and 
is transferred by three major heat-transfer mechanisms 
- conduction which involves the diffusion of heat 
through a medium, convection which describes the 
transport of heat caused by fluid motion, and radiation 
in which all hot bodies radiate electromagnetic energy 
through a wide spectrum of wavelengths (Banks, 
2012; Zarrouk & McLean, 2019b). Conduction is the 
dominant heat-transfer mechanism in the crust because 
crustal rocks are relatively solid and have low permea-
bility. Convection occurs under certain circumstances 
when water at depth is heated and thermally expands 
carrying far more energy in comparison to thermal 
conduction (Zarrouk & McLean, 2019a). Advection is 
a form of convection that occurs when gravity forces 
geothermal fluids through permeable rocks which can 
lead to downslope or counterflow movements in geo-
thermal systems (Banks, 2012; Zarrouk & McLean, 
2019b).  

The geothermal gradient describes the temperature 
change with depth. The gradient varies greatly depend-
ing on the geological terrain and does not increase 
linearly with depth (Banks, 2012). An average value 
for the conductive geothermal gradient between the 
mantle and the earth surface varies between 20 – 30 
˚C/km with a heat flux of 40 – 60 mW/m2 (Armstead, 
1978). Elevated geothermal gradients are found in 

connection to plate boundaries (convergent or diver-
gent plate boundaries) associated with extensive geo-
logical processes such as volcanism (Banks, 2012). 
The natural geothermal gradient in these plate bounda-
ry environments can reach as high as 100 ˚C/km 
(Zarrouk & McLean, 2019a). Outside of plate bounda-
ry environments, such as the Baltic Shield which al-
most encompasses the entire area of Sweden, the geo-
thermal gradient in the crystalline basement is more 
stable with typical values ranging from 15 to 20 ˚C/km 
(Juhlin et al., 2022). In the southern regions of Swe-
den, the geothermal gradient in the sedimentary bed-
rock is lightly higher than that in the northern crystal-
line Precambrian bedrock (Erlström et al., 2016). Lo-
cal occurrences of notable elevated geothermal gradi-
ent in these areas are primarily attributed to the lower 
thermal conductivity of the sedimentary bedrock. The 
highest recorded geothermal gradient in Sweden, rang-
ing between 35 and 40 ˚C/km, was observed in the 
sedimentary bedrock on the island of Gotland situated 
in the Baltic Sea (Karlqvist, 1982; Erlström et al., 
2022). 

The thermal conductivity of a rock is mainly con-
trolled by the quartz content. While many rocks con-
tain minerals with relatively high thermal conductivity, 
it is the quantity of quartz that predominantly influ-
ences the thermal conductivity of the rock. The density 
also plays a significant role in determining the thermal 
conductivity of the rock. A high quartz content togeth-
er with a high density will give the rock a higher ther-
mal conductivity (Banks, 2012). Granites with a dense 
interlocking crystal structure and low porosity have a 
relatively high thermal conductivity often between 3 
and 4 W/mK. Saturated rocks such as fluid-bearing 
sandstones commonly have a lower thermal conductiv-
ity of less than 2 W/mK (Erlström et al., 2016). 

A general rule describing the relationship between 
thermal conductivity and the geothermal gradient is 
that the geothermal gradient increases in less conduc-
tive rocks and decreases in more conductive rocks. An 
effect of this is that thick layers of rocks with low ther-
mal conductivity such as low-conductivity mudstones 
and limestones can trap heat underneath by thermal 
blanketing or insulation processes (Lienau et al., 1989; 
Banks, 2012). In crystalline bedrock settings, certain 
granitic bodies can have a high internal heat produc-
tion from the decay of radioactive elements, such as 
uranium and potassium, which results in an increased 
geothermal gradient (Lienau et al., 1989; Banks, 
2012). This principle applies not only to crystalline 
rocks but is also observed in SW Scania in boreholes 
that encounter the Alum Shale which is a uranium-rich 
mudstone with a high content of organic material 
(Erlström et al., 2011). The decay of uranium in the 
Alum Shale leads to an increased geothermal gradient 
within those intervals where it is present in the subsur-
face. Geothermal anomalies can also occur via advec-
tion when heat is transported more rapidly between 
two locations. Fault networks allow for the infiltration 
of groundwater to great depths where the fluids get 
heated by either elevated or normal geothermal gradi-
ents which then can potentially ascend to the surface 
(Lienau et al., 1989; Banks, 2012). 
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2.2 Geothermal energy terminology  
The geothermal literature uses four recurring terms: 
geothermal reservoirs, geothermal aquifers, geother-
mal systems, and geothermal resources. A natural geo-
thermal reservoir is a porous and permeable formation 
that contains hot water or steam and holds a large heat 
supply which gets replenished by a heat transfer mech-
anism (Toth & Bobok, 2017). The geothermal reser-
voir stores heat both in the rock matrix and in the flu-
ids that occupy the pore spaces and fractures within 
the rock (Gupta & Roy, 2007). The geothermal reser-
voir term is often used interchangeably with a geother-
mal aquifer which refers to deep permeable water-
bearing layers (Limberger et al., 2018). A geothermal 
system is a confined volume in the crust where a natu-
ral heat transfer mechanism moves heat from a heat 
source to a heat sink (Zobin, 2017). The system is di-
vided into three parts – a heat source, a reservoir 
where the heat accumulates, and a barrier that holds 
the accumulated heat in place (Gupta & Roy, 2007).  

Muffler and Cataldi (1978) introduced an alterna-
tive terminology that explains the technological and 
economic constraints of the geothermal system. This 
nomenclature defines a geothermal resource as the 
total amount of energy in the crust beneath a specific 
area relative to a local mean annual temperature. The 
resource represents a portion of this geothermal re-
source base that can be extracted economically in the 
near future (Muffler & Cataldi, 1978). 

 

2.3 Geothermal system classifications 
There are numerous classification schemes proposed 
for geothermal systems. Temperature classification is 
the more common approach where a geothermal sys-
tem is classified into three main temperature categories 
- low-temperature resources (under 90 °C), intermedi-
ate-temperature resources (90 – 150 °C), and high-
temperature resources (above 150 °C) (Muffler & 
Cataldi, 1978). The major drawback of the temperature 
classifications is that it does not account for the enthal-
py of the geothermal system. This can be exemplified 
by that two geothermal systems can have the same 
temperature but produce either vapour and/or water 
depending on pressure. The vapour phase will contain 
a greater amount of energy (higher enthalpy) com-
pared to the liquid phase. Kaya et al. (2011) proposed 
an enthalpy classification that considers the relation-
ship between the energy contained in the liquid versus 
the vapour phase. The basis of the enthalpy classifica-
tion is that in a geothermal system, there will be multi-
ple concurrent heat transfer mechanisms. The classifi-
cation scheme is built on different temperature and 
enthalpy ranges corresponding to a one-phase or two-
phase geothermal system, in which a two-phase sys-
tem might be liquid, or vapour-dominated (Kaya et al., 
2011). 

Another classification scheme proposed by Lee 
(2001) considers the exergy at the geothermal well-
head. The exergy classification is motivated by that 
geothermal resources should primarily be classified by 
the ability of the fluid to perform thermodynamic work 
(Lee, 2001). The thermodynamic property exergy is a 
reoccurring term in the geothermal energy literature 
and is described by DiPippo (2015) as “the maximum 
work (or power) output that could theoretically be ob-

tained from a substance at specified thermodynamic 
conditions relative to its surroundings”. The exergy 
term can be explained simply, in the context of geo-
thermal fluids, as the quality of the energy content of 
the fluid (Zarrouk & McLean, 2019b). The major ad-
vantage of the classification is that it describes the 
maximum work available at the wellhead (surface con-
ditions) compared to the more unknown conditions in 
the subsurface (Zarrouk & McLean, 2019b).  

A more geological approach is to classify geother-
mal resources by play types which can be described as 
a regional area with the same geological conditions 
(Moeck, 2014). This can for example be if the geologi-
cal system is primarily convection or conduction-
driven and/or if the geological setting is in an intracra-
tonic basin or orogenic belt (Moeck, 2014). A classical 
classification system by White and Williams (1975) 
divides the geothermal resource into different catego-
ries: hydrothermal convection, hot igneous, and con-
duction-dominated system. This scheme uses a more 
objective approach because the geothermal systems 
get assigned a category based on temperature charac-
teristics and the main source of the geothermal energy. 

 

2.4 Geothermal plant technologies 
Several technologies are applied to generate electricity 
or extract heat from geothermal energy resources. Us-
ing dry or flash geothermal power plant technologies, 
steam is used to drive turbines in the production of 
electricity. Dry steam power plants use the vapour 
directly to drive the turbine, while a flash steam power 
plant flashes the hot water to steam by reducing the 
pressure (Stober & Bucher, 2021d). The geothermal 
fluid can also be used to heat a secondary fluid with a 
lower boiling point in a binary-cycle power plant, 
which then drives the turbine. This allows for the utili-
zation of lower temperature fluids around 100 °C in 
the generation of electricity (Banks, 2012; Stober & 
Bucher, 2021d). The Enhanced-Geothermal-System 
(EGS), also known as a hot dry rock system, is a tech-
nique based on creating artificial fractures in non-
permeable rock formations where the temperatures are 
high enough for power production. Water is then in-
jected into the artificial formation and circulated back 
to the surface to extract the heat carried by the fluids 
(Stober & Bucher, 2021d). 

Direct utilization of a geothermal resource uses the 
geothermal fluid directly. The system could involve 
the use of heat exchangers to convert energy from the 
geothermal fluid to a secondary fluid (Norden, 2011). 
The use of heat pumps is also considered in the direct-
use category. In the context of district heating systems, 
if the temperature of the geothermal fluid is not suffi-
cient, then heat pumps are necessary to raise the tem-
perature of the fluid to the level required by the district 
network (Alm & Bjelm, 1995; Norden, 2011).  

The direct-use system consists of a configuration 
of several wells in which the purpose is to circulate the 
fluids up from the aquifer and then back into the sub-
surface. The production wells discharge relatively hot 
water from the formation to the surface and the 
reinjection wells recharge the cooled fluids back into 
the subsurface after the heat exchange. A well configu-
ration of a production and a reinjection well is called a 
well-doublet (Limberger et al., 2018). The recharge of 
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the fluids to the same level of discharge helps to main-
tain flow and pressure in the aquifer which will im-
prove the resource recovery (Kaya et al., 2011; Rivera 
Diaz et al., 2016). The recharge of cooled water forms 
a moving temperature front that migrate towards the 
production well. Once the discharge and recharge are-
as become influenced by each other a state of thermal 
breakthrough occurs and the reservoir temperature 
drops which reduces the production efficiency 
(Limberger et al., 2018). This signifies the importance 
of considering the spacing between the doublets when 
planning for a geothermal project (Willems et al., 
2017).  

 

2.5 Geothermal resource assessment 
methods 

The Geothermal resource assessment methods are di-

vided into static assessment methods that do not re-
quire production data from exploited geothermal sys-

tems and dynamic assessment methods that require 
production data to quantify the geothermal energy 
(Ciriaco et al., 2020). Several static assessment meth-

ods are outlined in the classical paper by Muffler and 
Cataldi (1978) including the surface heat flux, stored 

heat (volume), planar fracture, and magmatic heat 
budget methods. The most recognized static assess-

ment method is the stored heat method. The most via-
ble dynamic assessment method applies numerical 
reservoir simulations to simulate the heat flow in com-

plex reservoir geometry bodies (AGRCC, 2010b; 
Ciriaco et al., 2020). The following section will further 

present the stored heat methods in line with the objec-
tive of this paper. The method is particularly valuable 

during early-stage exploration when there is limited 
data available (Ciriaco et al., 2020) as is the case for 

most geothermal aquifers in SW Scania. 

2.5.1 The Stored Heat “Heat-In-Place” method 

The stored heat method, also known as the volume 
(volumetric) method, also mentioned as the Heat-In-
Place (HIP) method is described by Williams et al. 
(2008) as a way of estimating the amount of recovera-
ble heat from a porous and permeable rock reservoir 
by using a thermal recovery factor to account for the 
producible fraction of the stored heat. The method has 
developed over time which has resulted in several 
modified versions (Muffler & Cataldi, 1978; Williams 
et al., 2008; Garg, 2010, 2011; Garg & Combs, 2015). 
One such method modification was the implementa-
tion of Monte-Carlo simulations to consider the uncer-
tainties associated with the parameters. The method 
developments have often led to inconsistent applica-
tions by different working groups regarding the inter-
pretation and implementation of the input parameters. 

The original concept of the stored heat method is 
focused on the conversion from thermal energy to 
electric power. The electric power potential is deter-
mined by the amount of thermal energy that can be 
extracted at the wellhead and the efficiency with which 
this available thermal energy can be converted to elec-
tric power. The thermodynamic and economic limita-
tions become known when the reservoir fluid is availa-
ble at the wellhead (Muffler & Cataldi, 1978; Wil-

liams, 2004). Although the literature places significant 
emphasis on electric power generation; it is possible to 
apply the method for both electric power generation 
and direct-use depending upon the amount of energy 
that can be extracted at the wellhead (Williams, 2014).  

The input parameters to the stored heat equations 
are – the reservoir volume, the volumetric heat capaci-
ties of different mediums, the reservoir temperature, 
the reference temperature, and the formation porosity. 
The following section will expand on these parameters 
as there are three recognized approaches to calculating 
the stored heat that use these parameters differently 
(Ciriaco et al., 2020). The USGS considers two ways 
of calculating the stored thermal energy. The first ap-
proach considers the heat stored solely in the rock ma-
trix, and the second approach considers the heat stored 
in the rock matrix and the reservoir fluid separately 
(Ciriaco et al., 2020). The AGRCC (Australian Geo-
thermal Reporting Code Committee) method is the 
third approach and considers two additional parame-
ters – a fluid saturation and a water enthalpy parameter 
(AGRCC, 2010a, 2010b). The most up-to-date review 
covering the stored heat method is presented in Ciriaco 
et al. (2020) and the following nomenclature (symbols, 
derivations, and subscripts) will be derived from there 
if not specified otherwise. The stored heat equation 
parameters will be evaluated in greater detail in the 
following subchapters.  

A single reservoir volume can be subdivided into 
several geohydrological units corresponding to multi-
ple aquifers with their own depth intervals (volume) 
and temperature conditions (Muffler & Cataldi, 1978; 
O'Sullivan & O'Sullivan, 2016; Malcolm, 2018). It is 
important to consider this within the context of a mod-
elling approach since each cell within a raster or grid 
will have its own volume and temperature conditions. 
The total thermal energy (stored heat) (Q) for all sub-
divided units is calculated with Equation (1) (Muffler 
& Cataldi, 1978; Ciriaco et al., 2020): 

 

Q = Σ ρiciVi (Ti  − Tf)                                   Equation 1 

 
ρici = Volumetric heat capacity of a water-saturated rock   
(J/°C m3) 

Vi = Volume of ith region of n numbers of lithology (m3) 

Ti  = Initial temperature of ith  lithology (°C) 

Tf  = Cut-off or final abandoned reservoir temperature (°C) 

The above Equation (1) simply calculates the sum of 
all stored heat from multiple geohydrological units 
(aquifers) with their corresponding geological proper-
ties (volume, temperature, and volumetric heat capaci-
ties). The lithology term refers to a reservoir volume 
with its own geological characteristics expressed as the 
areal extent multiplied by the reservoir thickness 
(Ciriaco et al., 2020).  

The two USGS approaches are linked to Equation 
(1) but differ slightly considering how heat is stored in 
the subsurface. The first USGS approach considers the 
thermal energy contained solely in the rock matrix 
rather than in the reservoir fluid. This follows the as-
sumption that geothermal energy in the reservoir is 
stored independently of porosity (Ciriaco et al., 2020). 

n 

i = 1 
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The relationship between the stored heat in the rock 
matrix versus the reservoir fluids was pointed out early 
on by Muffler and Cataldi (1978) who state that in 
most reservoirs 90 % of the thermal energy is con-
tained in the rock matrix and the remaining 10 % in 
the fluids. Following this reasoning, Equation (1) can 
be simplified into just considering the heat stored sole-
ly in the rock. The stored heat Q in the rock matrix for 
one whole reservoir volume is calculated with Equa-
tion (2) (Muffler & Cataldi, 1978; Ciriaco et al., 
2020): 

 
Q = ρrcrV(Ti − Tf )                                         Equation 2 

 
ρrcr = Volumetric heat capacity of the rock matrix (J/°C m3) 

V = Volume of the productive reservoir (m3) 

Ti  = Average initial reservoir temperature (°C) 

Tf  = Reference or dead-state temperature (°C) 

 
The second USGS approach expands on Equation (2) 
and introduces a porosity parameter and a value for the 
volumetric heat capacity of the reservoir fluids which 
allows for a separate calculation of the thermal energy 
stored in the reservoir fluids. The total thermal energy 
calculated using both approaches does not vary more 
than five percent if the porosity is less than 20 % 
(Muffler & Cataldi, 1978). The total thermal energy 
(Qt) in the rock matrix and the reservoir fluids is calcu-
lated with Equation (3) (Muffler, 1978; Muffler & 
Cataldi, 1978; Arkan & Parlaktuna, 2005; Ciriaco et 
al., 2020): 

 
Qt = (1 − φ)Vρrcr(Ti − Tf) + φVρfcf (Ti − Tf)  

 
             Equation 3 

 
ρfcf = Volumetric heat capacity of the fluids (J/°C m3)  

φ = The ratio between the pore space and the bulk volume of 
the reservoir rock (%)  

The third stored heat approach is the AGRCC method 

which was established as a joint venture by the Aus-
tralian Geothermal Energy Association (AGEA) and 

Australian Geothermal Energy Group (AGEG).  The 
goal was to standardise and establish a national frame-
work for geothermal reporting (Lawless et al., 2010). 

This was motivated by the absence of a universally 
agreed-upon model for assessing geothermal re-

sources; an issue which remains unsolved to this day 
(Ciriaco et al., 2020). Equation (4) is comparable to 

Equation (3) and considers the heat stored in the rock 
and in the fluid with the addition of heat stored in the 
steam. The thermal energy Q using the ARGCC meth-

od is calculated with Equation (4) (AGRCC, 2010a, 
2010b; Ciriaco et al., 2020): 

Q = V × [ρrcr(1 − φ)(Ti − Tf)] + [ρwiφSw(hwi − hwf)] + 
[ρsiφ(1 − sw)(hsi − hwi)]                               
 
                                                                       Equation 4 

 
 

ρwi and psi = Density of steam and water at initial reservoir 
condition (kg/m3)  

 
hwi and hsi = Water and steam enthalpies at reservoir temper-
ature (kJ/kg)  
 
hwf = Water enthalpy at rejection temperature (kJ/kg)  
 
Sw = Relative water saturation of the reservoir (%)  
 
Tf = Reinjection temperature (reference temperature) (°C)   

 
The initial workflow for the stored heat methodology 
outlined above has undergone substantial modifica-
tions. Equation (2) was further refined by Garg and 
Combs (2015) and O'Sullivan and O'Sullivan (2016) 
who introduced a saturation term to differentiate be-
tween the proportion of water and steam in the rock 
pores. Further research was conducted by Sadiq and 
Florida (2013) who considered the internal energy of 
the system instead of the specific enthalpy in Equation 
(4). They also proposed with a set of equations that the 
natural heat flux and the conductive heat flux (thermal 
recharge) of the geothermal system should be account-
ed for in the stored heat method (Sadiq & Florida, 
2013).  

The amount of thermal energy that can be recov-
ered at the wellhead can be estimated with the intro-
duction of a recovery factor parameter (Rf) defined by 
Equation (5) (Muffler & Cataldi, 1978). The recovery 
factor describe the ratio between the thermal energy 
available at the wellhead against the stored thermal 
energy. The thermal energy available at the wellhead 
(Qwh) is calculated with Equation (6) based on meas-
urements of fluid thermodynamic properties (Ciriaco 
et al., 2020). This approach becomes feasible when 
measurable fluids are available at the wellhead and not 
in an initial stage of development when there are no 
productive wells. In the case of the latter, the recovery 
factors must be estimated based on recovery factors 
from other active geothermal developments and/or 
theoretical values. This allows for an estimate of the 
thermal energy available at the wellhead without direct 
measurements. 

 
Rf  = Qwh / Q                                                   Equation 5 
 
Qwh = mwh(hwh − href)                                       Equation 6 
 
mwh = Extractable mass flow rate (kg/s) 

 
hwh = Enthalpy of the produced fluid (kJ/kg)  
 
href = Enthalpy at some reference temperature (kJ/kg) 

 
At this point, the workflow expands on several 

thermodynamic concepts to convert the thermal energy 
at the wellhead to available work (exergy) and subse-
quently provide an estimate for the electric power pro-
duction. The details of this workflow are specified 
further by Garg and Combs (2015) who describe the 
concept of availability as the maximum theoretical 
work (power) that can be obtained from a substance 
(water) under specific thermodynamic conditions com-
pared to its surrounding environment. According to 
Williams et al. (2008), the electric power generation 
from a potential geothermal system depends on the 
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thermal energy in the reservoir (Q), the amount of 
thermal energy that can be extracted at the wellhead 
(Qwh) and the efficiency of which this is converted 
from thermal energy to electric power (conversion 
efficiency). The conversion efficiency (utilization fac-
tor) is the relation between the actual electrical energy 
to the available work (Garg & Combs, 2015).  

 
2.5.2 Monte Carlo simulations   

Monte Carlo simulations are numerical statistical 
methods implemented in the stored heat equations to 
consider the uncertainties associated with the parame-
ters. The simulations describe the most probable reser-
voir properties and productivity together with associat-
ed uncertainties (Muffler, 1978). The outcome is to 
generate a probability distribution of the power capaci-
ty. The procedure involves determining a minimum 
and maximum value for the input parameters. A proba-
bility distribution function (PDF) is assigned to de-
scribe the value range between the minimum and max-
imum values. The more common distribution types 
used are normal, triangular, and uniform. The Monte 
Carlo simulations then make repeated random sam-
plings within the PDF and apply the output values to 
chosen equations. The number of simulations is select-
ed and produces a large number of likely outcomes 
(Arkan & Parlaktuna, 2005). This is considered a sto-
chastic approach compared to a deterministic as the 
input parameters are not fixed (Piris et al., 2021). The 
result is also presented with probability distribution 
functions expressed as P90, P50, and P10 representing 
low, best, and high estimates (Arkan & Parlaktuna, 
2005; Piris et al., 2021). The implementation of the 
Monte Carlo simulations has been extensively dis-
cussed in the literature with a focus on how the ranges 
should be set (Garg, 2010; Sadiq & Florida, 2013; 
Garg & Combs, 2015). The reliability of the method 
has been questioned and is associated with overestima-
tions of geothermal resources (Grant, 2015; Ciriaco et 
al., 2020). Despite this, the stored heat method with 
the Monte Carlo add-on is continuously being devel-
oped with projects improving the reliability and ap-
plicability of the method (Pocasangre & Fujimitsu, 
2018; Piris et al., 2021). 

 
2.5.3 Stored Heat method parameters 

 
2.5.3.1 Volume 
The volume parameter is the most crucial parameter in 
the stored heat method as it quantifies the size of the 
reservoir where the fluids can circulate and withdraw 
heat (Grant & Bixley, 2011). The simplistic way of 
determining the volume is to treat it as a box defined 
by the areal and vertical extent (thickness) (Ciriaco et 
al., 2020). One common approach is to determine the 
extent and thickness with seismic data supported by 
well information. The areal extent can also be delineat-
ed with several other geophysical techniques such as 
electrical resistivity measurements and magneto tellu-
ric (MT) methods (AGRCC, 2010b; Ciriaco et al., 
2020). The problem with the volume identity is that it 
assumes that the same hydrogeological conditions ap-
ply within it. For example, the permeability may vary 
considerably within the volume and low permeability 

portions of the volume may not be sufficient enough to 
support geothermal exploitation over the lifespan of a 
geothermal project (Grant, 2015).    

 
2.5.3.2 Volumetric heat capacity 
The heat capacity of a rock is the amount of thermal 
energy (heat) in Joules that is absorbed or released 
upon a temperature change of one Kelvin. The heat 
capacity can also be expressed as the specific heat ca-
pacity per unit mass. This is the amount of thermal 
energy that is absorbed per mass unit of rock when the 
temperature increases (Stober & Bucher, 2021c). 
When the heat capacity is normalised with respect to a 
constant volume instead of mass, it is referred to as 
volumetric heat capacity and describes the amount of 
heat that is absorbed per volume unit of rock per tem-
perature increase (Stober & Bucher, 2021c). The volu-
metric heat capacity is expressed as ρc in the stored 
heat equations and is calculated by multiplying the 
specific heat capacity of a substance by its density.  

The term ρc often refers to the volumetric heat 
capacity of water-saturated rocks in the context of the 
stored heat methodology (Ciriaco et al., 2020). The 
volumetric heat capacity differs only slightly over a 
wide temperature range between different rock types 
(magmatic, metamorphic, and sedimentary) (Ciriaco et 
al., 2020). White (1966) recognized that natural sub-
stances typically have similar volumetric heat capaci-
ties. Compared to the uncertainties associated with the 
other stored heat parameters, the volumetric heat ca-
pacity introduces only minor errors in the stored heat 
equations (White & Williams, 1975). These minor 
errors suggest that the volumetric heat capacity can be 
treated as constant, with a value of 2.5 × 106 J/C m³ for 
a water-saturated rock in the stored heat equations 
(Ciriaco et al., 2020).   

 
2.5.3.3 Reservoir temperature 
The reservoir temperature is the average reservoir tem-
perature (Muffler & Cataldi, 1978; Garg, 2011; Grant 
& Bixley, 2011) also described as a characteristic res-
ervoir temperature (Williams, 2004; Williams et al., 
2008; Williams, 2014). Regional geothermal gradients 
can be used to support an assessment of a likely reser-
voir temperature. Geophysical logging techniques are 
used to measure the temperature at the bottom of the 
boreholes, referred to as Bottom Hole Temperature 
(BHT). These BHT readings are then used to estimate 
the temperature of the reservoir. The BHT can be in-
fluenced by the drilling itself, as drilling fluids are 
circulated in the hole, and logging is performed after-
ward. Therefore, it is important to note that the BHT 
readings do not always represent normalised condi-
tions. But in some cases, this is the only information 
available unless specific temperature logging has been 
performed several months later, allowing the condi-
tions in the borehole to stabilise. In the absence of in-
situ temperature measurements, chemical geother-
mometers such as silica geothermometers can be used 
as proxies to determine the temperature conditions. 
The geothermometers are more commonly used for 
high-temperature systems (Williams, 2014). 

The BHT readings together with the mean surface 
temperature can be used to calculate a local geother-
mal gradient Gt for a specific depth or depth interval as 
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expressed in Equation (7). The resultant geothermal 
gradient can be extrapolated in the stratigraphy under 
the assumption that it remains constant. This enables 
the estimation of the reservoir temperature at various 
depths (Tiab & Donaldson, 2012).  

 
Gt = (Tf − Ts) / D        Tf = Ts + Gt × D         Equation 7 

 
Gt = Local geothermal gradient (°C/m) 

 
Ts = Mean annual surface temperature (°C) 

 
Tf = Formation temperature (°C) 

 
D = Depth (m) 

 

2.5.3.4 Reference temperature 
There are several options for setting the reference tem-
perature and there are multiple terms used to describe 
this parameter. The selection of the reference tempera-
ture depends mainly on the applied power plant tech-
nology, but also on the choices made by each country 
in its implementation (Ciriaco et al., 2020). The use of 
a lower reference temperature could lead to an overes-
timation of the available thermal energy (Pocasangre 
& Fujimitsu, 2018). The geothermal literature predom-
inantly emphasises large-scale power cycles for elec-
tricity generation, while limited attention is put on the 
reference temperature in the context of direct-use.  

In Equation (1) the reference temperature Tf is ex-
pressed as the cut-off or final abandoned reservoir 
temperature. The cut-off temperature is explained by 
Grant and Bixley (2011) as a threshold where there is 
no economic value in the fluid. It is further explained 
as the temperature at which wells cease to flow and/or 
it becomes uneconomic to pump them. The abandon-
ment temperature is equivalent to the cut-off tempera-
ture explained by Garg and Combs (2015) as the tem-
perature below which the geothermal reservoir will not 
produce.  

In Equation (2) the reference temperature Tf is ex-
pressed as the dead-state temperature or reference tem-
perature. The term dead-state temperature originates 
from older works by USGS and is similar to the refer-
ence temperature (Williams et al., 2008; Williams, 
2014). The three commonly used reference tempera-
tures are – separation temperature, ambient tempera-
ture, or reinjection temperature (Ciriaco et al., 2020; 
Piris et al., 2021). The separation temperature is the 
temperature at which all the heat in the fluids below 
this point is discarded by the geothermal plant 
(Malcolm, 2018). The ambient temperature is the an-
nual mean surface temperature value (Malcolm, 2018; 
Piris et al., 2021). The original USGS national geo-
thermal resource assessments calculated the total ther-
mal energy within the reservoir volume above the dead
-state temperature at ambient conditions of 15 °C 
(Muffler, 1978; Quinao & Zarrouk, 2014). 

In Equation (4) the reference temperature Tf is ex-
pressed as the reinjection temperature which is the 
exhaust temperature of the utilized fluids from the 
geothermal plant (Malcolm, 2018). The reinjection 
temperature varies depending on the geothermal plant 
conversion technology. The reference temperature for 
direct-use purposes is the rejection temperature of the 
wastewater produced from the geothermal plant 

(Malcolm, 2018). As an example of setting the reinjec-
tion temperature as the reference temperature, a 
reinjection temperature of 30 °C was used by Cal-
cagno et al. (2014) when investigating the deep geo-
thermal potential within the Tertiary Limage Basin 
(French Massiff Central). Another example is the At-
las of geothermal resources in Europe which employed 
a reinjection temperature of 25 °C (Hurter & 
Schellschmidt, 2003). 

 
2.5.3.5 Recovery factor 
The recovery factor has been subject to much discus-
sion mainly due to the addition of in-field production 
data from active geothermal fields which has been 
used to derive in-field values for the recovery factor. 
These values have shown to be different in comparison 
to theoretical values and because of this there is not a 
common agreement on how to apply the recovery fac-
tor uniformly. Different perspectives on how to imple-
ment the recovery can be found in studies by Ciriaco 
et al. (2020), Malcolm (2018), O'Sullivan and O'Sulli-
van (2016), and Grant (2015). The below section brief-
ly outlines the recovery factor development.  

An early theoretical model by Nathenson (1975a) 
derived a recovery factor of 0.5 for a uniformly po-
rous, homogeneous, and liquid-phase geothermal res-
ervoir with the use of reinjection fluids. The reinjec-
tion concept is described as a cold sweep process 
whereby the recharge progressively replaces the heated 
reservoir fluids with cooler water. This process de-
scribes an idealised condition where the extraction of 
the thermal energy can in theory involve the produc-
tion of a larger volume of fluids than what was origi-
nally contained in the reservoir. The reinjection of 
fluids stimulates the permeability of the rock which 
increases the reservoir performance (Williams et al., 
2008).  

The initial USGS national geothermal resource 
assessments considered the Monte-Carlo approach and 
used a triangular distribution between 0 – 0.5 with a 
most likely value of 0.25 (Muffler, 1978). This recov-
ery factor of 0.25 has since been widely used by sever-
al geothermal assessments (Grant, 2015). Sanyal et al. 
(2004) reassessed earlier geothermal assessments and 
found instances where the actual thermal energy was 
only one-third of the initial estimate. The outcome of 
this was that the older geothermal assessments had 
provided an overly optimistic estimate of the stored 
heat (Williams, 2004; Grant, 2015).  

Previous research had focused on the recovery fac-
tor in the context of uniformly porous fluid-bearing 
reservoirs. However, not enough consideration was 
taken to the heterogeneity of the geological system 
especially when considering fracture systems or a 
combination of both. Williams (2007) investigated this 
further by considering the relationship between porous 
versus fracture geothermal reservoirs and the implica-
tions it has on the recovery factor. The study applied a 
fracture flow model by Bödvarsson and Tsang (1982) 
which showed the sensitivity between the recovery 
factor and the average fracture spacing. One finding in 
the study showed that when the average fracture spac-
ing is around 50 meters the fractured reservoir will 
behave similarly to the cold sweep process of porous 
reservoirs. Another finding was that when the fracture 
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spacing increases the recovery factor decreases be-
cause the rock itself is increasingly bypassed by the 
cold sweep process which results in less heat transfer 
(Williams, 2007).  

Williams (2007) furthered his research by imple-
menting self-similar fracture distribution models to 
investigate the relationship between the recorded flow 
rate and the variation in the observed recovery factor. 
A self-similar distribution model can be described 
briefly as a 2D modelling technique that utilizes fractal 
geometry, where a fractal is identical to itself on all 
scales and can be used to describe subsurface fracture 
structures (Watanabe & Takahashi, 1995). The new-
found results were taken into account for updated esti-
mates of the recovery factor considering two geother-
mal reservoir types: for fracture-dominated reservoirs 
a range from 0.08 – 0.2 and for sediment hosted reser-
voirs a range from 0.1 – 0.25 with a maximum value 
of 0.5 (Williams et al., 2008). 

Garg (2010) employed the Monte Carlo approach 
to investigate the impact of varied ranges of the stored 
heat parameters. The study points out that the chosen 
range should consider actual measured field data. A 
recovery factor of 0 – 0.2 was suggested at an initial 
exploration stage because without drilling results there 
is no feasible way to determine if the geothermal sys-
tem can produce fluids (Garg, 2010; Garg & Combs, 
2015). This view of a recovery factor with a zero value 
was debated by Williams (2014) who argued that as 
long as there is a permeable volume the recovery fac-
tor will be greater than zero. The ARGCC employed a 
similar view of the recovery factor compared to the 
ranges suggested by the USGS. The major contribu-
tion to the method development was how the method 
should consider high porosity reservoirs. In the case of 
when the average porosity exceeds seven percent, the 
method should implement a recovery factor of 2.5 
times the porosity with a maximum of 50 % (AGRCC, 
2010a, 2010b). 

A major contribution to the implementation of the 
recovery factor was proposed by Lavigne (1977) who 
calculated a recovery factor value of 0.33 considering 
a well-doublet system. The extractable amount of heat 
R0 depends on a factor of 0.33 and a temperature frac-
tion between the reinjection temperature and the sur-
face reference temperature often set as the mean annu-
al temperature. This view of the recovery was used in 
the Atlas of geothermal resources in Europe (Hurter & 
Schellschmidt, 2003) and has since then been applied 
in several European geothermal assessment studies 
(Balling et al., 2019; Piris et al., 2021; Erlström & 
Rosberg, 2022). The fraction of extractable amount of 
heat R0 is calculated with Equation (8): 

 
R0 = 0.33 × ((Tp − Tinj) / (Tp − Tref))                Equation  8 

 
Tp = Production temperature  (°C)   

 
Tinj = Reinjection temperature (°C)  
 
Tref  = Reference temperature (°C)  

 
 
 
 
 

2.6 Geological setting and description 
of the Arnager Greensand 

 
2.6.1 Tectonic framework of the STZ and the 

Öresund Basin 

The Fennoscandian Shield (Baltic Shield) is a stable 
crustal province of the East European Craton that bor-
ders the tectonically active phanerozoic European con-
tinent to the southwest. The southernmost part of Swe-
den, known as the region of Scania, is located in this 
crustal border transition zone consisting of several 
structural elements, including Precambrian basement, 
Early Palaeozoic, Mesozoic, and Paleogene sedimen-
tary formations (Norling & Bergström, 1987; Erl-
ström, 2009). The transition zone includes the Sorgen-
frei-Tornquist Zone (STZ) which extends in a north-
west-southeast direction from the North Sea through 
Scania where it connects to the Tessyere-Tornquist 
Zone (TTZ) in the southeast over the Baltic Sea into 
Poland (Erlström & Guy-Ohlson, 1994). The STZ and 
TTZ are two out of five major fault zones that were 
introduced by Berthelsen (1998) as a part of the 
Tornquist fan complex crossing the southwest part of 
the shield. The STZ is characterised by extensive 
block faulting and has been repeatability active since 
the Late Palaeozoic with the main events occurring in 
Mesozoic times which gave the STZ its current ap-
pearance (Erlström, 2020).  

The tectonic evolution of the STZ is closely linked 
to the formation of the Danish Basin as the Öresund 
Basin, centred in the Öresund region, is situated in the 
transition zone between these geological settings. The 
Öresund Basin is a marginal part of the Danish Basin 
(Erlström et al., 2013). The Danish Basin formed in 
response to rifting during the Late Carboniferous – 
Early Permian (Vejbaek, 1997) where it later received 
large amount of sediments in connection to thermal 
subsidence during a post-rift phase in the Triassic – 
Jurassic (Liboriussen et al., 1987; Erlström et al., 
1997). There are several Triassic – Jurassic extension-
al events recognized in the stratigraphical record, but 
these structures are commonly obscured in response to 
Late Cretaceous – Paleogene inversion movements 
that overprint the older structures (Norling & Berg-
ström, 1987; Olaf & Nielsen, 1991; Mogensen, 1994; 
Erlström et al., 1997). 

The Öresund Basin features a series of normal ex-
tension faults towards the west, and to the northeast 
lies the Romeleåsen Fault Zone (RFZ) which consti-
tutes the boundary towards the STZ (Figure 1) 
(Erlström et al., 2013). The normal faults in the Öre-
sund Basin originate from the Carboniferous and were 
later reactivated in the Triassic period (Erlström et al., 
1997; Sivhed et al., 1999). The Triassic period exten-
sion resulted in increased accommodation space and 
thickening of basin strata towards the confining faults 
(Erlström et al., 2013). The Late Cretaceous inversion 
movements were caused by a change from a tensional 
stress regime towards a more compressive one which 
resulted in reverse faulting along the STZ (Erlström, 
2009). The initial inversions are attributed as a re-
sponse to the Sub-Hercynian Alpine deformation 
phase. This phase reached its peak intensity during the 
Campanian epoch and extended until the late Maas-
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Table 1. Summary of the SW Scania borehole dataset. The table contains information about the drilling operator and the drilling 
year. The table also provide the abbreviations which are used to improve the readability of the produced maps. The borehole 
coordinates are given in the national Swedish SWEREF99 projection. 

Borehole Abbreviation Drilling operator Drilling year Y (SWEREF99) X (SWEREF99) 

Norrevång-1 Nv OPAB 1971 6183299 376079 

Barsebäck-1 Ba OPAB 1972 6179890 369962 

Mossheddinge-1 Mo OPAB 1973 6164564 393296 

FFC-1 FFC-1 Sydkraft - EON 2002 6166931 374902 

Magreteholm-1 Mah-1 HGS - DONG 2002 6174037 351271 

Svedala-1 Sv SGU 1948 - 1951 6152816 386937 

Eskilstorp-1 Es OPAB 1971 6149313 375779 

Håslöv-1 Hå OPAB 1972 6145820 376823 

Kungstorp-1 Ku OPAB 1973 6145358 372396 

Höllviken-1 Hö-1 SGU 1941 - 1943 6143771 370499 

Granvik-1 Gr Nordstjernan 1947 6143369 371974 

Maglarp-1 Ma OPAB 1971 6139587 377371 

Hammarlöv-1 Ha OPAB 1971 6138859 379112 

Trelleborg-1 Tr SGU 1947 - 1948 6137455 383957 

Höllviksnäs-1 Hn OPAB 1971 - 1972 6142244 369408 

Höllviken-2 Hö-2 SGU 1943 - 1947 6141239 369676 

Ljunghusen-1 Lj SGU 1954 - 1955 6141141 367317 

Smygehuk-1 Sm OPAB 1973 6141141 367317 

Falsterborev-1 Fa OPAB 1973 6130415 376188 

Figure 1. Location map which displays the main structural units of SW Scania alongside borehole positions. The structural units 

include the Barsebäck platform in the north, the Höllviken Half-graben to the west, and the Skurup platform to the east. The 

geothermal assessment in this study covers the entire land area southwest of the RFZ. The borehole data coverage is represented 

by a dashed minimum bounding rectangle. Extrapolation techniques were applied outside of this rectangle and accounts for a 

portion of the Skurup Platform to the east and a small area in the north adjacent to the RFZ. 



17 

trichtian. The inversion movements continued during 
the Paleogene to Neogene, including the Laramide 
phase from the Danian to the Thanetian (Deckers & 
van der Voet, 2018). 

The geological evolution of the STZ and the devel-
opment of the Danish Basin has given rise to a distinc-
tive subsidence and rifting pattern in the Öresund Ba-
sin. This has led to the deposition and preservation of a 
substantial Mesozoic sequence, reaching up to circa 
3000 meters in thickness (Erlström et al., 2018). With-
in this sequence, several intervals are dominated by 
fluid-bearing sandstones. These intervals hold poten-
tial reservoirs to be used as low enthalpy resources. A 
particularly interesting sandstone interval is the Arn-
ager Greensand which marks the uppermost part of the 
Lower Cretaceous. 

 
2.6.2 Structural outline of SW Scania  

The stratigraphical representation and lithological 
characteristics of the Mesozoic succession over SW 
Scania have been investigated by several researchers 
(Brotzen, 1950; Norling, 1981; Norling & Bergström, 
1987). The knowledge about the subsurface is almost 
exclusively based on well data and seismic surveys, 
which has been collected at various point over the past 
50 years, including the extensive OPAB (Swedish Pe-
troleum Exploration) dataset obtained during the sev-
enties (Table 1) (Figure 1). The main part of the sedi-
mentary succession in SW Scania consists of the 1 – 
1.7 km thick carbonate dominated Höllviken For-
mation overlaying a 450 – 700 m thick interval with 
Lower Cretaceous, Lower Jurassic, and Triassic strata 
(Erlström et al., 2018). The area southwest of the RFZ 
is divided into three structural units - The Barsebäck 
Platform, the Höllviken Half-graben, and the Skurup 

Platform. The Arnager Greensand extends across all 
these structural units (Figure 1 and Figure 2).  

The Barsebäck Platform is situated in the north-
west part of SW Scania and is a structural unit with a 
flat crystalline basement surface that dips slightly to 
the NE towards the RFZ (Figure 2). The basement is 
covered by over two kilometres of sedimentary strata 
from the Upper Triassic to the Paleogene (Erlström & 
Sivhed, 2001; Erlström et al., 2018; Erlström, 2020).  

The Höllviken Half-graben constitutes the southern 
part of the Öresund Basin. The Höllviken Half-graben 
is characterised by a tilted fault block that dips towards 
the SW against the bordering Öresund Fault (Figure 2) 
(Erlström et al., 2018). The basement is significantly 
displaced along the Öresund Fault, verified by seis-
mics and the Falsterborev-1 borehole which was 
drilled on the footwall of the Öresund Fault (Sivhed et 
al., 1999). The Höllviken Half-graben is associated 
with several other normal faults that strike mainly in a 
NW – SE direction over the Öresund Basin including 
the Vellinge Fault and Foteviken faults. The Half-
Graben holds the most complete Phanerozoic sedimen-
tary rock succession in Sweden (Erlström, 2020).   

The Skurup Platform constitutes the western part 
of SW Scania and is separated from the other structur-
al units by the Svedala Fault that strikes through the 
centre of SW Scania in an NNE – SSW direction. The 
platform is a partly uniform horizontal tectonic block 
unaffected by regional tectonics covered by a 1500-
meter-thick Mesozoic sedimentary sequence primarily 
Late Cretaceous in age (Erlström, 1994). The Svedala 
fault has displaced the basement of up to one kilometre 
(Sivhed et al., 1999). The platform is bounded to the 
north by the RFZ and to the south by a zone of smaller 
faults such as the Smygehuk Fault (Thomas et al., 
1993; Erlström et al., 1997). 

Figure 2. Seismic stratigraphy profiles modified from Erlström et al. (2018). The interpreted profiles show the sedimentary 
stratigraphy over the Öresund Basin and the SW Scania structural units including the Barsebäck Platform, Höllviken Half-
Graben, and Skurup Platform. The Arnager Greensand (dark green) is situated in the transition zone between the Lower Creta-
ceous and the Upper Cretaceous. The profile also shows the relative position of several boreholes and interpreted fault lines. The 
seismic profiles cover the off-shore Öresund Basin region in two directions and do not depict the on-shore SW Scania stratigra-
phy. The profiles are included since they showcase the general stratigraphic arrangement of the Arnager Greensand which can 
be inferred over on-shore SW Scania.  
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2.6.3 The Arnager Greensand  

 

2.6.3.1 Depositional setting and distribution  
The depositional setting during the Early Cretaceous 
was predominantly marginal marine and brackish with 
interludes of coastal lacustrine settings. This resulted 
in a lithological diverse succession of sandstones, silt-
stones, and mudstones (Sivhed et al., 1999). The ma-
rine influence increased successively during the Early 
Cretaceous and led to the deposition of the black or-
ganic-rich Aptian shale (Sivhed et al., 1999). The Ap-
tian shale is only a few meters thick but is an extensive 
marker bed in the Early Cretaceous sedimentary suc-
cession situated just below the Arnager Greensand 
(Erlström et al., 2011). 

The Arnager Greensand was deposited in a margin-
al shelf environment at the time of an extensive Creta-
ceous transgression (Christensen, 1984; Tyson & Fun-
nell, 1987; Sivhed et al., 1999). The Arnager Green-
sand is interpreted to represent a regional inner-shelf 
sand deposit. The transgression coincides with the 
Early Cretaceous – Late Cretaceous boundary (Figure 
3). The Arnager Greensand has been dated to Aptian – 
Cenomanian from biostratigraphical studies on forami-
nifera and palynomorphs (Vajda-Santivanez & Solaki-
us, 1999; Larsson et al., 2000). The upper part of the 
formation is widely agreed upon to be Middle Ceno-
manian in age (Hart, 1979; Solakius, 1989; Packer & 
Hart, 1994; Hart et al., 2012). 

The Arnager Greensand is a saline aquifer with a 
regional distribution of 8800 km2 in Swedish territory. 
The formation was first named the Granvik Sandstone 
formation in the seventies during exploration surveys 
on the Falsterbo Peninsula conducted by OPAB.  The 
name was later changed as it was found to correlate 
with the Arnager Greensand outcropping on the island 
of Bornholm. The Arnager Greensand covers the re-
gion of SW Scania and extends into Denmark and over 
the southern Baltic Sea into Germany. It is also found 
in the Vomb Trough and the Kristianstad Basin which 
are two other Mesozoic basins located further to the 
north in Scania (Mortensen & Sopher, 2021).   

The formation is identified in several boreholes in 
SW Scania at depths between 1050 and 1800 meters 
(Erlström et al., 2011; Juhlin et al., 2013). The greatest 
depths are recorded adjacent to the RFZ, whereas the 
shallowest depths are in the southern parts of the Öre-
sund Basin. This is related to the fact that the whole 
Cretaceous succession dips slightly towards the north-
east (Anthonsen et al., 2014; Mortensen et al., 2016). 
The thickness of the formation varies considerably, 
with a thickness of 20 meters in the northwest to 
around 60 meters in the south over the Falsterbo Pen-
insula (Erlström et al., 2011).  

The Arnager Greensand is overlain by the Arnager 
Limestone which is a dense and partly silicified calci-
lutite (Figure 3) (Sivhed et al., 1999). The limestone 
has the same approximate distribution over SW Scania 
as the Arnager Greensand. The thickness of the lime-
stone varies between 10 and 100 meters (Sivhed et al., 
1999). The Arnager Limestone has been dated to the 
early Coniacian (Solakius, 1989; Tröger & Kegel 
Christensen, 1991; Packer & Hart, 1994; Christensen 
& Schulz, 1997; Vajda-Santivanez & Solakius, 1999; 

Madsen et al., 2010). The contact between the two 
formations is well-defined in the seismic stratigraphy 
as the significant variation in density and seismic ve-
locity between the two gives a strong difference in 
acoustic impedance. The result is a strong seismic re-
flection that is well-mapped in the seismic data cover-

Figure 3. The lithostratigraphic division of SW Scania mod-

ified from Erlström (2020). The division covers the Late 

Jurassic to Paleogene period. The Arnager Greensand is 

situated in the transition between the Early to Late Creta-

ceous. The Arnager Greensand is superimposed on an unde-

fined mixed clastic Lower Cretaceous succession which 

includes alternating beds of sandstone and mudstone such as 

the Aptian Shale and Lower Cretaceous sandstones. The 

Lower Cretaceous sandstones have similar reservoir proper-

ties as the Arnager Greensand. The Arnager Greensand is 

overlain by the Arnager Greensand which is a part of the 

Höllviken Formation which constitutes the upper stratigra-

phy of SW Scania. The uppermost three members - Lellinge 

Greensand, Svedala Marl, and Boserup Mudstone only have 

a local distribution over SW Scania. 
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ing the Mesozoic sequence of SW Scania (Figure 2) 
(Erlström et al., 2018). 

The Arnager Limestone is the lowermost member 
of the Höllviken Formation (Figure 3). The lithostra-
tigraphy of the Höllviken Formation was established 
by Erlström (1990) and consists of clayey carbonate 
and clastic members that were deposited from the Ear-
ly Cretaceous to the Paleogene. The thickness and spa-
tial extent of each member varies across SW Scania. 
The approximate thickness of the Höllviken Formation 
is around 1000 meters (Anthonsen et al., 2014). A gen-
eral depositional trend is observed in the formation 
where sandstone units become more abundant close to 
the RFZ. One of these sandstone units is the 900-meter
-thick Lund Member which is dominated by sandstone 
commonly referred to as the Lund sandstone 
(Erlström, 1990; Erlström & Rosberg, 2022). 

The Arnager Greensand outcrops only on the is-
land of Bornholm in Denmark. The island of Born-
holm is situated in the transition zone between the STZ 
to the northwest and the TTZ to the southeast over the 
Baltic Sea. The transition is marked by a bending junc-
tion formed by dextral-slip tectonics associated with 
the Rönne and Arnager Grabens (Erlström et al., 
1997). The contact between the Arnager Greensand 
and the Arnager Limestone can be observed at a cliff 
section near the village of Arnager. The outcrop has 
been subject to study by numerous researchers for sev-
eral decades (Jensen & Hamann, 1989; Solakius, 1989; 
Packer & Hart, 1994; Christensen & Schulz, 1997; 
Vajda-Santivanez & Solakius, 1999; Hart et al., 2012). 
The transition between the Arnager Greensand and the 
Arnager Limestone on Bornholm is marked by a 
hardground-phosphorite bed interpreted as a deposi-
tional hiatus. The timing and duration of the hiatus are 
well-defined but the cause of it remains uncertain.  

Two hypothesis have been proposed for the cause; 
the first one suggests that the stratigraphic hiatus is a 
result of regression and the development of the 
hardground bed (Christensen, 1984), and the second 
one suggest that the sedimentation ceased due to rela-
tive sea-level rise (Packer & Hart, 1994). Thus, the 
discussion has been centred around whether it was a 
shallowing or deepening event. Concurrent research 
supports the idea the Bornholm area changed from an 
inner-shelf depositional towards an outer-shelf deposi-
tional environment during a transgression (Vajda-
Santivanez & Solakius, 1999) and resulted in a sedi-
ment-starved shelf during the late Cenomanian to late 
Turonian period (Hart et al., 2012). The depositional 
hiatus between the two formations has also been ob-
served in several core drillings in SW Scania (Larsson 
et al., 2000).  

The boundary between the Arnager Greensand and 
the Arnager Limestone is well-defined. On the contra-
ry, there is uncertainty and variability associated with 
the lower boundary of the Arnager Greensand. This is 
partly caused by the fact that the underlying Creta-
ceous successions in SW Scania are not clearly de-
fined and often have a laterally variable distribution 
and lithological composition (Erlström, 2020). The 
base boundary is often difficult to distinguish because 
of the occurrence of a Lower Cretaceous succession 
with alternating beds of sandstone and mudstone. 
There is commonly a diffuse and/or gradual transition 

between the typical Arnager Greensand lithofacies into 
these alternating beds. Some of these Lower Creta-
ceous beds consist of permeable sandstones which also 
have similar reservoir properties as the Arnager Green-
sand. The Lower Cretaceous sandstones comprise to-
gether with the Arnager Greensand a 100 – 150 meter 
thick Lower Cretaceous sandstone sequence (Erlström 
et al., 2011; Juhlin et al., 2013). This whole sequence 
can be seen to have greater geothermal potential than 
the Arnager Greensand alone, but in this study, the 
focus has been on the Arnager Greensand, as it is far 
better documented in boreholes drillings and seismic 
data.  

The Arnager Greensand is a partly fault confined 
aquifer with only a few faults with minor vertical dis-
placements over the Arnager Greensand interval 
(Anthonsen et al., 2014; Mortensen et al., 2016; 
Mortensen & Sopher, 2021).  The aquifer is in contact 
with the Svedala, Foteviken, and Vellinge Fault in SW 
Scania and the Öresund Fault in the Öresund Basin 
(Figure 1 and Figure 2). Over these faults, the Arnager 
Greensand is deformed as a flexure. Only minor dis-
placements of the Arnager Greensand have been noted 
over the faults (Sivhed et al., 1999). Any significant 
disturbances to the continuous distribution of the reser-
voir are limited to inversion movements along the Öre-
sund and Svedala faults (Juhlin et al., 2013). In the 
seismic record, this is displayed as a pattern of flexure 
and bending reflectors crossing these faults. The verti-
cal displacement of the other faults in SW Scania is 
considerably smaller in magnitude (Sivhed et al., 
1999; Juhlin et al., 2013). 

 
2.6.3.2 Arnager Greensand characteristics  
The Arnager Greensand is a fine and medium grained 
unconsolidated quartz arenite (sandstone) (Figure 4) 
(Sivhed et al., 1999). The Arnager Greensand contains 
both glauconite as grains and as mineralisation on de-
trital quartz. It also contains accessory minerals such 
as feldspars, pyrite, micas, and zircons (Mortensen et 
al., 2016). The greenish-greyish colour of the sand-
stone is attributed to the relatively high content of 
glauconite which is an authigenic mineral that forms 
through slow marine diagenesis in shallow marine 
environments such as sediment-starved shelves 
(Winterer, 2012). The Arnager Greensand matrix con-
tains clay and small quantities of carbonates. The de-
gree of consolidation varies as the detrital grain frame-
work can be embedded by both quartz and carbonate 
cementation (Sivhed et al., 1999; Erlström et al., 
2011). 

The petrophysical properties of the Arnager Green-
sand vary over SW Scania. The formations show po-
rosity values between 7.2 – 31.3 % and gas permeabil-
ity between 0.15 – 1879 mD. An increase in cementa-
tion along with a decrease in average grain size has 
been noted towards the northeast (Barsebäck Platform) 
(Sivhed et al., 1999). The Arnager Greensand has been 
investigated in recent years as a potential storage aqui-
fer for both natural gas and CO2 as well as for geother-
mal utilization. Some intervals of the Arnager Green-
sand display notably high reservoir quality where the 
permeability exceeds 1 Darcy and the porosity lies 
within the range of 27 – 30 % (Erlström et al., 2011). 
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3 Methods 
The workflow for the stored heat method (HIP) which 
was applied in this study is presented in Table (2) and 
Figure (5). At an initial stage, the study required the 
digitisation of seismic data from a vintage analogue 
seismic map (blue marker map) of the top of the Arn-
ager Greensand and a revaluation of the borehole data 
to get the depth and thickness estimates. The seismic 
data underwent a time-to-depth conversion process to 
determine the depth of the Arnager Greensand away 
from well control. Raster surfaces (grids) for the Arn-
ager Greensand top and the formation thickness were 
generated using interpolation techniques in a GIS envi-
ronment. A regional geothermal gradient was com-
bined with the depth data to provide an assessment of 
the reservoir temperature. Petrophysical data was com-
piled and further implemented in the stored heat calcu-
lations. The stored heat was calculated on a cell-by-
cell basis covering the entire land area (SW Scania) 
southwest of the RFZ. Maps were generated to display 
the spatial difference in the stored heat and additional 
maps display the variation in formation depth, reser-
voir thickness, and reservoir temperature. In the fol-
lowing subsections, the data sources will be outlined 
together with a more detailed description of the data 
processing steps.  

 

3.1 Data sources and acquisition  
The dataset comes from the Geological Survey of 
Sweden (SGU) and consists of a combination of older 
seismic and borehole data (Table 2). The data was 
acquired and processed during a series of different 
exploration surveys between 1960 – 2003. The data 
varies considerably in quality and format. 

3.1.1 Seismic Data 

Between 1930 and 1980, both land and marine seismic 
surveys were conducted in SW Scania to investigate 
the sedimentary bedrock. The initial surveys were per-
formed by SGU (Swedish geological survey) and later 
by the Swedish Oil and Gas Prospecting Company 
(OPAB), Swedish Exploration Company (SECAB), 
and Swedegas AB (Sivhed et al., 1999; Erlström et al., 
2018). Exploration boreholes were drilled together 
with the seismic surveys. The surveys by OPAB fo-
cused on depths exceeding one kilometre, while the 
Swedegas AB surveys focused on shallower for-
mations on land. The combined surveys resulted in the 
identification of several distinct mappable seismic 
reflectors. These seismic reflectors were supported by 
well data and assigned specific stratigraphic horizons 
and a series of isochrone maps showing these marker 
horizons (marker beds) exists from these surveys 
(Sivhed et al., 1999). 

One of those distinct reflectors or markers is the so
-called blue marker which denotes the strong reflection 
coefficient that occurs at the interface between the 
Arnager Limestone and the underlying Arnager Green-
sand, also referred to as the base Upper Cretaceous 
marker. The seismic data used in this project is digit-
ised from a blue-marker isochrone map from 1993 
(Larsson et al., 1994) (Figure 6). The map itself is 
originally an interpretation of legacy seismic data. The 
blue marker isochrone map displays the approximative 
two-way-traveltime (TWT) in milliseconds (ms) as 
contour lines down to the transition between the Arn-
ager Greensand and the Arnager Limestone. The map 
covers SW Scania and the adjacent offshore areas. The 
map shows the seismic two-way-time between the 
mean sea level and the reflection at the top of the Arn-

Figure 4. Microphotograph (transmitted light) of the Arnager Greensand from the SGU Geoarchive. The sample is from a depth 

of 1261 meters (KB) in the Höllviken-2 borehole. The picture showcases quartz grains in white and glauconite in green colour. 

The Glauconite appears both as grains and mineralization on detrital quartz.  
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ager Greensand. The contour lines are drawn in inter-
vals (resolution) of 20 milliseconds (ms). The map 
also shows several regional faults cutting through the 
blue marker, such as the Vellinge Fault, Svedala Fault, 
Öresund Fault (Carlsberg Fault in the map legend), 
and the Barsebäck faults. The RFZ is shown in grey 
and delimits the seismic data coverage to the northeast. 
The blue marker map remains to this day the primary 
source material that illustrates the top boundary of the 
Arnager Greensand.  

 
3.1.2 Borehole Data 

The borehole database in this study comprises 17 deep 
boreholes in SW Scania and one borehole 
(Margreteholm-1) located on Amager in the south Co-
penhagen area in Denmark (Table 1) (Figure 1). The 
boreholes are all drilled into or through the Arnager 
Greensand. One borehole (Falsterborev-1), which is 
normally included in the SW Scanian deep borehole 
dataset, was excluded due to its location on the foot-
wall of the Öresund Fault (Figure 1 and Figure 2). 
Most boreholes are located on the Falsterbo Peninsula 
near each other. The Smygehuk-1 borehole is located 
offshore in the Baltic Sea south of the Swedish coast-
line. The Barsebäck-1 and Norrevång-1 boreholes are 
located on the Barsebäck Platform in the north. The 
Svedala-1 and Mosshedinge-1 boreholes are located 
further inland and have historically been attributed to 
the Skurup Platform (Sivhed et al., 1999). The Sveda-

la-1 borehole is located on the footwall of the Svedala 
Fault and the Mosshedinge-1 borehole is adjacent to 
the RFZ. Since the two boreholes are located on the 
margins of the Skurup Platform, it is likely that they 
are to some extent affected by the nearby faults. This 
is exemplified in the Mossheddinge-1 borehole by a 
less characteristic geophysical log response of the Arn-
ager Greensand. The cored Svedala-1 borehole does 
not include any geophysical logs which hinders a geo-
physical signature comparison between the two bore-
holes. The two boreholes are the only ones that pene-
trate the Arnager Greensand on the Skurup Platform. 
No deep drillings have been performed on the central 
regions of the Skurup Platform. This introduces great-
er uncertainty into the assessment of stored heat in this 
area, primarily because the distribution of the Arnager 
Greensand remains uncertain.  

The documentation with information about the top 
and base of the Arnager Greensand comprises a scat-
tered set of borehole reports with geological descrip-
tions, wire-line logs, mud logs, analytical results, bore-
hole protocols, personal comments, structural maps, 
and map sheet descriptions. A few boreholes were core
-drilled which includes the Höllviken-1, Höllviken-2, 
Svedala-1, Trelleborg-1, and the Granvik-1 boreholes. 
The geological material from these drillings (cores and 
cuttings) varies greatly in quality (Larsson et al., 
1994). Most boreholes, which make up the bulk of the 
dataset, only provide depth data through the interpreta-

Input data Description Pre-processing Application Source 

Seismic TWT values (ms) Digitisation Kriging interpolation Blue Marker map 
(Larsson et al., 1994) 

Borehole Depth and Thickness (m) 
(b.m.s.l) 

Revision Co-kriging Interpolation SGU 

Petrophysical Porosity (%) 
Permeability (Darcy) 
Grainsize ρ (g/cm3) 
Fluid ρ (g/cm3) 

Tabulation Stored heat (HIP) equations SGU 

Temperature Temperature log (°C) 
(Ljunghusen-1 borehole) 

Conversion Geothermal Gradient 
Reservoir Temperature 

SGU 

Terrain map Coastline polyline feature Digitisation Visualisation Lantmäteriet 

Figure 5. The general workflow applied in the stored heat resource assessment of the Arnager Greensand. The major methodol-

ogy steps included the digitisation of seismic data, revision of borehole data (depth and thickness), petrophysical calculations, 

time-to-depth conversion of seismic data, interpolation techniques to generate depth and thickness raster surfaces over SW Sca-

nia, and stored heat calculations. The OWT abbreviation stand for One-Way-Time. The red box marks the stored heat output. 

Table 2. The table provides an overview of the data used in the study, including descriptions of the parameters with their respec-

tive units, the pre-processing steps performed to integrate the data into the model workflow, and the sources from which the data 

was obtained.  
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tions of geophysical wireline logs. The quality and 
format of the source material may vary due to various 
factors. For instance, some of the boreholes (Höllviken
-1, Höllviken-2, Höllviksnäs-1, Svedala-1, Trelleborg-
1) were drilled 1940 – 1955 and data gathered from 
these boreholes is partly missing. The wireline logs 
also vary greatly in resolution, and it should be noted 
that there are no geophysical logs from the cored bore-
holes. Another contributing factor to the scattered da-
taset is the geological interpretation of the wireline 
logs which varies in the documentation regarding pri-
marily the base of the Arnager Greensand. This con-
tributes to a spread geo-archive with several reported 
depth and thickness values.  

The borehole depth data in the source material is 
either given in meters below a drill floor reference 
level referred to as the Kelly bushing (KB) or the 
ground level (GL). It should be noted for some bore-
holes there are no precise depth reference levels given, 
such is the case for the Trelleborg-1, Granvik-1, 
Höllviken-1, and Höllviken-2 boreholes. The available 
depth reference levels are presented in Appendix (1). 
Two of the boreholes (Granvik-1 and Trelleborg-1) 

only contain depth measurements to the top boundary 
of the Arnager Greensand. The drillings were termi-
nated after the top boundary was reached. This means 
that the Arnager Greensand thickness in the Granvik-1 
and Trelleborg-1 boreholes is estimated based on 
thickness data from adjacent boreholes.  

The Bottom-Hole-Temperature (BHT) data were 
gathered in connection to the wire-line logging opera-
tions. Temperature data are available for several bore-
holes but most of them are not comparable to normal 
conditions. The measurements were taken too close in 
time to the drilling operation and the boreholes did not 
have time to stabilise. The readings may also have 
been influenced by the circulation of mud during the 
drilling operations. This means that the reading tem-
peratures are assumed to be a few degrees lower than 
the actual reservoir temperature (Erlström et al., 2018). 
The temperature logs from the Ljunghusen-1 and FFC-
1 boreholes are the most reliable ones as both were 
recorded sometime after the drilling operation fin-
ished. The temperature readings from these two are in 
this study assessed to represent normalised tempera-
ture conditions.  

Figure 6. Analogue blue marker isochrone map which shows the reflection from the top Arnager Greensand (Larsson et al., 

1994). The contour lines display the approximative Two-Way-Traveltime (TWT) in milliseconds (ms) down to the Base Upper 

Cretaceous reflection. The map also shows interpreted faults as thick black lines, with the prominent Romeleåsen Fault Zone 

(RFZ) highlighted in grey colour. The map is derived from the interpretation of legacy seismic reflection data in analogue for-

mat. The map is drawn in the old Swedish national coordinate system RT90. 
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The database also includes some information on 
various petrophysical properties of the Arnager Green-
sand in the Svedala-1, Trelleborg-1, Maglarp-1, 
Höllviken-1, Höllviken-2, and FFC-1 boreholes. The 
dataset comprises porosity (%), permeability (mD), 
grain density (kg/m3), and fluid density (kg/m3). Much 
of this information is found in unpublished reports and 
borehole protocols. This data is useful since the stored 
heat equations consider porosity and the volumetric 
heat capacity for different mediums. The volumetric 
heat capacities can be calculated based on the density 
of the rock matrix and the reservoir fluid assuming 
reference values for the heat capacities. The stored 
heat equations do not account for the impact of vary-
ing permeability in the geothermal reservoir. Hence, 
the permeability data is an important evaluator of the 
suitability of the Arnager Greensand as a geothermal 
reservoir.  

 

3.2 Data processing 
 
3.2.1 Review of the Borehole Data 

The top and base of the Arnager Greensand were 
reevaluated by checking all wireline logs and borehole 
reports from the borehole dataset and adjustments 
were made since a few faulty values were found in the 
borehole reports. These new depth values were consid-
ered together with previous interpretations of the top 
and base boundaries which are presented together with 
the reevaluated ones. The Granvik-1 borehole was 
assigned the same formation thickness as the 
Höllviken-1 borehole and the Trelleborg-1 borehole 
was assigned the same formation thickness as the 
Hammarlöv-1 borehole. The vertical reference point 
was set to below mean sea level for all depth data. The 
reevaluated depth and thickness database (Table 3) 
were then used as input values in the data-processing 
workflow in the calculation of the stored heat for the 
Arnager Greensand.  

The main objective of this project was not to con-
duct a comprehensive reinterpretation of the Arnager 
Greensand depth boundaries as this would require a 
separate sole project. Instead, this project underscores 
the challenges in interpreting the vintage wireline logs. 
The results section presents two different geophysical 
signatures observed over the Arnager Greensand inter-
val. The first one exemplifies when it is relatively 
straightforward to interpret the top and base bounda-
ries of the Arnager Greensand, along with a second 
example highlighting the complexities involved in 
interpreting these vintage wireline logs. 

 
3.2.2 Time-to-depth conversion  

The characterisation of the sub-surface geology using 
reflection seismic data relies on the conversion of seis-
mic TWT data into depth. This process is commonly 
referred to as time-to-depth conversion and is an im-
portant step in accurately interpreting sub-surface 
structural geology from seismic data. Time-to-depth 
conversion requires an estimation or model of the seis-
mic velocities in the subsurface. There are many ways 
to estimate these velocities which can range in com-
plexity from assuming a constant velocity to generat-
ing a 3D model of the velocities over the area of inter-

est. An important step in this project was to convert 
the previous blue marker map using a time-to-depth 
conversion workflow.   

In this project, the blue marker isochrone map 
(Figure 6) was georeferenced and digitised to derive 
TWT point values which were later used in the time-to
-depth conversion workflow. The georeferencing tool 
in ArcGis Pro 2.7.3 was utilized in a three-step process 
to obtain TWT point data. The map was georeferenced 
from the old Swedish national coordinate system RT90 
into the current SWEREF99 coordinate system. A 
more advanced form of transformation was disregard-
ed as the blue marker map is of good quality with only 
minor geometric distortion. An affine transformation 
was used which involved moving and scaling the 
source map against a coastline line feature from the 
Lantmäteriet terrain map.  

Digitisation was carried out on the TWT-polyline 
features. This involved manually tracing the TWT 
contour line features on the analogue map to create a 
digital representation in shapefile format. The contour 
lines terminate when intersecting a fault and continue 
on the opposite side with an offset. Consequently, it 
was necessary to trace the contour lines accurately 
along the faults and align them with their correspond-
ing Two-Way Travel Time (TWT) values on the oppo-
site side. Given that there are no visible TWT contour 
lines to trace along the faults, apart from the thicker 
fault line itself, digitisation along these faults is diffi-
cult and may not be representative of the original inter-
pretation. The contour lines along the Barsebäck faults 
were also difficult to digitise as it was hard to interpret 
where the contour lines intersect the fault line. The 
digitisation in this area should therefore be viewed as a 
simplification. The digitised polylines were subse-
quently converted into points with a spacing of 200 
meters. This resulted in a point dataset where each 
point contained a TWT value. Further digitisation was 
performed on the RFZ and other fault lines on the blue 
marker map. The combined workflow enabled the 
transformation of a vintage analogue map into a TWT 
point dataset which was then used in the subsequent 
time-to-depth conversion.  

The Geostatistical analyst extension in ArcGis was 
used to perform Ordinary Kriging interpolation on the 
TWT point dataset. This resulted in a TWT raster sur-
face over SW Scania (Figure 7). Ordinary Kriging is a 
well-known geostatistical interpolation method that 
takes into consideration the spatial autocorrelation 
between sample points. The fundamental concept of 
Kriging is that it assumes a spatial correlation between 
the data points which can be used to explain the varia-
tion in the spatial surface (ESRI, 2023b). The interpo-
lation gives a statistical measure of accuracy that can 
be used to improve the fit. The Kriging interpolation 
workflow within the geostatistical analyst extension is 
a multi-step process. The extension lets the user inves-
tigate suitable interpolation techniques. Subsequent 
steps include semi-variogram modelling and curve 
fitting followed by the generation of a prediction sur-
face with cross-validation statistics. The cross-
validation step involves a leave-one-out resampling 
technique that estimates the interpolation errors at the 
different data points. Initially, all input points are used 
to estimate the parameters of the interpolation model. 
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Next, it systematically removes one input point and 
uses the remaining data points to predict the hidden 
value. The predicted value is then compared to the 
actual value. This procedure iterates through all data 
points and provides statistical measurements of error 
such as mean values, mean standardised, root-mean-
square, root-mean-squared standardised, and average 
standard (ESRI, 2023d). The interpolation settings and 
cross-validation statistics for all the raster surfaces are 
presented in Appendix (2) and Appendix (3).  

The TWT raster surface covered SW Scania and 
nearby offshore areas. A mask was created by merging 
the digitised RFZ with a coastline feature from the 
Lantmäteriet terrain map. The resulting mask limits 
the data processing extent and defines the land area 
southwest of the STZ where geothermal utilization is 
feasible. The resulting TWT map is presented in the 
method chapter as it shows a major step in the time-to-
depth conversion (Figure 7).  

A TWT value was assigned to each borehole where 
there was an overlap with a TWT cell using the extract 
values to point functionally. The raster calculator was 
then used to calculate the seismic velocity (meters per 
second) for each borehole. This calculation relied on 
the depth to the top boundary of the Arnager Green-
sand and the One-Way-Time (OWT). The OWT repre-
sents half of TWT and gives the time taken for an 
acoustic wave to travel from the surface source to a 
reflector in the bedrock. 

The Geostatistical analyst extension was used to 
perform a Co-kriging interpolation on the borehole 
velocity and TWT point datasets. This resulted in a 
velocity raster which extent is set by the borehole data 
coverage outlined in Figure (1). Co-kriging is an ad-
vanced variant of Kriging interpolation that incorpo-
rates multiple variables. It introduces a correlated vari-
able (TWT), also known as a covariate, alongside the 
primary variable (velocity) to generate an interpolation 
estimate. This method computes autocorrelation and 
cross-correlations for each variable, potentially im-
proving the accuracy of the model while introducing 
the possibility of increased variability (ESRI, 2023c).  

The extent of the velocity raster is defined by the 
borehole data coverage and is smaller in size com-
pared to the TWT raster (Figure 1). Given that the pro-
ject aimed to produce a stored heat map covering the 
entire SW Scania; both surfaces needed to match each 
other in extent and cell size. To achieve this outcome, 
the velocity raster was extrapolated to the same extent 
as the TWT raster by configuring the processing extent 
in the environments pane.  

As a final step in the time-to-depth conversion, the 
depth to the Arnager Greensand top was calculated by 
multiplying the TWT raster (OWT in seconds) with 
the velocity raster (meters per second). This resulted in 
a depth surface to the Arnager Greensand top bounda-
ry. The depth values are given with reference to below 
mean sea level (b.m.s.l).  

Figure 7. Seismic data map which displays the georeferenced Two-Way-Time (TWT) contour lines derived from the digitiza-

tion of the blue marker map. The Two-Way-Time raster surface (coloured areas) is interpolated from the point dataset generated 

from the contour lines. The geothermal resource assessment focuses on the land area southwest of the RFZ corresponding to the 

highlighted coloured region. 
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The cell sizes of the TWT and velocity rasters dif-
fer because they were generated using different inter-
polation techniques on separate datasets. The TWT 
Raster has a resolution of 313 × 313 meters, and the 
velocity raster has a resolution of 270 × 270 meters. 
Multiplication of two rasters with different cell sizes in 
ArcGIS will result in an output that adopts the coarse 
resolution. A finer resolution was maintained with the 
snap raster functionality with a convert units cell size 
projection setting.   

 
3.2.3 Reservoir temperature  

A local geothermal gradient was calculated using 
Equation (7) down to the top boundary of the Arnager 
Greensand by examining the temperature (BHT) log 
from the Ljunghusen-1 borehole. The gradient repre-
sents a constant temperature increase throughout the 
entire sedimentary sequence down to the Arnager 
Greensand top boundary. The geothermal gradient 
calculation used a mean annual surface temperature of 
9 °C (SMHI, 2023). The depth raster was used as input 
to calculate the reservoir temperature at the top bound-
ary of the Arnager Greensand for each cell over SW 
Scania. The reservoir temperature was assigned as the 
Ti  parameter in Equation (1) and Equation (3).  

 
3.2.4 Formation thickness estimation 

The Geostatistical analyst extension was used to per-
form a Co-kriging interpolation on the reevaluated 
borehole thickness data. The thickness was set as the 
primary variable and the TWT was set as the covariate 
variable. This resulted in a thickness raster which ex-
tent was defined by the borehole data coverage equal 
to the previous velocity raster (Figure 1). The thick-
ness raster was extrapolated using the same steps as 
for the velocity raster. A low-pass filter was run in five 
iterations on the thickness raster. A low-pass filter 
smooths the data by reducing local variation and re-
moving noise from the interpolation. The filter uses a 
function that calculates the mean value for the centre 
cell in a 3 × 3 neighbourhood which reduces the sig-
nificance of outlier cells (ESRI, 2023a). The thickness 
surface was assigned as the Vi and V parameter in 
Equation (1) and Equation (3).  

 
3.2.5 Tabulation of petrophysical properties 

The petrophysical data of the Arnager Greensand used 
in this study include porosity (%), permeability (mD), 
grain density (kg/m3), and  fluid density (kg/m3). 
These petrophysical properties were compiled and 
basic statistical procedures such as mean and median 
values were used to assess the variation in each bore-
hole. The parameter overview provided insights into 
the variability of the petrophysical properties across 
SW Scania. As outlined in the background chapter, the 
stored heat equations can be approached in two ways: 
by accounting for the thermal energy stored in a water-
saturated volume of rock or in the rock matrix and 
fluids separately with a value for the porosity and sep-
arate values for the volumetric heat capacities. To ac-
count for both approaches, the volumetric heat capaci-
ty of the formation fluid and the rock matrix was cal-
culated based on density values and reference values 
for their respective heat capacities.  

3.2.6 Stored Heat calculations 

The stored heat calculations considered the two ap-
proaches of calculating the stored heat in a water-
saturated rock using Equation (1) and in the rock and 
the fluid separately using Equation (3). The stored heat 
was calculated on a cell-by-cell basis. A resolution of 
approximately 270 × 270 meters was maintained for 
all input rasters. The calculations resulted in a stored 
heat raster covering SW Scania and two example maps 
were generated displaying the difference between the 
two chosen stored heat approaches.   

In the ModelBuilder environment in ArcGis, the 
stored heat equation parameters were evaluated 
through multiple iteration runs using different input 
values for the porosity and reference temperature. This 
was carried out to evaluate the impact the parameters 
have on the stored heat value. Due to the excessive 
number of maps that would have resulted, not all itera-
tions are presented in map form. Instead, tables and 
graphs were produced to display the relationship be-
tween the parameters. In addition to this, multiple cas-
es were calculated to evaluate and exemplify the re-
gional difference in stored heat across SW Scania.   

There are two ways to present the stored heat. One 
way is to present the amount of stored heat in a square 
meter within each cell (J/m2) and the second way is to 
present the total amount of stored heat in each cell 
(Joule). The first way relies on the multiplication with 
the thickness and the second one with the multiplica-
tion with the volume. The volume of a cell is calculat-
ed by multiplying the cell size extent with the thick-
ness, for example, a resolution of 270 × 270 meters 
multiplied by a thickness of 20 meters would result in 
a volume of 1 458 000 m3. This volume can be viewed 
as a voxel cell as it represents a value on a regular grid 
in 3D space. The volume approach is the only viable 
approach if a recovery factor is to be applied. The unit 
derivation of the two ways of representing the stored 
heat is demonstrated in Equation (9). The parameters 
are defined the same as in the Equations (1) and (3). 
The ∆T is the temperature difference between the res-
ervoir temperature and the reference temperature. 

 
Q = (J / T × m3) ) × m ×  (ΔT) = J/m2 

 
Q = (J / T × m3) ) × m3 ×  (ΔT) = J               Equation 9                                                               

 

4  Results 
 

4.1 Borehole Data 
The reevaluated depth and thickness data of the Arn-
ager Greensand are presented in Table (3) together 
with previous depths reported by Sivhed et al. (1999) 
and Juhlin et al. (2013). The Granvik-1 borehole was 
assigned a thickness of 55 m as in the nearest 
Höllviken-1 borehole and the Trelleborg-1 borehole 
was assigned a thickness of 38 meters as in the nearest 
Hammarlöv-1 borehole. The thickness interpretations 
vary between the reevaluated data and the previous 
estimates. The thickness interpretations differ the most 
in the Mossheddinge-1, Norrevång-1, Svedala-1, 
Eskilstorp-1, Maglarp-1, and Smygehuk-1 boreholes. 
The other boreholes have thickness estimates that are 
similar to the previous estimates.     
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Wireline logs from Höllviksnäs-1 and Moss-
hedinge-1 boreholes are presented in Figure (8). The 
logs illustrate the contrasting scenarios of straightfor-
ward interpretation and difficulty in setting the top and 
base boundaries for the Arnager Greensand. The 
Höllviksnäs-1 wireline log shows a clear geophysical 
signature with a significant change in the spontaneous 
potential and resistivity over a well-defined interval 
which is interpreted to be the Arnager Greensand. The 
interpretation of the Mosshedinge-1 borehole is diffi-
cult due to signal distortion and low resolution. A 
small interval at approximately 1710 meters can be 
identified as the Arnager Greensand with lower spon-
taneous potential and varying resistivity. Below this 
point, there are additional intervals exhibiting fluctuat-
ing geophysical signatures. 

 

4.2 Formation depth and Reservoir 
temperature  

The ordinary Kriging interpolation on the TWT point 
dataset resulted in a TWT raster surface (Figure 7) 
with a range of 782 – 1342 (rounded to the nearest 
whole number) milliseconds (ms). The surface is char-
acterised by an overall spatial pattern of increased 
TWT towards the RFZ. The highest values are ob-
served in the northwest near the city of Landskrona 
next to the RFZ while high values are also observed 
along the RFZ. The lowest values are observed in the 
south on the Falsterbo Peninsula while low values are 

also observed over the southern parts of the Skurup 
Platform. The Svedala Fault is a clear geological fea-
ture in the centre-most part of the map with a distinct 
bending flexure pattern. The cell size of the raster is 
approximately 313 × 313 meters (rounded to the near-
est whole number). The raster is visualised with a de-
fined interval classification of 50 ms which yields 12 
colour classes.  

 

4.3 Regional thickness estimation 
The Co-kriging interpolation on the reevaluated thick-
ness data and the following low-pass filtering resulted 
in a thickness raster surface between 11 and 56 meters 
(Figure 12). The surface is characterised by an overall 
spatial pattern of decreasing thickness towards the 
RFZ. The greatest thickness is observed over the Fal-
sterbo Peninsula and the lowest is adjacent to the RFZ. 
The thickness increases locally surrounding the 
Norrevång-1 borehole and decreases surrounding the 
Mosshedinge-1 borehole. The raster is visualised with 
a defined interval classification of 3 meters which 
yielded 16 colour classes. A comparison between the 
reevaluated thickness and depth values with the mod-
elled thickness and depth values for each borehole is 
provided in Appendix (4) wherein a cross plot is pre-
sented which shows the relationship between the TWT 
and thickness values in every borehole.  

 
 

Borehole Total 
depth 

(b.m.s.l) 

Reevaluated Top 
Boundary 

(b.m.s.l) 

Reevaluated 
Base Boundary 

(b.m.s.l) 

Reevaluated 
Thickness (m) 

Previous 
Thickness 

data (1) 

Previous 
Thickness 

data (2) 

Norrevång-1 2127 1768 1792 24 24 36 

Barsebäck-1 2255 1743 1760 17 17 17 

Mossheddinge-1 1785 1675 1686 11 No Data 56 

FFC-1 2100 1605 1632 27 No Data 27 

Magreteholm-1 2677 1601 1629 28 No Data No Data 

Svedala-1 1628 1435 1459 24 24 43 

Eskilstorp-1 2463 1353 1381 28 35 35 

Håslöv-1 2554 1306 1342 36 37 37 

Kungstorp-1 2066 1274 1321 47 47 47 

Höllviken-1 1411 1226 1281 55 (3) 51 55 

Granvik-1 1254 1245 Unknown 55 (3) Unknown Unknown 

Maglarp-1 1938 1232 1279 47 48 32 

Hammarlöv-1 2369 1204 1242 38 (3) 42 42 

Trelleborg-1 1201 1200 Unknown 38 (3) Unknown Unknown 

Höllviksnäs-1 2605 1190 1242 52 52 52 

Höllviken-2 1919 1187 1241 54 55 54 

Ljunghusen-1 2276 1182 1230 48 48 48 

Smygehuk-1 1660 1071 1117 46 52 57 

Table 3. Reevaluated top and base boundaries for the Arnager Greensand, along with the corresponding reevaluated thickness 

estimates. The previous estimates are obtained from Sivhed et al. (1999) (1) and Juhlin et al. (2013) (2). The table is structured 

so that the boreholes follow a general north-to-south direction in SW Scania. The total depths of the boreholes are taken from 

Erlström et al. (2018). The NoData text means that there were no available data for the specific borehole at the time because it 

had not been drilled or it was not reported in the source data. The Granvik-1 and Trelleborg-1 were assigned a thickness from 

the nearest boreholes (3). 
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4.4 Petrophysical properties of the Arn-
ager Greensand 

The petrophysical properties of the Arnager Greensand 
are summarized in Table (4). The average and median 
porosity values are consistent between the boreholes 
except for a decrease in the Höllviken-1 and FFC-1 
boreholes. There are significant differences in permea-
bility between the boreholes, with Maglarp-1 exhibit-
ing extremely high permeability values and FFC-1 
displaying lower permeability. The average grain den-
sity is consistent between the boreholes except for an 
increase in the Höllviken-1 borehole. Based on these 

petrophysical properties the volumetric heat capacities 
for the rock matrix and the reservoir fluid were calcu-
lated using Equation (10). The suggested volumetric 
heat capacity constant 2.5 × 106 J/C m3 for a fluid-
saturated rock is also presented for comparison.  

The specific heat capacity of the reservoir fluid is 
set to 4180 J/kg K corresponding to the specific heat 
capacity of fresh water. Given that the formation fluid 
is saline it is expected that this value should be a lower 
unknown value as it contains dissolved salts that re-
duce the amount of heat that can be absorbed by the 
water. The reservoir fluid was assigned a density value 
of 1.116 kg/m3. This is the only reported fluid density 

Figure 8. Modified geophysical wireline logs from the Höllviksnäs-1 and Mossheddinge-1 boreholes with the interpreted inter-

vals of the Arnager Greensand marked in green. The logs illustrate the contrasting scenarios of straightforward interpretation in 

the case of Höllviksnäs-1 and difficulty in the case of Mossheddinge-1 in setting the top and base boundaries for the Arnager 

Greensand. The logs have been enhanced to improve their visual representation and readability. The depth scale varies between 

the logs. The logs were retrieved from the SGU geoarchive. 
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Figure 9. Map of SW Scania which displays the average velocity in meters per second (m/s) down to the Arnager Greensand. 

The velocity raster was generated by Co-Kriging interpolation techniques using borehole depth data (meters below mean sea 

level) and two-way-time (ms) values obtained from the respective boreholes. The map highlights the subsurface velocity varia-

tions in the region.  

Figure 10. Depth map to the Arnager Greensand top boundary. The map displays the depth (below mean sea level) to the Base 

Upper Cretaceous boundary which is the boundary between the Arnager Greensand and the Arnager Limestone. The surface was 

generated by multiplying the velocity and TWT input surfaces acquired from the time-to-depth conversion methodology. 
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Figure 11. Reservoir temperature map which displays the temperature at the top boundary of the Arnager Greensand. The raster 

surface was created by applying a regional uniform gradient of 26.6 °C per kilometre with a mean surface reference temperature 

of 9 °C.  

Figure 12. Thickness map of the Arnager Greensand which displays an estimated thickness (m) over SW Scania. The surface 

was generated with Co-Kriging interpolation techniques using the thickness data from the boreholes (m) and two-way-time val-

ues (ms). 
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data of the Arnager Greensand measured in the Trelle-
borg-1 borehole (Juhlin et al., 2013). The specific heat 
capacity of the rock matrix is set to 800 J/kg K 
(Robertson, 1988). This value was also used in the 
geothermal assessment study of the Lund Sandstone 
by Erlström and Rosberg (2022) which allows for a 
better comparison between the studies on a regional 
basis. The rock matrix was assigned a density value of 
2688 kg/m3 based on the average grain density in all 
boreholes (Table 4).  

 

4.5 Stored Heat (Heat-In-Place) maps 
The stored heat calculations resulted in several stored 
heat raster surfaces and model outputs. The calcula-
tions yield a large number in the range of 1 × 109 ex-
pressed as GJ/m2. Two maps exemplify the two ap-
proaches to the stored heat method. The first one con-
siders the stored heat in the water-saturated rock using 
the suggested volumetric heat capacity constant of 2.5 
× 106 J/C m3 for a water-saturated rock (Figure 13). 
The second one considers both the heat stored in the 
rock matrix and fluid separately using the calculated 
volumetric heat capacities in Equation (10) (Figure 
14).  

The stored heat calculation (Equation 1) with a 
value of 2.5 × 106 J/C m3 for the volumetric heat ca-
pacity of a water-saturated rock and a reference tem-
perature of 9 °C corresponding to the average annual 
temperature in Scania (SMHI, 2023) resulted in stored 
heat raster surface with a range of 1.25 – 4.53 GJ/m2 
(Figure 13). The mean stored heat value of the Arn-
ager Greensand over SW Scania for the map case is 
2.27 GJ/m2. When considering the volume approach 
(Equation 9) this amounts to a total of 3.27 × 1018 J 
(3270 PJ) stored in the Arnager Greensand in SW Sca-
nia. The highest stored heat values are observed over 
the Falsterbo Peninsula and the lowest values are ob-
served over the Skurup Platform adjacent to the RFZ. 
A local increase in stored heat is observed surrounding 
the Norrevång-1 borehole and a local decrease in 
stored heat is observed surrounding the Mossheddinge
-1 borehole. The raster is visualised with a defined 
interval classification of 3 × 108 which gives 12 colour 
classes. The maximum and minimum classes are ad-

justed. The histogram for the stored heat raster surface 
is presented in Appendix (5).  

The stored heat calculation (Equation 3) using the 
calculated volumetric heat capacities of the rock ma-
trix and reservoir fluid (Equation 10), a set porosity of 
24 % corresponding to the average porosity of the 
Arnager Greensand (Table 4), and a reference temper-
ature of 9 °C resulted in a stored heat raster surface 
(Figure 14) with a range of 1.37 – 4.99 GJ/m2. The 
mean stored heat value in this map case is 2.5 GJ/m2. 
This amounts to a total of 3.61 × 1018 (3610 PJ) stored 
in the Arnager Greensand reservoir in SW Scania. The 
surface follows the approximate spatial patterns as the 
previous map but has an overall higher stored heat. 
The raster is visualised with a defined interval classifi-
cation of 3.5 × 108 which gives 12 colour classes. The 
maximum and minimum classes are adjusted. The his-
togram for the stored heat raster surface considering 
porosity is presented in Appendix (5).  

The total stored heat (Joule) over SW Scania was 
examined by varying the parameters in the stored heat 
equations. The presented graphs highlight the varia-
tions in stored heat across a range of reference temper-
atures and porosity values (Figure 15 and Figure 16). 
The raw data for these graphs is presented in Appendix 
(6). The graphs only display the stored heat in the rock 
matrix and the reservoir fluids and do not consider the 
stored heat associated with the heat capacity of a water
-saturated rock which instead is presented in Appendix 
(6). Figure (15) shows the variation in stored heat by 
adjusting the formation porosity within a range of 4 – 
32 % with a set reference temperature of 9 °C. These 
porosity values are based on actual measurements of 
the Arnager Greensand porosity. A porosity value of 
zero implies that the stored heat in the reservoir fluid 
is not considered. The graph highlights the relationship 
between the increased stored heat with a higher porosi-
ty. A porosity value of 24 % corresponds to the map in 
Figure (14). Figure (16) shows the variation in stored 
heat by adjusting the reference temperature within a 
range of 4 – 30 °C with a set porosity of 24 %. A refer-
ence temperature of 4 °C corresponds to the reinjec-
tion temperature applied in the Lund geothermal plant. 
The graph highlights the relationship between de-

Rock matrix Volumetric heat capacity = 800 (J/kg C) × 2688 (kg/m3) ≈ 2.15 × 106 (J/C m3) 

Fluid Volumetric heat capacity = 4180 (J/kg C) × 1116 (kg/m3) ≈ 4.66 × 106 (J/C m3) 

Volumetric heat capacity of a water-saturated rock = 2.50 × 106 (J/C m3) (Ciriaco et al., 2020)          Equation 10       

Borehole Average 
Porosity 

(%) 

Median 
Porosity 

(%) 

Average 
Permeability 

(mD) 

Median Per-
meability 

(mD) 

Average Grain 
density (kg/m3) 

Median Grain 
density (kg/

m3) 
Svedala-1 25.7 (15) 28.0 111.2 (15) 27.0 2680 (10) 2673 

Trelleborg-1 23.6 (4) 26.3 868.3 (4) 788.5 2633 (3) 2633 

Maglarp-1 26.3 (6) 26.5 1186.0 (5) 1126.0 2632 (6) 2633 

Höllviken-1 24.7 (32) 27.1 228.0 (33) 88.0 2710 (28) 2689 

Höllviken-2 17.2 (5) 13.6 429.9 (5) 1.8 No data No data 

FFC-1 19.4 (2) 19.4 28.4 (2) 28.4 2666 (2) 2666 

All boreholes 24.3 (64) 26.6 325.0 (64) 65.5 2688 (49) 2674 

Table 4. Petrophysical properties of the Arnager Greensand in the SW Scanian boreholes. The table provides average and mean 

values for the petrophysical properties, including porosity, permeability, and grain density. The subscript value shows the num-

ber of samples (sample size) from which the average and mean values are calculated. The samples were taken from different 

stratigraphic intervals where the Arnager Greensand was encountered.  
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Figure 13. Stored heat (Heat-In-Place) map which displays the estimated amount of heat (GJ/m2) contained in the Arnager 

Greensand over SW Scania The stored heat values range from 1.25 – 4.53 GJ/m2 considering the energy stored  in a water-

saturated rock using a reference value for the volumetric heat capacity. 

Figure 14. Stored heat (Heat-In-Place) map which displays the estimated amount of heat (GJ/m2) contained in the Arnager 

Greensand over SW Scania. The stored heat values range from 1.37 – 4.99 GJ/m2 considering the energy stored in both the rock 

matrix and the reservoir fluids. 
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creased stored heat with increasing reference tempera-
ture. A reference temperature of 9 °C corresponds to 
the map in Figure (14). 

 

4.6 Stored Heat case studies 
A few different cases with various reservoir properties 
and resulting stored heat values are presented in Table 
(5). Each case represents a location in SW Scania cor-
responding to a specific borehole. The Falsterbo re-
gion (Case 1) is based on average porosity data from 
the Höllviken-1 borehole, the Malmö region (Case 2) 
from the FFC-1 borehole, the Svedala region (Case 3) 

from the Svedala-1 borehole, and the Barsebäck region 
(Case 4) from the Barsebäck-1 borehole. The porosity 
values reflect a decrease in porosity closer to the RFZ.  
The reservoir temperature and thickness were taken 
from the modelled surfaces. The results describe the 
stored heat and the extractable amount of heat for a 
hypothetical reservoir volume. The hypothetical reser-
voir area was set as 1 × 106 m2 as it considers a possi-
ble Influence area of a discharge well related to a com-
mon well spacing standard of 1000 – 1500 meters in a 
well-doublet system (Lopez et al., 2010; Willems et 
al., 2017; de Bruijn et al., 2021).  

Figure 15. The total stored heat (J) in the Arnager Greensand in SW Scania. The graph displays the stored heat in the rock ma-

trix and the fluids with different values for the porosity. The porosity range is set according to measured porosity values of the 

Arnager Greensand.  

Figure 16. The total stored heat (J) in the Arnager Greensand in SW Scania. The graph displays the stored heat in the rock ma-

trix and the fluid with different values for the reference temperature. The temperature range is set according to commonly used 

reference temperatures. A reference temperature of 4 °C corresponds to the reinjection temperature of the Lund geothermal 

plant.  
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5 Discussion 
 

5.1 Geothermal resource assessment 
of the Arnager Greensand 

The stored heat values presented in the results describe 
the geothermal potential of the Arnager Greensand 
aquifer in SW Scania for a variety of outcomes by 
setting the stored heat parameters differently. A higher 
stored heat value corresponds to greater geothermal 
potential of that area. This study has opted to use two 
variations of the stored heat method. The first one  
considers the stored heat in a water-saturated rock, 
while the second one considers the stored heat in the 
rock matrix and reservoir fluids separately. This is in 
line with the objective of this project to evaluate the 
stored heat method.  

The two main geothermal assessments of the Arn-
ager Greensand are presented as maps in Figure (13) 
and Figure (14). The first assessment considers a refer-
ence value for the volumetric heat capacity of a water-
saturated rock which gives stored heat values in the 
range of 1.25 – 4.53 GJ/m2. This corresponds to a total 
of 3.27 × 1018 (3270 PJ) stored in the Arnager Green-
sand over SW Scania. The first assessment is consid-
ered a conservative estimate compared to the range of 
1.37 – 4.99 GJ/m2 which results when considering the 
stored heat in the rock matrix and the reservoir fluids 

separately. The second assessment corresponds to a 
total of 3.61 × 1018 (3610 PJ) stored in the Arnager 
Greensand over SW Scania.  

The most promising areas for future geothermal 
development of the Arnager Greensand as indicated by 
the stored heat maps are found in the southern parts of 
SW Scania over the Falsterbo Peninsula. The Falsterbo 
area exhibits the highest stored heat values which 
ranges between 3.0 – 4.5 GJ/m2 for the conservative 
estimate. There is a gradual decrease of stored heat 
between the Falsterbo Peninsula and the city of Malmö 
(Vellinge Fault as location reference). This zone 
shows relatively increased stored heat values in the 
range of 2.5 – 3.2 GJ/m2. The city of Trelleborg simi-
larly displays increased stored heat values. This transi-
tional zone presents opportunities for future geother-
mal investigations and the potential exploitation of the 
Arnager Greensand for direct-use applications. The 
proximity of urban and industrial areas over this zone 
increases the feasibility of a well-doublet system and 
integrating it to a district heating system.  

Since this is the first-ever geothermal assessment 
of the Arnager Greensand that considers spatial varia-
bility there are no previous estimations to compare the 
results against. However, its significance can be evalu-
ated by comparing the results with other geothermal 
assessments conducted in similar geological settings 
(Figure 17). The Triassic and Jurassic reservoirs in the 

Parameter  Case 1 

Falsterbo 

Case 2 

Malmö 

Case 3 

Svedala 

Case 4 

Barsebäck 
Thickness m 55 27 24 17 

Cell Surface extent m2 72900 72900 72900 72900 

Hypothetical Surface extent m2 1.00E+06 1.00E+06 1.00E+06 1.00E+06 

Cell Reservoir Volume m3 4.01E+06 1.97E+06 1.75E+06 1.24E+06 

Hypothetical Reservoir Volume m3 5.50E+07 2.70E+07 2.40E+07 1.70E+07 

Porosity % 0.25 0.19 0.26 0.12 

Top boundary reservoir temperature (model output) °C 42 52 47 56 

Reference temperature °C 9 9 9 9 

Density rock matrix kg/m3 2688 2688 2688 2688 

Specific heat capacity rock matrix J/kg °C 800 800 800 800 

Volumetric heat capacity rock matrix J/m³ °C 2.15E+06 2.15E+06 2.15E+06 2.15E+06 

Density fluids kg/m3 1116 1116 1116 1116 

Specific heat capacity fluids J/kg °C 4180 4180 4180 4180 

Volumetric heat capacity fluids J/m³ °C 4.66E+06 4.66E+06 4.66E+06 4.66E+06 

Volumetric heat capacity of water-saturated rock J/m³ °C 2.50E+06 2.50E+06 2.50E+06 2.50E+06 

Stored Heat J/m2 4.54E+09 2.90E+09 2.28E+09 2.00E+09 

Stored Heat with porosity J/m2 5.04E+09 3.05E+09 2.56E+09 1.96E+09 

Total Stored Heat J 4.54E+15 2.90E+15 2.28E+15 2.00E+15 

Total Stored Heat with porosity J 5.04E+15 3.05E+15 2.56E+15 1.96E+15 

Extractable amount of heat (R = 0.33) J 1.50E+15 9.58E+14 7.52E+14 6.59E+14 

Extractable amount of heat with porosity (R = 0.33) J 1.66E+15 1.01 E+15 8.44 E+14 6.47E+14 

Table 5. Input parameters for different case calculations of the stored heat of the Arnager Greensand. The cases exemplify the 

stored heat at various locations in SW Scania based on borehole data. The Falsterbo region (Case 1) is based on average porosity 

data from the Höllviken-1 borehole, the Malmö region from the FFC-1 borehole, the Svedala region from the Svedala-1 bore-

hole, and the Barsebäck region from the Barsebäck-1 borehole. The applied recovery factor on the total stored heat is 1/3. 
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Danish Basin, specifically the Frederikshavn, Hal-
dager, Gassum, and Bunter/Skagerrak reservoirs, have 
stored heat values ranging 10 – 30 GJ/m². However, 
there are localized areas within these reservoirs where 
the stored heat can be as high as 30 –  70 GJ/m², and a 
few exceptional areas with extremely high stored heat 
values ranging 70 – 110 GJ/m² (Balling et al., 2019). 
The Lund Sandstone situated at a depth of 640 – 800 
meters in SW Scania has a stored heat range of 5 – 8 
GJ/m2 (Erlström & Rosberg, 2022). These above com-
parisons underscore the stored heat range one can an-
ticipate within the same regional basin system, which 
includes both the Danish and Öresund Basins, and the 
Lund Sandstone and Arnager Greensand in SW Sca-
nia. 

In a European context, the Arnager Greensand 
stored heat values are similar to those reported for 
Mesozoic sandstone reservoirs in the North German 
Basin. These reservoirs have stored heat values rang-
ing from 0 - 3.7 GJ/m2 and 0 – 4.8 GJ/m2 considering 
two temperature models (Frick et al., 2022). The 
stored heat values are lower compared to the 7.0 GJ/m2 
reported for the Dogger Limestone aquifer. The Dog-
ger Limestone aquifer is situated at a depth of 1500 to 
2000 meters in the Paris Basin and features tempera-
tures ranging from 55 – 80 °C (Lopez et al., 2010). 
The values are also considerably lower compared to a 
value of 25 GJ/m2 reported for a Lower Cretaceous 
aquifer in the Lisbon region at a depth of 1350 meters 
(Marrero-Diaz et al., 2015). Additionally, the clastic 
Triassic reservoir in the Upper Rhine Graben at a 
depth of 2000 meters in France  reports a stored heat 
range of 15 – 30 GJ/m2 (Dezayes et al., 2008). In sum-
mary, when compared to similar geothermal aquifers 
in Europe, the Arnager Greensand demonstrates com-
paratively lower stored heat values. This emphasizes 
the limited potential of the Arnager Greensand to be 
used as a geothermal resource for direct-use purposes.  

Several of these reservoirs above are located at 
greater depths compared to the Arnager Greensand and 
many of them have a greater thickness which gives 
them a much higher stored heat value. Furthermore, 
the assessment studies may set the stored heat parame-
ters differently, including the reference temperature, as 
well as the volumetric specific heat and porosity. This 
is an inherent flaw of the stored heat method. While it 
may initially appear straightforward to compare the 
stored heat between different assessment studies, the 
variation in how the parameters is set makes for a dif-
ficult comparison. For example, Calcagno et al. (2014) 
used a reinjection temperature (reference temperature) 
of 30 °C and Frick et al. (2022) used a reinjection tem-
perature of 8 °C in their geothermal assessment study. 

In geothermal assessments a common approach is 
to present a stored heat range covering a larger region-
al area (Kramers et al., 2012; Pluymaekers et al., 
2012), while others focus their efforts on a smaller 
area where the geothermal potential is greater 
(Marrero-Diaz et al., 2015). Certain studies also opt to 
present a representative single value for the whole 
region (Lopez et al., 2010). Additionally, some studies 
delineate the research area by only accounting for the 
stored heat that exceeds a certain threshold, for exam-
ple to only consider areas where the reservoir thick-
ness is greater than 15 meters (Balling et al., 2019). 

These various approaches to modelling the stored heat 
can yield either a broad or a narrow range of values, 
while also accounting for both non-zero and zero val-
ues (Figure 17).  

 

5.2 Extractable amount of heat  
The conservative estimate of 3270 PJ stored in the 
Arnager Greensand corresponds to a extractable 
amount of heat of 654 PJ when considering a recovery 
factor of 1/5 for sediment-hosted reservoirs proposed 
by Williams et al. (2008). Another approach is to con-
sider a recovery factor of 1/3 proposed by Lavigne 
(1977) which results in 1079 PJ for the extractable 
amount of heat. To put these numbers into perspective, 
the urban areas of Landskrona, Lund, Staffanstorp, 
Bjärred, and Lomma in SW Scania consume approxi-
mately 4 PJ/year in its district heating system 
(Ottosson, 2022, as cited in Erlström & Rosberg, 
2022). This means that the Arnager Greensand aquifer 
amounts to about two hundred years of heat consump-
tion. However, a direct comparison between these val-
ues is not practical as the total stored heat value is for 
the entire SW Scania region, whereas Landskrona, 
Lund, Staffanstorp, Bjärred, and Lomma constitute 
only a small part of it. Nonetheless, this comparison 
helps to better understand the size of the resource and 
how much of the stored heat that can be extracted at 
the wellhead in the form of actual retrievable energy 
which in turn can be used for direct-use applications. 

Another perspective on the extractable amount of 
heat is to consider separate geohydrological units be-
neath existing boreholes. By considering a bigger res-
ervoir volume, which hypothetically could match a 
potential influence area of a well-doublet system, in 
comparison to the volume derived from the cell extent 
in the eled maps, it is possible to calculate the extracta-
ble amount of heat relative to the set volume. This 
approach is considered in Table (5) for the borehole 
case studies. The greatest extractable amount of heat is 
observed in case 1 over the Falsterbo Peninsula and 
the lowest in case 4 over the Barsebäck Platform. The 
four case studies are limited to the western parts of 
SW Scania where there is a gradual decrease in the 
extractable amount of heat towards the RFZ.  

This approach can be expanded further to delineate 
a boundary condition for the geothermal reservoir in 
different parts of SW Scania. The chosen extent could 
for example depend on the potential influence area of 
several production and reinjection wells. However, 
determining representative values for such extensive 
areas presents difficulties due to the spatial nature of 
the stored heat parameters To exemplify this, a repre-
sentative stored heat range for the Lund, Staffanstorp, 
Bjärred, and Lomma area is 2.0 – 2.3 GJ/m2. Consider-
ing a 25 km2 area between these urban areas, and as-
suming reservoir properties like those observed in the 
Barsebäck case (Table 5), which aligns closely to the 
modelled geothermal parameters in this specific area, 
the amount of stored heat would amount to roughly 50 
PJ and an extractable amount of heat of 17 PJ. This 
shows that the stored heat is considerably lower in the 
north-west part of SW Scania, in contrast to the higher 
stored heat values that would result with the same 
boundary conditions over the Falsterbo Peninsula.  

The fraction of extractable amount of heat ex-
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pressed in Equation (8) is based on a well-doublet sys-
tem. The extractable amount of heat is site-specific as 
the recovery factor depends on a temperature fraction 
between the reinjection temperature and the reference 
temperature. One approach to this has been to consider 
the temperature fraction as constant where the reinjec-
tion temperature and reference temperature are equal 
which results in a recovery factor of 1/3 (Calcagno et 
al., 2014; Erlström & Rosberg, 2022). In the case of 
the Arnager Greensand, it is difficult to determine a 
feasible reinjection temperature of a potential geother-
mal plant as it would be limited by technological con-
strains. One way to investigate this further is to exam-
ine the temperature fractions of the Lund geothermal 
plant and the Margareteholm geothermal plant in Den-
mark, although the Lund geothermal plants consists of 
a complex configuration of several production and 
reinjection wells and the Margareteholm plant is more 
of a basic well-doublet system. This makes is so that 
Equation (8) is not directly applicable in the case of 
the Lund geothermal plant. 

The Lund Geothermal plant has a production tem-
perature of 20 °C and a reinjection temperature range 
of 4 – 7 °C (Erlström & Rosberg, 2022). This gives a 
range of 0.36 – 0.44 for the extractable amount of heat 
using Equation (8) with a reference temperature of 8 °
C. The Margareteholm plant discharges fluids from the 
Lower Triassic Bunter sandstone formation at 2650 
meters depth. The plant has a production temperature 
of 74 °C and a reinjection temperature of 18 °C 
(Balling et al., 2019). This  gives a value of 0.28 for 
the extractable amount of heat with the same reference 
temperature as above. These examples show the varia-
tion in the extractable amount of heat from two mark-
edly different aquifers, each characterised by its own 
temperature conditions and the reinjection temperature 
specific to their respective geothermal plants.  

5.3 Spatial Distribution and its impact 
on the Stored heat  

One objective of this study was to investigate the re-
gional spatial distribution of the Arnager Greensand 
and its effects on stored heat results. It is important to 
consider the anisotropy (combined vertical and lateral 
differences) of the Arnager Greensand when viewing 
the stored heat results. The presented maps show the 
spatial variability of the stored heat (Figure 13 and 
Figure 14). An overall trend can be observed in both 
maps where the stored heat is greater over the Fal-
sterbo Peninsula and decreases toward the RFZ. The 
stored heat is also relatively lower over the Skurup 
Platform compared to the rest of SW Scania. The in-
creased stored heat over the Falsterbo Peninsula is 
attributed to the fact that the Arnager Greensand is 
thicker in these regions. There are two deviations to 
the regional spatial pattern observed as a halo or bulls-
eye effect surrounding the Norrevång-1 and Mosshed-
dinge-1 boreholes. The halos are caused by the inter-
preted thickness in the boreholes which deviates from 
the regional thickness trend (Appendix 4). This in turn 
affects the interpolated thickness surface which leads 
to increased stored heat around the Norrevång-1 bore-
hole and lower stored heat around the Mossheddinge-1 
borehole.  

This observation in the stored heat spatial distribu-
tion underscores that the stored heat equation is pre-
dominantly controlled by the volume parameter 
(thickness and areal extent). The case examples in 
Table 5 further demonstrate that the stored heat in-
creases notably where the Arnager Greensand thick-
ness is greater. A previous study by Arkan and Par-
laktuna (2005) supports the above notion that the vol-
ume of the aquifer is the primary factor affecting the 
stored heat results. This was established through sensi-
tivity analysis of the stored heat parameters. 

Figure 17. The graph presents a comparison of stored heat ranges from various geothermal assessment studies in Europe and 

highlights the varying stored heat ranges. These variations primarily stem from the unique geothermal characteristics of each 

reservoir, encompassing primarily the thickness and temperature conditions. Additionally, the stored heat ranges are influenced 

by the scale of the assessment, whether it examines a broader regional area with a wider range for the reservoir properties or a 

more localized area with greater geothermal potential. The ranges can also be influenced by whether the assessment defines the 

modelled area to exclusively include stored heat values surpassing a specific criterion which often results in that these assess-

ment typically do not include zero-values in their reporting. 
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The Arnager Greensand exhibits two distinct spa-
tial distribution patterns. That is a decrease in thick-
ness and an increase in depth towards the RFZ 
(Erlström et al., 2011; Anthonsen et al., 2014; Morten-
sen et al., 2016). This inverse relationship is interest-
ing to investigate, especially in the context of the 
stored heat methodology, as a substantial increase in 
reservoir temperature might potentially offset the im-
pact of a relatively small thickness. This inverse trend 
is not clearly identified in the maps as it would display 
as an increase in stored heat adjacent to the RFZ where 
the reservoir temperature is the highest. The reason 
behind this is that the reservoir temperature is the sec-
ond most controlling factor of the stored heat equa-
tions followed by the porosity and density which have 
a lesser impact (Arkan & Parlaktuna, 2005).  

 

5.4 Stratigraphical boundary interpreta-
tions of the Arnager Greensand  

There are several interpreted top and base boundaries 
of the Arnager Greensand which results in different 
reported thickness values (Table 3). This study intro-
duces additional boundary interpretations and discuss-
es the challenges in deducing these. The challenges are 
primarily due to the constraints of the limited dataset 
and the uncertainties regarding the diffuse base bound-
ary transition towards the Lower Cretaceous strata, 
which includes the Lower Cretaceous sandstones with 
similar properties to the Arnager Greensand and the 
Aptian Shale marker-bed. The uncertain definition of 
the base boundary complicates an estimate of the Arn-
ager Greensand thickness. Adding to this, the geophys-
ical signal of the Arnager Greensand can not be corre-
lated against the core material since both techniques 
were never applied in the same borehole. This is a con-
tributing factor to the absence of a well-defined 
lithostratigraphic division for the Lower Cretaceous in 
SW Scania. On the contrary, the top boundary is more 
easily distinguishable in the seismic and borehole data 
which makes it more easily mapped.  

This study aimed for a regional modelling ap-
proach to show the broad geological trends of the Arn-
ager Greensand. While minor adjustments in the top 
and base boundaries will not significantly affect the 
stored heat spatial pattern, the varying boundary inter-
pretations underscore the difficulties in accurately 
placing the Arnager Greensand within the Lower Cre-
taceous framework of SW Scania (Table 3). However, 
a substantial adjustment of the boundaries may result 
in a ten-meter variation in thickness which would im-
pact the stored heat results.  

This is exemplified in the Mossheddinge-1 bore-
hole, where prior studies interpret the Arnager Green-
sand to be thicker and situated further up in the stratig-
raphy (Juhlin et al., 2013). This borehole has long 
been considered hard-interpreted as sandy and glauco-
nitic sediments occur over an interval spanning 150 
meters (Sivhed et al., 1999). This is shown in Figure 
(8) where the geophysical signature fluctuates between 
what is interpreted as alternating beds of sandstones 
and mudstones. These alternating beds are primarily 
located beneath the Arnager Greensand. The transition 
also lack good resolution which makes it hard to deter-
mine the base boundary.  

 

From a broader standpoint, if the Arnager Green-
sand were to be situated higher up in the stratigraphy 
in the Mossheddinge-1 borehole, as suggested by Juh-
lin et al. (2013), this would result in a decrease in res-
ervoir temperature. Conversely, a greater thickness of 
the Arnager Greensand in Mossheddinge-1 borehole 
would increase the stored heat in the region. This rea-
soning is relevant to all borehole interpretations, un-
derscoring the significance of  accurate boundary in-
terpretations as it influences the subsequent interpola-
tions and the stored heat estimates. 

The Lower Cretaceous sandstone sequence which 
includes the Arnager Greensand and the Lower Creta-
ceous sandstones could be assessed using the concept 
of net-sand. This approach would involve interpreting 
the permeable sandstone units within the whole se-
quence by summing up their cumulative thicknesses. 
The interlayering of non-permeable lithologies would 
not be taken into consideration. This approach was 
taken by Erlström and Rosberg (2022) in the geother-
mal assessment of the Lund Sandstone.  

The thickness of the Lower Cretaceous sandstones 
is estimated to vary between 4 to 27 meters in SW 
Scania (Juhlin et al., 2013). Considering these Lower 
Cretaceous sandstones, the stored heat would substan-
tially increase over the Lower Cretaceous interval us-
ing the net-sand approach. To exemplify, the thickness 
would increase from 27 to 37 meters in the FFC-1 
borehole and the stored heat would increase from 2.90 
GJ/m2 to 3.98 GJ/m2. Similarly, the thickness in the 
Barsebäck-1 borehole would increase from 17 to 32 
meters and the stored heat would increase from 2.00 
GJ/m2 to 3.76 GJ/m2. In practice, accurately determin-
ing these thicknesses is difficult as the spatial distribu-
tion of the Lower Cretaceous sandstones remains high-
ly uncertain across SW Scania (Erlström et al., 2011). 

 

5.5 Parameter evaluation 
There are both spatial and static parameters used in 
this study. Spatial parameters in this context refers to 
parameters that exhibit spatial variability and static 
parameters refer to constant values that are uniformly 
applied to all cells. The spatial parameters include the 
thickness and reservoir temperature, and the static pa-
rameters include the volumetric heat capacity, refer-
ence temperature, and porosity. It would be possible to 
generate a spatial surface for the porosity, but this 
would demand more data on the petrophysical proper-
ties. The current petrophysical dataset is limited to a 
select few boreholes and generating additional spatial 
surfaces such as a porosity surface would potentially 
introduce further uncertainties.  

There is a clear relationship between the reservoir 
volume, reservoir temperature and the volumetric heat 
capacity. This relationship shows that a thicker and 
hotter reservoir with a higher volumetric heat capacity 
holds the greatest geothermal potential (Table 5). In 
practical terms, this can be understood as the multipli-
cation stacking of  raster surfaces corresponding to a 
parameter, where a higher cell value results in a higher 
stored heat estimate. Future studies should focus on 
modelling the reservoir thickness and reservoir tem-
perature in greater detail as these two parameters 
would have the most bearing on the stored heat. 
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5.5.1 Volumetric heat capacity 

The Arnager Greensand rock matrix has a volumetric 
heat capacity of 2.15 × 106 J/m³ °C which falls within 

a reference range of 1.6 – 2.8 reported for sandstones 
(Stober & Bucher, 2021b) and a broader range of 2.0 – 

6.5 (Banks, 2012). The reference value of 2.5 × 106 J/C 
m3 for the volumetric heat capacity of a water-

saturated rock also falls within these ranges. This indi-
cates that the volumetric heat capacity values used in 

this study are within reasonable assumptions. Howev-
er, the value of 4.66 × 106 J/m³ °C for the volumetric 
heat capacity of the reservoir fluid is uncertain because 

it is calculated based on a single measurement of the 
density fluid.  

5.5.2 Porosity 

The Arnager Greensand shows high porosity values 
with a average porosity of 24.3 % and a median poros-
ity of 26.6 % (Table 4). The porosity has a large influ-
ence on the second approach to the stored heat equa-
tion as the fluids have considerably higher volumetric 
heat capacity compared to the rock matrix (Equation 
10). A high porosity value results in larger value for 
the stored heat. This relationship between the stored 
heat in the rock matrix versus the reservoir fluid is 
presented in Figure (15). The graph shows that a po-
rosity value of 32 % amounts to approximately 50 % 
of the total stored heat. A porosity value this high is 
considered extreme and does not represent the whole 
Arnager Greensand aquifer. However, for certain strat-
igraphic intervals in the boreholes over the Falsterbo 
Peninsula the porosity exceeds 30 %. This indicates 
that a substantial part of the stored heat in the Arnager 
Greensand is contained in the reservoir fluids over the 
Falsterbo Peninsula. 

 
5.5.3 Reference temperature 

A lower reference temperature increases the stored 
heat for each cell as the ∆T becomes greater. This rela-
tionship is presented in Figure (16) where a reference 
temperature of 4 degrees corresponding to the reinjec-
tion temperature of the Lund geothermal plant results 
in a total of 3690 PJ for the first stored heat approach 
and 4070 PJ for the second approach. This shows that 
setting the reference temperature higher leads to a 
more conservative estimate, while a lower reference 
temperature may lead to an overestimate of the stored 
heat.  

 

5.6 Aspects of the Stored Heat method  
 
5.6.1 Permeability 

A geohydrological parameter to consider when 
evaluating the Arnager Greensand as a potential geo-
thermal resource is permeability, as the stored heat 
equations do not consider the effects of permeability 
differences (Williams, 2014). The permeability may 
vary considerably within a reservoir which will pre-
vent fluids to sustain a geothermal plant over the 
lifespan of a geothermal development (Grant, 2015). 
The Arnager Greensand shows high permeability val-
ues over the Falsterbo Peninsula, yet there are notable 
differences in the permeability between the boreholes 

and at different stratigraphic intervals (Table 4). Previ-
ous research suggests that in the northernmost part of 
the region, the Arnager Greensand grades into a finer 
grain size, which results in a lower permeability in the 
range of 100 – 200 mD (Erlström et al., 2011). Over 
the central Skurup Platform, there are no deep-
drillings conducted and the petrophysical properties of 
the Arnager Greensand remains unknown over this 
region. 

 
5.6.2 Thermal recharge 

The stored heat equations only consider the heat in 
place and disregard the effects of heat replenishment 
by conduction from confining layers during geother-
mal exploitation. This process is commonly referred to 
as thermal or heat recharge (Poulsen et al., 2015; de 
Bruijn et al., 2021). This occurs when the reservoir 
cools down due to the reinjection of cold water. This 
causes a temperature difference between the confining 
layers and the reservoir which leads to heat flow from 
the confining layers into the reservoir. If the reservoir 
has low-permeability confining layers vertically, the 
fluid flow will be minimal, and the heat transfer mech-
anism will be conduction. This is known as vertical 
thermal recharge. In contrast, lateral thermal recharge 
occurs when heat moves laterally within the reservoir 
to the area that has cooled down around the reinjection 
well. The heat transfer mechanisms in this case will be 
both conduction and convection which will occur 
when the permeability is high (de Bruijn et al., 2021). 

Studies have shown that recharge from confining 
layer can influence the total energy output of reser-
voirs (Poulsen et al., 2015; de Bruijn et al., 2021; 
Wang et al., 2021). This effect is expected to be more 
pronounced in thinner reservoirs due to their larger 
contact area with the confining layer which results in a 
higher relative contribution of recharge. Another im-
portant factor in relation to the thermal recharge is the 
production rate of the geothermal plant. A low produc-
tion rate stimulates the heat flow from the confining 
layers to the reservoir under a longer period which 
may yield the largest relative contribution of vertical 
recharge. The spacing between wells increases the 
distance over which the cooled-down reservoir fluids 
interacts with the confining layers. As a consequence, 
this could lead to a reduction in the rate at which the 
production temperature drops (de Bruijn et al., 2021). 

In the case of the Arnager Greensand, these three 
key factors are important to consider as the reservoir is 
thin and a part of a mixed clastic Lower Cretaceous 
succession which includes alternating beds of mud-
stones and sandstones, such as the Aptian shale and 
the Lower Cretaceous sandstones. The mud facies in 
this sequence may contribute to the total energy output 
of the sequence through thermal recharge. Understand-
ing this system behaviour is crucial and should be fur-
ther evaluated for the Arnager Greensand as it will 
enhance the overall reservoir performance. 

 

5.7 Model evaluation – strengths and 
limitations  

The strength of the presented model is that it provides 
for the first time a comprehensive regional overview 
of the spatial configuration of the Arnager Greensand 
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and its potential as a geothermal resource. This in-
cludes information about the formation depth, thick-
ness, and reservoir temperature, as well as the result-
ing stored heat maps. The study highlights the regional 
trends of the Arnager Greensand and pin-points re-
gions in SW Scania which are of interest for geother-
mal technical utilization. This study also provides suf-
ficient metadata in connection the maps. Specifically, 
how the maps were generated and how they should be 
viewed, and also what parameters were taken into con-
sideration. The maps serve as a foundation for future 
geothermal investigations, supporting the identifica-
tion of specific areas to zoom into and explore where 
local geothermal conditions need to be investigated in 
greater detail. 

The major limitation of the model is that it is based 
on a small dataset comprised of 18 boreholes. There is 
a lack of data mainly over the Skurup Platform as the 
borehole dataset is situated exclusively in the eastern 
part of SW Scania. The model is limited by both the 
data quality and the lack of petrophysical data. The 
major weakness of the model is that it relies on extrap-
olation over the Skurup Platform and a smaller area 
surrounding the city of Landskrona. These two areas 
are outside of the borehole data coverage. Extrapola-
tion was performed because one of the objectives of 
this study was to create a stored heat map that covers 
the entire SW Scania. A full coverage map adds value 
in the comprehensive understanding on the Arnager 
Greensand. The extrapolation results in large uncer-
tainties regarding the geothermal parameters over the 
Skurup Platform. This should be taken into considera-
tion when viewing the results.  

 
5.7.1 Velocity and thickness map evaluation 

The time-to-depth conversion involves steps of extrap-
olation. The velocity values assigned to the cells over 
the Skurup Platform are extrapolated from the low 
velocity in the Svedala-1 borehole (Appendix 4). The 
extrapolation is apparent when examining the velocity 
map, where a substantial area is marked by the low 
velocity blue colour class (Figure 9). Similarly, the 
low thickness in the Mossheddinge-1 and Svedala-1 
borehole extrapolates over the Skurup platform, con-
tributing to a large number of cells with a relatively 
low thickness (Figure 12).  

The velocity range down to the Arnager Greensand 
is 2933 – 3253 m/s. The velocity values represent the 
mean velocity for the whole sedimentary column down 
to the Arnager Greensand. This simple approach of 
using a mean velocity adapted in this study cannot 
account for the lateral variations in seismic velocity, 
related to variations in lithology and thickness of the 
Höllviken Formation members situated above the Arn-
ager Greensand (Figure 3). For example, the Granvik 
Member which is situated above the Arnager Lime-
stone and is made up of a fine-grained marl limestone 
with interlayers of silt-mudstones with a thickness 
between 200 – 400 meters (Sivhed et al., 1999). Simi-
lar reasoning can be used by looking at the shallow-
marine sandstone units (Lund Sandstone and Hansa 
Member) that cut into the stratigraphy from the RFZ. 
A mean velocity value is less applicable in this region 
of Scania as the stratigraphy becomes more complex 
adjacent to the RFZ. 

A more detailed modelling of the seismic velocities 
could result in a more accurate depth conversion. 
However, due to the significant effort involved in per-
forming such modelling, it was not feasible in this 
study. It is also likely to be the case that the errors in 
the depth conversion of the reservoir only lead to a 
relatively small error in the stored heat estimates when 
compared to other factors such as the uncertainty of 
the reservoir thickness. In summary, for the purpose of 
this project in outlining general geological trends, the 
basic velocity model was considered satisfactory and 
fulfilled its purpose of generating a depth surface.  

 
5.7.2 Depth map evaluation  

Similar depth maps as the one created in this project 

have been generated for the Arnager Greensand in the 
past using various techniques. Some of these maps are 

schematic graphical representations, while others are 
more advanced, employing similar time-to-depth con-

version techniques as used in this project. In a study by 
Davies Jones (2019), old analogue OPAB data were 
digitised and converted using a time-to-depth work-

flow, which involved the interpretation of different 
stratigraphic horizons and interpolation between bore-

holes. The resulting depth map of this study only co-
vers a small part of SW Scania as it does not employ 

any extrapolation over the Skurup Platform. This study 
is a proof-of-concept that alternative approaches to the 
time-to-depth conversion are possible instead of using 

the pre-existing interpretations from the blue marker 
map. However, the final depth map in the study by 

Davies Jones (2019) displays large similarities to the 
blue marker map used in this study. Hence, a re-

interpretation of the vintage data was out of the scope 
of this project, the use of the pre-existing blue marker 

map was found suitable given the focus and time avail-
able in this project.  

5.7.3 Reservoir temperature map evaluation 

The geothermal gradient is calculated from one single 
BHT log measured in the Ljunghusen-1 borehole. Sub-
sequently, the reservoir temperature is estimated by 
applying this constant geothermal gradient over the 
whole reservoir which introduces uncertainties to the 
stored heat results. The uncertainties are mainly relat-
ed to that the reservoir temperature is coupled to the 
reservoir depth, and will not consider variations in 
thermogeological conditions, such as thermal conduc-
tivity.  

The formation temperature in the Öresund Basin is 
estimated to range between 45 - 50 °C at a depth of 
1500 meters, between 60 - 70 °C at 2000 meters, and 
between 70 - 90 °C at 2500 meters (Erlström et al., 
2018). These temperature estimations are consistent 
with the reservoir temperatures presented in this study. 
For instance, the reservoir temperature is about 40 °C 
at a depth of 1200 meters beneath the Falsterbo Penin-
sula, and it reaches 50 °C at a depth of 1500 - 1600 
meters below the Malmö region. The results from this 
study also indicate localised temperature peaks within 
the 1900 – 2100 depth range in the northwestern part 
of SW Scania adjacent to the RFZ with temperatures 
ranging from 60 - 65 °C. 
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5.8 The Arnager Greensand as a geo-
thermal resource 

In terms of geothermal resource classifications, the 
Arnager Greensand would be classified as a low-
temperature resource because the reservoir fluids do 
not exceed 90 °C, or as a low-enthalpy how-water re-
source due to the fluids having a low energy content. 
According to the classification by White and Williams 
(1975), the Arnager Greensand would be considered a 
conduction-dominated system. Building on this, Lund 
(2009) explains that geothermal resources like this 
often occur in sedimentary basins, where an elevated 
geothermal gradient can be attributed to either a low 
thermal conductivity of the host rock or high heat 
flow. For the Arnager Greensand, we assume that low-
er thermal conductivity results in a slightly higher geo-
thermal gradient, leading to increased temperatures in 
both the rock matrix and reservoir fluids. Additionally, 
there is a possibility of minor sub-horizontal fluid 
flows caused by advection in the aquifer given it is 
gently dipping towards the RFZ.  

The reservoir properties of the Arnager Greensand 
are expected to vary locally, as it was deposited as an 
extensive fine-to-medium-grained unit over a large 
area in a marginal marine environment, with interludes 
of coastal lacustrine settings. The clastic sediments are 
believed to originate from the erosion of the Fen-
noscandian shield and/or the islands situated in the 
Danish-Polish Trough (Larsson et al., 2000). The glau-
conite characterising the Arnager Greensand formed 
through subsequent autogenic processes. Glauconitisa-
tion in sandstones is considered a secondary-porosity-
forming process, occurring after the initial deposition 
of the host rock which may reduce porosity and per-
meability (Díaz et al., 2003)  

The unconsolidated nature of the Arnager Green-
sands is another distinguishing feature. It has been 
observed that production and reinjection wells located 
in these unconsolidated sand formations may require 
the removal of particles from the fluids for successful 
geothermal utilization. An example of this is the geo-
thermal exploitation of the Upper Pannonian sand-
stones in Hungary, which contain a poorly cemented, 
heterogeneous, and argillaceous formation. The pres-
ence of loose sand particles in the geothermal plant 
shortens its lifespan, necessitating several stages of 
sand removal to protect the geothermal pump and 
maintain the reservoir permeability around the reinjec-
tion wells (Zarrouk & McLean, 2019b)   

The Late Cretaceous – Paleogene tectonic inver-
sion events which occurred after the Arnager Green-
sand was deposited (Erlström, 2020) resulted in minor 
effects on the stratification over the SW Scania faults 
(Figure 1 and Figure 2). Studying these faults in the 
context of a geothermal assessment is essential as sec-
ondary fracture-related porosity can have a more sig-
nificant impact on the permeability of the system com-
pared to primary porosity (Limberger et al., 2018). 
Geothermal systems dominated by fracture related 
porosity often exhibit high permeability but relativity 
low fluid volumes (Williams et al., 2008). Therefore, it 
is crucial to recognize that the Arnager Greensand 
might potentially be both a porous fluid-bearing reser-
voir and a fractured reservoir along the SW Scania 
faults. The seismic resolution across the faults is low 

and the detailed geometry of them remains largely 
unknown.   

A comprehensive understanding of the heat 
transport mechanism, petrophysical properties, and 
spatial arrangement of the Arnager Greensand is im-
portant, as it directly impact the overall reservoir per-
formance. Further research in this area should priori-
tise in-depth lithological and petrophysical studies as 
past research has predominantly focused on biostratig-
raphy. The addition of new seismic data, especially 
over the SW Scania faults, would also contribute to a 
better understanding of how the Arnager Greensand 
interval was affected by the Late Cretaceous - Paleo-
gene tectonic inversion events. 

 

6 Conclusions 
 

• This work presents the first geothermal assessment 
of the Arnager Greensand over SW Scania using 
two variants of the stored heat method. The first 
method estimates that the Arnager Greensand 
stores approximately 3270 × 1015 (petajoules) of 
geothermal energy. The stored heat in the reservoir 
varies between 1.25 – 4.53 GJ/m² (gigajoules per 
square meter). The second method assesses the 
stored heat in the rock matrix and reservoir fluids 
separately by considering a porosity parameter 
which results in a total stored heat of 3610 × 1015   

with values ranging between 1.37 and 4.99 GJ/m². 
 

• The greatest amount of stored heat is found over 
the Falsterbo Peninsula and the lowest over the 
Skurup Platform and areas along the Romeleåsen 
Fault Zone. The increased stored heat over the Fal-
sterbo Peninsula is attributed to a greater thickness 
of the Arnager Greensand in this region. A region 
with relativity increased stored heat extends from 
the Falsterbo Peninsula northward to the city of 
Malmö and eastwards to the city of Trelleborg. The 
Arnager Greensand in this region features notewor-
thy thickness and potentially high porosity and 
permeability reservoir characteristics. This offers 
promising prospects for future local geothermal 
investigations. The proximity to urban and indus-
trial areas significantly boosts the feasibility of 
integrating a well-doublet system into a district 
heating system. 

 

• The Arnager Greensand over SW Scania exhibits 
lower stored heat values compared to aquifers in 
similar geological settings. These stored heat find-
ings underscore the limited potential of the Arn-
ager Greensand for utilization as a geothermal re-
source on a regional basis. 

 

• The Lower Cretaceous sandstones constitute to-
gether with the Arnager Greensand a Lower Creta-
ceous sandstone sequence that can be assessed us-
ing the concept of netsand. Considering the Lower 
Cretaceous sandstones and the Arnager Greensand 
as a combined aquifer with a greater cumulative 
thickness, the geothermal potential would increase 
over the Lower Cretaceous interval in SW Scania. 
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• This study applies a rather simplified view on the 
recovery factor where the extractable amount of 
heat amounts to 1/3 proposed by Lavigne (1977) 
considering a well-doublet system. The extractable 
amount of heat is calculated for four case examples 
considering a possible influence area of such a 
doublet system. The extractable amount of heat is 
the greatest over the Falsterbo Peninsula and de-
creases towards the RFZ based on the borehole 
case studies presented in this work.  

 

• The volume parameter has a great bearing on the 
stored heat results. This parameter is inferred by 
the interpretation of the top and base boundaries of 
the Arnager Greensand, which is uncertain in some 
boreholes, where the boundaries can only be inter-
preted from vintage wire-line logs of poor quality. 
This leads to uncertainties in the thickness esti-
mates for some boreholes.  

 

• The stored heat method emphasises that large res-
ervoirs characterised by high temperatures hold the 
greatest geothermal potential. The stored heat is 
also influenced by the chosen reference tempera-
ture and volumetric specific heat. A higher refer-
ence temperature results in a more conservative 
estimation, while a lower reference temperature 
may lead to an overestimation of the geothermal 
resource.  

 

• The main drawback of the stored heat method is 
the volume parameter as it assumes that the same 
geological conditions apply within the whole vol-
ume. The issue of scale also presents challenges 
since this method has been used for both regional 
and more local assessments. This becomes prob-
lematic as the volume must be placed in relation to 
the area of influence from a potential geothermal 
plant in order to estimate the extractable amount of 
heat. The influence area is hard to determine as it 
might revolve around a well-doublet system or a 
more complex configuration of multiple production 
and reinjection wells. 

 

• The Arnager Greensand is a rather thin reservoir 
and is also part of a Lower Cretaceous succession 
which includes alternating beds of mudstones and 
sandstones, such as the Aptian shale and the Lower 
Cretaceous sandstones. The mud facies in the Low-
er Cretaceous succession could contribute to the 
total energy output of the sequence through ther-
mal recharge. The effects of thermal recharge 
should be further explored in future studies to bet-
ter determine the suitability of the Arnager Green-
sand as a geothermal resource.  

 

• The stored heat equations do not consider the ef-
fects of permeability differences in the reservoir. In 
practical terms, this means that a low permeability 
reservoir could hold an enormous amount of stored 
heat, but geothermal utilization would not be feasi-
ble as the reservoir fluids would not be readily 
available at the surface. Considering the timeframe 
of 30 – 40 years for successful geothermal devel-

opments, this parameter becomes even more im-
portant as fluids need to be supplied continuously 
over this timeframe.  

 

• There is a need for further deep drillings to better 
determine the spatial configuration of the Arnager 
Greensand. The additional depth and thickness data 
would better guide the interpolations over the Sku-
rup Platform and contribute to a better subsurface 
model. The current borehole dataset is limited to 
boreholes situated in western parts of SW Scania in 
which some only contain data on the petrophysical 
properties. The properties of the Arnager Green-
sand over the Skurup Platform are highly uncer-
tain, leading to considerable unknowns in the geo-
thermal parameters for this area in the assessment. 
Future studies should focus on modelling the reser-
voir thickness and temperature in greater detail as 
this would have the most bearing on the stored 
heat. Future studies should also investigate the 
Monte-Carlo approach to consider the uncertainties 
associated with the input parameters. 

 

• This study shows that the stored heat method is a 
valuable tool in the early exploration of a potential 
geothermal resource. This method is a great start-
ing point when looking into the geothermal poten-
tial of geothermal aquifers such as the Arnager 
Greensand. It proves useful as it with limited 
means can calculate a rough estimate of the geo-
thermal potential. The maps which are created in 
this study capture the regional trends of the Arn-
ager Greensand and highlight areas in SW Scania 
with potential for future geothermal investigations. 
The resulting maps and stored heat values in this 
study can be used as a basis for future geothermal 
developments. 

 

• To better our understanding of the potential use of 
the Arnager Greensand as a geothermal energy 
resource it is necessary to perform additional deep-
drillings, seismic surveys, and gather additional 
thickness data. New BHT data are also essential for 
more accurate reservoir temperature estimates.  
There is also a need for further lithological studies 
as previous research has predominantly focused on 
biostratigraphical studies. Additional deep-drillings 
would not only offer insights into Arnager Green-
sand but also provide valuable data on other prom-
ising sandstone intervals in the Öresund area with 
geothermal potential. A comprehensive under-
standing of these intervals is crucial, as the Arn-
ager Greensand, along with several other geother-
mal aquifers in SW Scania, should be acknowl-
edged as national renewable energy assets.  
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7 Appendix 

Appendix 1 
 
Additional borehole data related to the depth reference values for each borehole. This includes the ground height 
above mean sea level and the rotary table height (Kelly bushing height) above mean sea level. 

Borehole Ground level (a.m.s.l) Rotary table (a.m.s.l) 

Norrevång-1 12.25 17.2 

Barsebäck-1 3.3 8.1 

Mossheddinge-1 33.36 36.06 

FFC-1 3.1 10.1 

Magreteholm-1 9.2 NoData 

Svedala-1 NoData 47 

Eskilstorp-1 25.21 30.06 

Håslöv-1 13.3 18.2 

Kungstorp-1 1.1 3.8 

Höllviken-1 NoData 4 

Granvik-1 NoData NoData 

Maglarp-1 13.5 17.91 

Hammarlöv-1 3.7 8.2 

Trelleborg-1 NoData 5 

Höllviksnäs-1 2.8 7.8 

Höllviken-2 NoData 4 

Ljunghusen-1 3 5 

Smygehuk-1 -29 22.6 
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Appendix 2 
 
The interpolation settings for the TWT raster surface, velocity raster surface, and the thickness raster surface. 

Interpolation 
settings 

TWT Interpolation Velocity Interpola-
tion 

  Thickness interpo-
lation 

  

Method Kriging Cokriging  Cokriging  

Type Ordinary Ordinary  Ordinary  

Output type Prediction Prediction  Prediction  

Dataset 1 1 2 1 2 

Trend type First First First First First 

Trend removal Local Polynomial 
Interpolation 

Local Polynomial 
Interpolation 

Local Polynomial 
Interpolation 

Local Polynomial 
Interpolation 

Local Polynomial 
Interpolation 

Power 1 1 1 1 1 

Output type Prediction Prediction Prediction Prediction Prediction 

Exploratory trend 
surface analysis 

0 0 0 0 0 

Searching neigh-
bourhood 

Standard Standard Standard Standard Standard 

Neighbours to 
include 

5 5 5 5 5 

Include at last 2 2 2 2 2 

Sector type Four and 45 degree Four and 45 degree Four and 45 degree Four and 45 degree Four and 45 de-
gree 

Major semiaxis 1 163.07834454738 15099.03504 15099.03504 10088.75554 10088,755536363
3 

Minor semiaxis 1521.244536 22648.55257 22648.55257 15133.1333 15 133,133304545 

Angle 4763671875 44.47265625 44.47265625 69.78515625 69,78515625 

Variogram Semivariogram Semivariogram Semivariogram Semivariogram Semivariogram 

Number of lags 12 12  12  

Lag size 126.770378 1 887.37938049622  1261.094442  

Nugget 0.162933858 677.5536466 289.3420482 0 0 

Measurement error 
% 

100 100 100 100 100 

Shift  0;0 0;0 0;0 0;0 

Model type Stable Stable  Stable  

Parameter 2 1.854101563  1.305664063  

Range 1 014.1630239356 15099.03504  10088.75554  

Anisotropy Yes Yes  Yes  

Minor range 1 521.2445359034 22648.55257  15133.1333  

Direction 47.63671875 44.47265625  69.78515625  

Partial Sill 162.9338577 5 093.4665194489; -
622.810147463735 

-622.810147463735; 
1 054.03332655853 

0.027831730706; -
1.710405901336 

1.710405901336; 
1 081.9571218153
7 



50 

Appendix 3 
 
The cross-validation statistics for the TWT raster surface, the velocity raster surface, and the thickness raster sur-
face. The table presents statistical measures such as mean values, mean standardised, root-mean-square, root-mean-
squared standardised, and average standard errors on the degree of fit between hidden and known points using a 
leave-one-out resampling technique.   

Cross validation statistics TWT Interpolation Velocity Interpolation Thickness interpolation 

Count 12203 18 18 

Mean 0.000232863 0.282201137 1.660822607 

Root-mean-square 0.228028074 60.55453221 7.641738937 

Mean standardised 0.000579764 0.006418304 0.005009696 

Root-mean-square Stand-

ardised 

0.348788336 0.943640367 1.672159256 

Average standard error 0.630602084 56.70763667 5.260797794 
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Appendix 4 
 
The table  compares the raw depth and thickness data with the modelled results for the same parameters. The table 
also include the modelled reservoir temperature at the top boundary of the Arnager Greensand. The cross plot dis-
plays the correlation between the interpolated TWT values and the thickness of the Arnager Greensand in each 
borehole.  

Borehole Top Arnager 

Greensand 

(b.m.s.l) 

Depth model 

(b.m.s.l) 
Thickness 

(m) 
Thickness 

model (m) 
TWT (Two-

way-time) 

(ms) 

Velocity (m/s) Reservoir 

temperature 

(°C) 

NV 1768 1769.1 24 23.3 1141 3098.2 56.1 

Ba 1743 1744.0 17 17.2 1127 3092.4 55.7 

Mo 1675 1671.1 11 11.3 1087 3081.6 53.5 

FFC-1 1605 1606.3 27 26.8 1045 3071.3 51.6 

Mah-1 1601 Out of bounds 28 Out of Bounds 994 3222.5 Out of Bounds 

Sv 1435 1440.2 24 23.8 971 2956.9 47.4 

Es 1353 1349.5 28 28.6 873 3098.4 45.0 

Hå 1306 1308.5 36 35.8 851 3069.9 43.9 

Ku 1274 1259.6 47 46.7 829 3072.7 42.6 

Hö-1 1226 1232.9 55 54.5 818 2998.3 41.9 

Gr 1245 1234.1 55 54.2 813 3061.4 41.9 

Ma 1232 1227.5 47 45.5 809 3045.9 41.7 

Ha 1204 1212.2 38 38.9 802 3004.3 41.3 

Tr 1200 1201.9 38 37.2 788 3043.8 40.8 

Hn 1190 1196.6 52 53.3 803 2963.5 40.9 

Hö-2 1187 1183.9 54 53.1 798 2973.2 40.6 

 Lj 1182 1180.4 48 48.6 802 2949.3 40.5 

Sm 1071 Out of bounds 46 Out of Bounds 756 2833.8 Out of Bounds 



52 

Appendix 5. 

Histograms for the presented stored heat maps which shows the cell distribution over SW Scania. The first histo-

gram corresponds to Figure (13) and the second histogram corresponds to Figure (14). The impact of the thickness 
interpolation becomes apparent in the 5 – 7 brackets. The low thickness in the Mosshedinge-1 borehole and Svedala
-1 borehole extends over the Skurup Platform and results in relatively low stored heat values.  
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Appendix 6. 

The modelled stored heat results based on different values for the porosity and reference temperature. The tables 

consider the stored heat in the rock matrix and the reservoir fluids separately, as well as using the reference value 

for the volumetric heat capacity of water-saturated rocks. The table presents both the stored heat value as Q (J/

m2) and Q (Joules).  

Stored Heat (HIP) Q (J/m2)  Q (J)   

Porosity (%) Mean Min Max Rock matrix Fluid Total Stored Heat 

Volumetric heat capacity 
of water-saturated rocks 

2.27E+09 1.25E+09 4.53E+09 Nodata Nodata 3.27E+18 

0 1.95E+09 1.07E+09 3.89E+09 2.82E+18 0 2.82E+18 

8 2.13E+09 1.17E+09 4.26E+09 2.59E+18 4.89E+17 3.08E+18 

16 2.32E+09 1.27E+09 4.62E+09 2.37E+18 9.78E+17 3.34E+18 

24 2.50E+09 1.37E+09 4.99E+09 2.14E+18 1.47E+18 3.61E+18 

32 2.68E+09 1.47E+09 5.35E+09 1.92E+18 1.96E+18 3.87E+18 

Stored Heat (HIP) Q (J/m2)  Q (J)   

Porosity (%) Mean Min Max Rock matrix Fluid Total Stored Heat 

Volumetric heat capacity 
of water-saturated rocks 

2.27E+09 1.25E+09 4.53E+09 Nodata Nodata 3.27E+18 

0 1.95E+09 1.07E+09 3.89E+09 2.82E+18 0 2.82E+18 

8 2.13E+09 1.17E+09 4.26E+09 2.59E+18 4.89E+17 3.08E+18 

16 2.32E+09 1.27E+09 4.62E+09 2.37E+18 9.78E+17 3.34E+18 

24 2.50E+09 1.37E+09 4.99E+09 2.14E+18 1.47E+18 3.61E+18 

32 2.68E+09 1.47E+09 5.35E+09 1.92E+18 1.96E+18 3.87E+18 
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