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ABSTRACT

Medium-deep geothermal systems, with low exploration and investment costs, offer a solution to decarbonize the heating sector. The South German Molasse Basin
(SGMB) is a reservoir with significant hydrothermal potential, where exploration has largely focused on depths greater than 2500 m. Here, medium-deep geothermal
systems could provide water temperatures of 30 °C-80 °C. Large-scale heat pumps can raise supply temperatures for integration into district heating networks. While
previous studies have concentrated on specific cases, this study adopts a more comprehensive approach, by examining the region of the underexplored northern
SGMB. Geological parameters, such as depth, temperature, and water flow rates, were analysed to evaluate the techno-economic and ecological feasibility. At 1000 m
depth, a base scenario with thermal water temperatures of 45.6 °C and a mass flow rate of 100 kg/s was evaluated. Following, sensitivity analyses varied geological
parameters like depth and flow rate, based on the geological analyses, to represent the entire region, revealing LCOH between 77 and 151 € MWh ! and GWP
between 53 and 136 kg CO; eq./MWh. These holistic analyses demonstrate the significant benefits of medium-deep geothermal systems combined with heat pumps
for sustainable heating. And provide guidance to local authorities and operators.

1. Introduction

With a share of around 50 % of the European final energy con-
sumption, the heating and cooling sector represents the dominating
sector in terms of achieving the climate goals of the EU. Currently, only
24.8 % of the energy consumption in this sector are supplied by
renewable energy sources [1], indicating a significant potential for
decarbonization. Geothermal systems represent a renewable energy
technology that can play an important role. However, the current focus
is mainly on developing reservoirs with suitable temperatures for direct
use in existing district heating Networks (DHN), i.e. geothermal tem-
peratures above 80 °C, or enhanced geothermal systems with tempera-
tures above 100 °C. In addition to this, medium-deep geothermal
systems can also be integrated into the heat supply and further the
expansion of renewable energies. This means that reservoir tempera-
tures below 80 °C are used and coupled with large-scale heat pumps, to
provide the required temperatures. This study focuses on the South
German Molasse Basin (SGMB) as a potential hydrothermal heat source.
The most promising horizons are the Lower Cretaceous and Upper
Jurassic sediments that extend from the Alps up to the Franconian Alb

with decreasing depth from the south and hence decreasing thermal
water temperature. So far, utilization in the central part of the SGMB has
concentrated on depth ranges from approx. 1500 m True Vertical Depth
(TVD) and deeper. As of 2024, there are 18 geothermal heating plants in
the greater Munich area that utilise geothermal energy from the Molasse
Basin directly and provide heat or electricity [2]. An exemplary heating
project at 80 °C and 1970 m drilling depth is UnterschlieBheim (Dussel
et al. [3]). Almost all projects are related to a production temperature of
the geothermal fluid between 80 °C and 140 °C [2]. Increasing demand
for low carbon energy sources and advancing technological progress are
driving the further development of geothermal energy. The expected
production temperature conditions in the northern part of the SGMB
vary between 30 °C and 80 °C. First estimations underline the large
growth potential of medium-deep geothermal resources in this region
(see Weber et al. [4]). In this context, the term "medium-deep
geothermal energy" is defined as follows in this study: the reservoir
depth is less than or equal to 2500 m or and the temperature is less than
or equal to 80 °C. These kinds of systems allow the use of a drilling
technique for shallower depths. The heat can only be utilized directly in
4th generation DHN on a low temperature level, otherwise the
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downstream connection of a heat pump is required. In literature, such
systems are also called low-energy geothermal production plants. In
Paris and the Aquitaine Basins, 65 of these medium-deep systems based
on hydrothermal reservoirs are in operation in 2005 (Laplaige et al. [5]).
In addition, most of the scientific literature contains case studies on
medium-deep geothermal systems based on coaxial heat exchangers.
Corresponding studies examine selected heat transfer fluid or the sur-
rounding solid material for selected cases or boundary conditions [3,5,
6]. While the research to date has improved the understanding of
medium-depth geothermal systems, an important research gap remains:
Most existing studies are limited to isolated case studies, which limits
the scalability and broader applicability of the results. There is a lack of
comprehensive regional-level analyses that assess the potential of
medium-deep geothermal energy in combination with large heat pumps
to supply DHNs. This kind of holistic analysis is conducted for deep
geothermal systems under consideration of geological potential and
techno-economic aspects of geothermal power plants for electricity
generation [4,7]. This study closes research gaps for medium-deep
geothermal systems by analysing hydrothermal reservoirs on a
regional level and evaluating the technical, economic and environ-
mental feasibility of integrating large-scale heat pumps into existing
district heating networks with a temperature of 100 °C based on
geological models.

The paper is divided in three parts whereas each part contains a
detailed literature review elaborating the specific research gap to be
closed (see Chapters 2.1, 3.1 and 4.1), methodology and the presenta-
tion and discussion of the results. First, the boundary conditions from a
geological perspective are determined by presenting the available
database and defining a method to predict the geothermal water tem-
perature and extraction flow rate based on the drilling depth required to
reach the reservoir. For hydrothermal utilization of the SGMB, it is
common practice to drill through the entire thickness of the reservoir.
The drilled reservoir section is therefore added to the depth to top
reservoir, which is assumed to be an expected uniform reservoir thick-
ness for the medium-deep region of the SGMB. Then, a comprehensive
techno-economic analysis is conducted based on the defined geological
boundary conditions to evaluate the potential of integrating large-scale
heat pumps to provide renewable heat for existing DHN. In this
configuration, the supply temperature of the DHN is provided by the
large-scale heat pump. Especially, the large-scale heat pumps at MW
scale are underrepresented in the literature (see Chapter 3.1). In order to
structure this approach, a base scenario is defined and analysed within a
techno-economic framework. Subsequently, the analysis is expanded
through sensitivity analyses, in which essential technical and economic
parameters are varied, including exploration costs, surface technology
requirements, and geological boundary conditions, occurring in the
analysed region. In particular, the levelized costs of heat (LCOH) are
calculated based on these factors, forming the foundation of the eco-
nomic assessment. To comprehensively address the environmental im-
pacts, a detailed life-cycle assessment (LCA) is conducted. The LCA
evaluates relevant impact categories for the geothermal sector with a
special focus on greenhouse gas emissions based on input and output
inventories, thereby providing a more accurate representation of real-
world market-based emissions. In contrast to the typical approach to
renewable heat, which frequently assumes a fully renewable electricity
mix, this assessment considers the changing electricity mix over the
lifetime, making it particularly relevant in light of the European Union’s
Technical Expert Group on Sustainable Finance’s threshold of 100 g
CO9/kWh for energy generation. This threshold will decrease every five
years until it reaches net zero by 2050 [8]. It is therefore imperative to
accurately define the system’s environmental impact in order to align
with the aforementioned climate targets which are especially of interest
for the operators.

Concluding, the novelty of this study is highlighted in several areas.
First, hydrothermal reservoirs are analysed, distinguishing this study
from most prior work on medium-deep systems, (comparative case
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studies and assessments of closed borehole heat exchangers and deep
geothermal systems are mentioned, e.g. Zhu et al. [9]). Furthermore, a
regional-scale analysis with a holistic and interdisciplinary approach is
conducted here, allowing for scalability and broader applicability (see
Chapter 2; for examples of regional analyses, see Wang et al. [10]).
Additionally, a focus is placed on centralized heat pump systems on a
megawatt scale, diverging from the decentralized configurations
commonly examined in existing studies (see Chapter 3.1). Following an
initial discussion of geological boundary conditions, the system is
assessed from both techno-economic and ecological perspectives. This is
of particular interest due to regulatory aspects. In 2024, the Heating
Planning Act came into force in Germany, requiring the federal states to
prescribe municipal heat planning for individual communities. In
January 2025, when it came into force in Bavaria [11], geothermal
energy came more prominent as a renewable source of heat in regions
with high potential. In this context, developed and well-studied reser-
voirs are of equal interest as alternative, undeveloped reservoirs. This
indicates that the demand from municipal customers will continue to
increase, and therefore the consideration of an entire region in this study
is very beneficial for decision-makers.

2. Geology

This chapter discusses the hydrogeophysical parameters of the Lower
Cretaceous and Upper Jurassic sediments regarding utilization as a
hydrogeothermal reservoir in the central part of the SGMB in Bavaria.

2.1. Fundamentals

In geothermal systems in which the heat is extracted from natural
aquifers, typically a hydrogeothermal doublet (Fig. 1) consisting of a
deviated production and injection well is implemented. Via electrical
submersible pumps (ESP), the warm water is transported to the surface
where it is directly used or transferred to a heat exchanger in a second
cycle (Stober and Bucher [12], DiPippo [13]). After heat extraction, the
cooled water is re-injected in the second well at a decent distance to the
production well to avoid thermal interference. To operate the hydro-
geothermal system most successfully and efficiently, the highest possible
thermal output is required, which is mainly determined by the flow rate
and production temperature of the fluid (Stober and Bucher [12], Zos-
seder et al. [14]).

The Lower Cretaceous (‘Purbeck’) and Upper Jurassic (‘Malm’)
reservoir is already widely used in the SGMB to generate geothermal
energy. These two geological units form an extensive water reservoir
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Fig. 1. Sketch of a geothermal doublet tapping into the yet undeveloped
shallower Upper Jurassic reservoir in the northern part of the South German
Molasse Basin, where production temperatures of well below 80 °C
are expected.
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that dips from the Franconian Alb in the north to the northern border of
the Alps. Hydrostratigraphically, the carbonate sediments of the Lower
Cretaceous and the Upper Jurassic are in contact and form the reservoir
referred to here simply as the Upper Jurassic [15]. These sediments can
reach thicknesses of up to 600 m [16] and consist of alternating shallow
marine sequences of limestones, marls and dolostones [17].

In general, the geological requirements for a productivity forecast
are the depth of the top reservoir and the thickness of the reservoir, as
these directly affect the drilling costs. In addition, the production tem-
perature Tsource,in, POSsible injection temperature T; and brine mass flow
rate m define the possible thermal power Py, (eq. (1), Stober and Bucher

[12]):

Py = o m- (Tsource,in - Tl) (1)

With ¢, being the specific heat capacity of the thermal fluid.
2.2. Methodology and data base

Since the scope of this study is the shallower region in the SGMB,
which has a lower production temperature than 80 °C and has not yet
been developed by geothermal wells, underground information is
largely missing. Accordingly, many assumptions must be made, and the
uncertainties are therefore high. Fig. 2 shows the geothermal wells
already in operation in the southern part of the study area where the
temperature is higher, and the reservoir is deeper as well as the cooler
regions in the north that are not developed so far. From borehole data,
literature and free available geological data, we define the key reservoir
related parameters: depth of top reservoir, reservoir thickness,
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production temperature, and production rate.

2.2.1. Top reservoir and reservoir thickness

The depth of the top reservoir is taken from the free available
geothermal information system GeotIS [20] and the thickness of the
Upper Jurassic sediments from Bachmann et al. [18] and Bohm [16]. As
shown in Fig. 2, the reservoir can be expected to be at least 400 m thick
for a large part of the basin north of the 80 °C boundary shown, where
cooler production temperatures are expected.

2.2.2. Production temperature

The production temperature can be specified as a function of the
depth of top reservoir from an available temperature map. GeotIS also
provides a depth temperature (undisturbed temperatures on top of the
reservoir; [20,21]), but in general, in conductive dominated reservoir
systems, such as the SGMB, the production temperature is a function of
the depth of flow zones. However, the geothermal gradients within the
SGMB vary considerably, so that regional thermal anomalies occur. For
example, there is a positive anomaly (higher temperatures than average)
in the Munich area and a significant negative anomaly east of Munich in
the so-called ‘Wasserburg Through’ [20-22].

To take a conservative approach, the GeotIS temperatures at Top
Malm were taken as the expected production temperatures. ArcGIS Pro
[23] was used to calculate distributions for the reservoir depth with
production temperature thresholds in steps of 10 from 30 °C to 80 °C
with the statistical analysis tools of ArcGIS Pro. The 10 percentile (P10),
90 percentile (P90) and modal value for each temperature value were
entered as inputs for the techno-economic analysis, described in the
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Fig. 2. North Alpine Foreland Basin in SE Germany with operating geothermal wells, isopaches for the Upper Jurassic reservoir after Bachmann et al. [18] and Bohm
[16], and the border south of which production temperatures of over 80 °C are likely to be suitable for direct injection into a district heating network. The 80 °C
border was calculated by regressing the GeotIS temperatures with known outflow temperatures in the area and the light red dashed line represents the uncertainty
range of this regression. (see Keim et al. [19], Zosseder et al. [14]). (For interpretation of the references to colour in this figure legend, the reader is referred to the
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following chapter, as shown in Table 1. The regionally varying
geothermal gradients in the SGMB are reflected in Table 1 in the
different ranges of P10 and P90 values. As can be seen in Table 1, some
of the values are distributed skewed, particularly noticeable at the 50 °C,
70 °C and 80 °C isotherm. This is due to regionally limited thermal
anomalies, such as the ‘Wasserburg Through’ east of Munich (see Fig. 2),
where temperatures of 70 °C and 80 °C are expected at much higher
depths than in the rest of the basin. This leads to a skewed distribution
with a modal value shifted towards the P10 value.

2.2.3. Production rate

There is a lack of empirical values for the reachable mass flow rate
for the area in question. Therefore, values known from the geothermal
boreholes in the southern part of the area must be considered. Since the
northernmost geothermal wells in the study area (near the 80 °C limit)
have high porosity and permeability, the shallower parts of the reservoir
are also believed to have good hydraulic properties with mean porosity
of the Upper Jurassic *Zeta’ interval of >10 %. [14]. A rough estimate of
30 kg/s — 200 kg/s mass flow rate is therefore considered. A further
classification or correlation is not possible here.

3. Integration of large-scale heat pumps into medium-deep
systems

This chapter discusses the technical and economic aspects of inte-
grating large-scale heat pumps in the geological region presented
previously.

3.1. Fundamentals

The integration of large-scale heat pumps into geothermal energy
systems has been investigated in different studies. A corresponding
literature review is given, to elaborate the research gap in the context of
an integration in DHN. The heat pump market is experiencing significant
growth. Arpagaus et al. [24] identified 26 commercially available
large-scale high-temperature heat pumps (HTHPs) with maximum sup-
ply temperatures exceeding 90 °C, with investment costs ranging from
100 €/kW to 1000 €/kW [25]. Market-ready technologies offer heating
capacities from 20 kW to 20 MW. Jiang et al. [26] conducted a review of
the current state of HTHPs, highlighting four promising areas: low-GWP
refrigerants, supply temperatures above 100 °C, heating capacities
exceeding 1 MW, and COPs greater than 4 at a temperature lift of 40 K.
Adamson et al. [27] identified in their literature review a huge potential
of transcritical cycles to reach supply temperatures above 200 °C with
suitable system efficiencies. Khalid et al. [28] evaluated the potential of
HTHP integration into industrial processes, by examining different
integration concepts, research and development opportunities as well as
barriers of the technology. Finally, Barco-Burgos et al. [29] analysed
several integration concepts of HTHPs into district heating and cooling
networks. The different generations of DHNs were studied and twelve
integration concepts technically evaluated. Apart from the review
publications, there are a lot of research articles dealing with the inte-
gration of large scale and high-temperature heat pumps into different
sink systems. Kosmadakis et al. [30] investigated the integration into

Table 1
Production temperatures as a function of the depth of top reservoir.

Production Temperature at Top Reservoir (°C) Depth Top Reservoir (m)

P10 P90 Modal Value
30 500 800 650
40 700 1000 900
50 900 1250 1250
60 1050 1800 1450
70 1300 3000 1600
80 2100 3800 2250

Renewable Energy 248 (2025) 123147

industrial processes and, thereby, the upgrade of waste heat up to
150 °C. The authors also examined different plant configurations like a
simple HTHP cycle, the use of an internal heat exchanger and two-stage
compression. Dumont et al. [31] examined the integration of HTHPs in
the food and beverages industry. Their results indicated that HTHPs
could meet 12 TWh/a of process heat demand in the German food and
beverages industry. The combination of geothermal energy systems and
HTHPs or large-scale heat pumps was investigated in different aspects.
Mateu-Royo et al. [32] investigated the integration of HTHPs into DHNs.
The DHN serves as both a heat sink and a heat source in their operations.
It acts as a heat sink when waste heat from a supermarket refrigeration
system is utilized, and as a heat source when industrial customers have
heating needs. Arslan et al. [33] evaluated the combination of existing
DHN with thermal energy storages and heat pumps. They conducted a
multi-objective parameter optimization to obtain a high performing
combination of different variables like refrigerant and phase change
material. Liu et al. [34] conducted a thermal analysis of a DHN coupled
with a deep open looped geothermal well and a heat pump, with
focusing on the economic optimization of the system. Sartor et al. [35]
investigated the integration into a DHN with a focus on steam produc-
tion and the behaviour of the COP of the HTHP. Dimitriu et al. [36]
evaluated the combined utilization of geothermal water and contained
gas by using heat pumps and gas turbines. The heat pump is able to cover
over 70 % of the peak load of a DHN in winter by using the reinjection
mass flow as heat source. The combination of geothermal heat source
and large scale heat pumps was also examined by Jensen et al. [37], to
identify the most suitable system configuration of two heat pumps
connected in series. Jepberger et al. [38] showed the potential of the
integration of large scale heat pumps into existing geothermal energy
systems and conducted different sensitivity analyses with a
techno-economic point of view. Deng et al. [39] investigated the com-
bination of medium-deep geothermal boreholes with heat pumps
focusing on optimizing the system for supply temperatures up to 55 °C.
Arslan et al. [40] analysed with an exergoeconomic point of view the
upgrade of a medium-deep geothermal system. They analysed the in-
fluence of different refrigerants on the net present value and identified
an optimum solution for the presented case study.

The presented review shows the relevance of integrating large scale
heat pumps into industrial processes as well as for the planning of
municipal heating systems. The case studies mostly address specific use
cases with fixed boundary conditions and corresponding heat pump
scales, for deep geothermal applications or industrial waste heat utili-
zation. So, the research gap addressed in this study, is to give an over-
view of the techno-economic aspects of the integration of large-scale
heat pumps into medium-deep geothermal energy systems, with varying
the geological boundary conditions, referred to the previous presented
geological analysis for the SGMB.

3.2. Methodology

In this chapter, the methodology and the boundary conditions for the
techno-economic analyses are presented. The examined system con-
sisting of the geothermal heat source, the heat pump and the DHN is
visualized in Fig. 3.

Exemplarily, the geothermal heat source at a depth of 1000 m, offers
a supply temperature of 45.6 °C at the top of the reservoir, defines the
base scenario of this study. See Equation (2) based on modal values in
Table 1.

Toourcen = 41.925 -In(depth) — 243.97 2

The drilling depth then corresponds to the depth of the top of the
reservoir and additionally the thickness of the reservoir (which can be
estimated to 400 m, see Fig. 2). The reinjection temperature is limited to
a minimal value of 20 °C and the difference between thermal water
temperature and the reinjection temperature is kept constant at 20 K,
when the reinjection temperature limit is met. The district heating
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Fig. 3. Medium-deep geothermal district heating network with a large-scale
heat pump, with temperatures of the base scenario.

network on the heat sink side is operating with a supply temperature of
100 °C, which corresponds to an existing DHN of 3rd generation
(compare Mazhar et al. [41]). The return temperature is set to 50 °C. To
pump the water to the surface and into the heat exchangers, electric
submersible pumps (ESPs) are commonly used. The technology is
transferred from the oil and natural gas industry, which leads to several
challenges caused by corrosive properties and increased gas content in
the thermal water. As stated by Jepberger et al. [42] there is a huge
potential to decrease the levelized cost of heat (LCOH) by optimizing the
performance and replacement procurements of the ESP. The calculation
of the electrical energy consumption of the ESP is crucial for
techno-economic analysis. Therefore, boundary conditions according to
Table 2 are defined and the calculations are carried out for every ana-
lysed case. The pressures are adapted from an exemplary deep well
project in the study area.

As shown in Fig. 4, the ESP is located below the geothermal water
level, taking the maximum water drop caused by reservoir fluctuations
into account. Due to location-dependent differences in the maximum
water drop, the installation depth Hg, is set to 15 % of the drilling depth
(including the additional 400 m drilling in the reservoir).

Additionally, Fig. 4 illustrates a scheme of well completion as can be
assumed for the shallower part of the study area. On the right-hand side
(b of Fig. 4), the reinjection well, and on the left-hand side (a of Fig. 4)
the production well are drawn with the bitsize (BS), outer diameter (OD)

Table 2
Boundary conditions for the design of the ESP.

Installation depth; Hgeo 0.15 - drilling depth

Standpipe diameter; d 0.2244 m
Pressure at pump inlet; pi, 2 MPa
Pressure at pump outlet; poy¢ 1.5 MPa
Tube roughness; ¢ 0.25 mm
Density; p 987 kg/m>

Volume flow; V Use case depending
Pump efficiency; 7ejec 0.7
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Fig. 4. Scheme of the production well (a) and reinjection well (b).

and inner diameter (ID). This completion is assumed as the standard case
for this study for a first approach. For the estimation of the required
power consumption of the ESP, the flow regime of the geothermal water
has to be evaluated first, by calculating the Reynolds number:

~w-Lp
n

Re 3)

Where L is the characteristic length and corresponds to the inner
diameter d esp. ID, w the flow velocity, p the density and 5 the dynamic
viscosity. For Reynolds numbers

Re > 2320, 4)

the flow is turbulent. However, between Re = 2320 and Re = 8000
and in case of hydraulically smooth tubes, the flow can be laminar.
Therefore, it is necessary to evaluate whether the flow occurs within the
regime of hydraulically smooth or rough tubes based on the tube
roughness ¢ (see Table 2). According to Moody [43] the flow is char-
acterized as hydraulically rough tubes, in case of

Re- §> 1300. )

For a hydraulically rough tube the tube friction coefficient 2 depends
only on the tube roughness and on the geometry:

P S ®)

(us(o7-1))

In the transition zone the Moody chart is used to determine the tube

friction coefficient [43]. With A, the pressure losses Apy can be calculated

using Equation (7):
Lp ,

Apy =4 = = w

Fip) @

where L is the length of the tube (Hgeo). With the pressure losses, the
installation depth (Hgeo), the radius r, and the pressure difference be-
tween pump inlet and the heating station the required discharge head Hy
can be calculated:

(pout 7pin) + (wgut - len) Apv

Hy=Hyeo + =2 g tra

(8

Where po, is the pressure at the heating station, p;, the pressure at the
pump inlet and r the radius. The velocity is assumed as constant. This
leads finally to the ESP electrical power:
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PPump =Hy- p-8: V Melec )

Referring to Schlagermann [44] the capital-related costs of the ESP
system depend on the installed hydraulic power and can be calculated
with

Cpower specific = PPump' (1 17 685 - P;B,-:;g) (10)

and quantity specific costs including the standpipe, cables, installation
and removal as well as personnel costs:

ngo
250

Cquantity specific = 9000 - ( + 4) + 10,000 an

Both costs shares are summed up:
CESP = Cpower specific + Cquantity specific (12)

Including an additional cost of 10 % of the ESP investment costs in
the base scenario lead to 706 k€. Next to the ESP, the heat pump system
has to be technically and economically described. The efficiency of a
heat pump is defined by the COP:

COP = Qheat sink (13)

elec

With the thermal capacity of the heat pump Qheat sink and its electrical
power consumption Pgjec. The thermodynamic maximum possible COP is
defined by the Carnot efficiency:

Tsink‘out

COPcumor = 14

Tsink.out - Tsource.in

Where Tgin, out is the outlet temperature of the heat sink, in this case the
supply temperature of the DHN. Tgoyree, in is the inlet temperature of the
heat source, in this case the thermal water temperature. In this study, in
order to facilitate the execution of a large number of sensitivity analyses,
the heat pump model is simplified and a COP of 45 % of the Carnot-COP
is assumed. The average Carnot-COP of industrially available HTHPs is
between 40 % and 60 % (compare Jepberger et al. [45], Arpagaus et al.
[46], Jiang et al. [47], and Agora Energiewende [48]), so this assump-
tion is a conservative boundary condition that will be varied in the

0 20 40 60 80 100 120 140
Fig. 5. COP as function of the temperature lift for different commercial HTHPs

(black and white) and laboratory test rigs (coloured), with the trend line for
Carnot efficiencies (taken from Jefberger et al. [45]).
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following sensitivity analyses. Fig. 5 (published by Jefiberger et al. [45])
shows the COP of commercially available HTHPs and scientific test rigs
as function of the temperature lift with Carnot efficiencies between 30 %
and 60 %, except for a few outliers. The Carnot-COP of 45 % leads to a
COP of 3.09 in the base scenario presented.

The heat demand of the DHN as function of time underlying this
investigation is presented in a normalised diagram in Fig. 6. The figure
shows, that the thermal capacity is reduced down to 10 % of the
maximum load at summer days, which has to be considered in the
planning process of DHNs and the corresponding over surface systems.

Based on the characterization of the ESP and the heat pump, the
LCOH are calculated using the annuity method, regarding VDI guideline
2067 [49]. This method is a dynamic investment calculation using the
annuity factor a presented in Equation (15) to make a forecast for the
annual costs during the observation period t.

q-(g-1)
a= T (15)
Where g is the interest rate. The costs are divided into different cate-
gories, the capital-related costs, the operation-related costs (e.g. service
and maintenance), demand-related costs, which are dominated by the
electricity demand, the miscellaneous costs which are neglected in the
following and the proceeds. The annuity of the capital-related costs (Ay,
k) can be calculated with Equation (16), where Aq are the initial in-
vestment costs.

Anx=Ao - a (16)

For the operation-related and the demand-related costs the price
dynamic value factor b, is introduced:

()
by=——+ a7
q—Tx

where ry is the annual increase of the concerning costs, based on the
average inflation of the last 30 years [50]. Consequently, the annuity of
the demand-related costs (Ay,y) and the operation-related costs (Ay,p)
are calculated as in the following:

Axy=Ay -a-by (18)
Anxp=Ap -a-by+An 19)

with
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Fig. 6. Normalised annual heat demand of a district heating network.
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An=Ao - (fumsinsp +fins) (20

Where fm  insp is the factor for the expense for servicing and inspection
and fipst the factor for repairs [49]. Finally, the proceeds can be calcu-
lated with Equation (21).

Axg =E; - bg 21

Where E; is the proceed in the first year and bg, is the price-dynamic cash
value factor for the proceeds. Following, the annuity of the annual costs
can be calculated:

An=Ang — (Ank +Any +Axs) (22)

With an interest rate g of 1.05 [51] oriented on the policy rate of the
European Central Bank, and an additional safety margin for a conser-
vative calculation and an observation time t of 20 years, the annuity
factor is 0.8. Additionally, the input parameters in Table 3 presented are
considered.

With the thermal energy provided per year (Qsink) and a neglection of
the proceeds, the LCOH lead to:

Ay

LCOH= Qun (23)

After the evaluation of the presented base scenario, different sensi-
tivity analyses are carried out, to investigate the influence of different
parameter variations on the LCOH. Another important performance
parameter for the economic evaluation is the payback period (PBP).
Using the capital value method, regarding VDI guideline 6025 [56], the
capital value leads to:

" F,—A
K=—-Aj+)_ tqt ‘ 24
t=1

With the capital value K, the proceeds in the first year E, and the
demand-related costs in the first year A;. Setting the capital value to zero
and converting the equation to t, the PBP can be calculated.

3.3. Results

In this chapter, the results of the techno-economic analyses are
presented with focus on the modal values for the model of geothermal
reservoir (see Table 1). With 8.2 % for the ESP operation and 91.8 % for
the heat pump operation, the analysis of the base scenario with respect
to the annuity method shows the dominating impact of the demand
related costs (see Fig. 7).

The operation-related costs for the geothermal system are neglected
because the replacement procurements of the ESP already include the
personnel costs, as stated previously. So, the operational costs are
related to the cleaning of the heat exchangers, what is also included in
the maintenance of the heat pump. The capital related costs show a very

Table 3

Boundary conditions for the economic analyses.
Observation period; t,p 30a
Interest rate; q 1.05 [51]
Price increase factor; ry 1.02 [50]

2000 €-m~! [52]
500 €kw! [53]
Equation (12)

Drilling costs; Cqrilling
Investment costs HTHP; cyryp
Investment costs ESP; cgsp

Service life HTHP 20 a [49]

Service life ESP 7 a [54]

Service factor; fi, 4 insp 1 % [49]

Repair factor; fins 1.5 % [49]
Electricity price; cejec 192.50 € MWh ™! [55]
Thermal losses 3% [38]

Electrical losses 7 % [38]

Full load hours; tg 4000 h-a™!
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Fig. 7. Cost shares of the base scenario.

balanced result, with 46.6 % for the geothermal system. This share will
increase drastically by increasing the required drilling depth. Table 4
shows the most important results of the techno-economic analysis.

The COP leads with a temperature lift of 54.36 K and a supply
temperature of 100 °C to 3.09. Taking the electrical power consumption
of the ESP into account, the COP of the entire geothermal system is 2.84.
With a mass flow rate of 100 kg s~* of the brine, the maximum thermal
capacity is 11.5 MW. Taking the full load hours of 4000 per year and the
overall annuity into account, the LCOH in the base scenario lead to 113
€-MWh ™, This puts the LCOH in a similar range to that calculated by
Agora Energiewende [48] for large-scale heat pumps combined with
geothermal systems. A detailed validation with other studies is difficult
to carry out, in fact of the strong influence of the boundary conditions
like reservoir characteristics, influencing the drilling costs, the elec-
tricity price which is highly depending on the location and required
temperature lifts. Here, subsidies are not considered due to large vari-
ation in regulatory frameworks. For a medium customer selling price in
Germany of 147 €MWh ! [571, the proceeds would lead to 34 € .MWh!
and the PBP is 5 years. The accuracy of every economic analysis depends
on the chosen boundary conditions, so in the following, sensitivity an-
alyses are carried out, to see the influence of different parameters as well
as of the location of the DHN in the SGMB.

3.4. Sensitivity analyses

The geological parameters can drastically influence the economic
viability of the project. So, in Fig. 8 the drilling depth and the mass flow
rate of the brine are varied to evaluate the influence of changing
geological boundary conditions on the economics. The drilling depth
varies as stated in chapter 0 from 1000 m to 2500 m. With changing the
required drilling depth, depending on the location in the SGMB, the
thermal water temperature is varied referred to Equation (2)

Table 4

Base scenario results of the techno-economic analysis.
COP [-] 3.09
System-COP [—] 2.84
Tsource,in [°Cl 45.64
Qsink,max [MW] 11.5
A,y [Mio €] 3.92
Ay, [Mio €] 0.18
Anx [Mio €] 1.09
Ay [Mio €] 5.2
PBP [a] 5
LCOH [€ - MWh™'] 113
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Fig. 8. LCOH as function of the drilling depth and thermal water mass flow,
based on the modal values.

(geothermal gradient of the modal values). That means, that the COP is
also increasing and the LCOH will decrease. The mass flow rate of the
brine can vary from 30 kg/s up to 200 kg/s depending on the produc-
tivity of the borehole. As mentioned, the temperature difference of the
thermal water supply and reinjection temperature is kept constant, so
only the mass flow rate effects the thermal capacity. That leads to an
increase of the LCOH at low mass flow rates and high drilling depths in
fact of the high drilling costs.

Nevertheless, with a maximum of 150 € MWh ! at 2500 m drilling
depth and a mass flow rate of 30 kg/s the project could be economically
feasible, taking subsidies like the German subsidy program BEW [58]
into account. With a mass flow rate above 80 kg/s and a drilling depth of
1690 m and above the LCOH are below 100 €-MWh ™. An optimum can
be found at the highest drilling depth of 2500 m and 200 kg/s and the
economic and technical boundary conditions presented previously, with
LCOH of 77 € MWh ™. Fig. 8 shows the enormous potential of the region
under observation, with a wide range of LCOH below 100 €MWh™,
based on the modal values presented in Table 1. To account for the
variability of the geothermal gradients in the SGMB, additionally to the
modal values of Table 1, also the range from P10 to P90 values have to
be considered. Fig. 9 presents the influence on the LCOH of the three
cases (modal, P10, P90) with increasing drilling depth, at mass flow rate

140 T T T
Geological Model
| Modal
130 —Pl0
—P90

120

<

100

LCOH | €-MWh™!

90

L

80 : :
500 1000 1500

Drilling depth / m

2000 2500

Fig. 9. LCOH as function of the drilling depth for different geological models,
at Mpyine = 100 kg/s.
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of 100 kg/s (please refer to Fig. 18 and 19 in the Appendix for the results
for P10 and P90, for the whole mass flow rate range). While the P10
values represent a slightly higher geothermal gradient, resulting in a
lower LCOH, the P90 values show a similar gradient at low depths.
However, the model predicts a sharp drop in the depth of the reservoir,
so that the strongly increasing capital related costs, as well as the
increased electricity consumption of the ESP lead to different results
compared to the other two models. Fig. 9 clarifies the necessity of uti-
lising resilient geological models in techno-economic and ecological
analyses for such complex energy systems. Nevertheless, the results of
the models are in the same order of magnitude and also for P90 use cases
an economic utilization may be possible.

As presented in Fig. 7, the demand related costs are the dominating
cash flow and therefore have to be reduced to reduce the LCOH. So, in
the following the electricity price is varied from 150 €-MWh ™! up to 350
€-MWh 1. Fig. 10 shows a linear effect of the electricity price on the
LCOH.

By reducing the electricity price to 150 €-MWh ™! the LCOH is
reduced by 17 %, compared to the base scenario (black dot). Addition-
ally, the Figure illustrates the influence of increasing full load hours on
the LCOH. The trend shows an exponential behaviour and a reduction of
9.5 % of the LCOH, for an increase of the full load hours from 4000 h/a
to 6000 h/a. In the following, the specific investment costs of the heat
pump are varied, presented in Fig. 11. The specific investment costs are
set to 500 €/kW thermal capacity of the heat pump, referring Arpagaus
et al. [59]. The variation of the specific investment costs of the heat
pump shows a positive effect on the LCOH. Reducing the specific costs
from 500 €/kW to 250 €/kW, the LCOH can be reduced by up to 4 %.
Additionally, the COP is varied from 2.5 up to a Carnot-COP of 70 %. The
actual Carnot-COPs of heat pumps available on the market vary between
40 % and 60 %. So, the 70 % is used for an outlook resulting from more
research and development in the future. As expected, the LCOH decrease
with increasing COP. By an increase of the COP up to 55 % of the Car-
not-COP, the LCOH can be reduced by up to 13 %. The presented results
show that the boundary conditions have a great impact on the final
evaluation of the application.

Using the proceeds of the first year, combined with the demand
related costs, the capital value method is used to calculate the PBP.
Fig. 12 presents the PBP as function of the drilling depth and mass flow
rate, based on the modal values (please refer to Figure 20 and 21 in the
Appendix for the results for P10 and P90, for the whole mass flow rate
range) with the base scenario as a red dot.

A maximum occurs at the lowest mass flow rate and the highest
drilling depth, caused by the small thermal capacity of 2.7 MW and quite
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Fig. 10. LCOH as function of the electricity price and full load hours.
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Fig. 12. PBP as function of the drilling depth and mass flow rate, based on the
modal values.

high investment costs. When the mass flow rate reaches or exceeds 60
kg/s, the PBP remains at 10 years or less. The techno-economic analyses
show the huge potential of the combination of medium-deep geothermal
and large-scale heat pump. So, regions like the northern part of the
SGMB could benefit from it and could help to increase the share of
renewable heat sources, by realising viable projects.

4. Life cycle assessment

This chapter examines the environmental impact of medium-deep
geothermal energy in the Southern German Molasse Basin coupled
with large-scale heat pumps.

4.1. Fundamentals

In light of the Paris Climate Agreement, the environmental impact
has become a prominent topic. Particularly within the energy sector, the
building sector is responsible for 35 % in 2021 of energy related
greenhouse gas emissions [60]. Given that, this sector is largely domi-
nated by fossil fuels, there is a significant incentive to transition to
renewable sources. To ascertain the environmental impact of a
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technology, it is essential to quantify its effects. The LCA method is a
valuable tool for this purpose. The impact of conventional heat gener-
ation is thus quantified, thereby enabling the determination of avoid-
ance factors—that is, the quantified amount of emissions avoided by
replacing fossil energy technologies. Within the fossil mix, the most
common heat source in Germany is natural gas [61]. The German Fed-
eral Environment Agency quantified the environmental impact of fossil
and renewable sources as follows in Table 5.

As previously stated in the introduction, the EU Expert Group on
Sustainable Finance [63] has established the threshold value of 100 g
CO; eq./kWh that determines when the energy systems are in line with
the Paris climate targets. Furthermore, the value declines by every five
years until it reaches a net zero in 2050, thereby providing motivation
for sustained efforts to provide a continued reduction. Upon examina-
tion of the potential heat sources in Tables 5 and it becomes evident that
none of the fossil sources (as anticipated) can meet the specified limits.
Even renewable sources do not consistently achieve the desired low
values. While solar thermal energy, solid biomass, and the biogenic
share of municipal waste, as well as deep geothermal energy, are usually
below the threshold, there is some variation with the other sources,
including liquid and gaseous biomass, and heat pumps.

For these reasons, it is imperative to undertake a more detailed ex-
amination of the system combination of medium-deep geothermal and
large-scale heat pumps. While the emission factor for deep geothermal
systems from the German Federal Environment Agency is quite low,
with 36.4 g CO2 eq/kWh, it is based on one specific heat plant and does
not take into consideration the variation of geological boundary con-
ditions or plant configurations. Lohse [64], for example, highlights the
importance of reinjection to prevent pollution of surface water, further
emphasizing the need to account for site-specific conditions when
assessing the environmental impact of geothermal energy systems.
Regarding different types of usage of the geothermal source, there is, for
example, cogeneration of heat and electricity as well as sole heat gen-
eration. The cogeneration of electricity and heat has the advantage that
the electricity produced in-house with a low GWP can cover its own
requirements for the downhole pump and DHN pump, which has a
positive influence on the GWP of heat generation, particularly in
countries with an electricity mix with a high proportion of fossil fuels.
For instance, Menberg et al. [65] reported a range of 3.9-4.0 g CO>
eq./kWh for cogeneration plant in the Southern Molasse Basin. Similar
values are obtained for a high temperature cogeneration plant in Iceland
with 11.2-15.8 g CO; eq./kWh by Karlsdoéttir et al. [66] as well as for a
plant in the Upper Rhine Valley with 2.69-4.39 g CO5 eq./kWh analysed
by Pratiwi et al. [67].

On the other hand, the sole heat generation is heavily contingent
upon the auxiliary energy employed. This shows parallels to the elec-
trification of the heating sector due to the use of heat pumps. In the

Table 5
Emission factors for heat generation in Germany (2022) including direct and
indirect emissions [62].

Energy source Emission factor/g CO,

eqekWh™!
Heating oil/diesel 312.7
Natural gas 257.0
Hard coal 432.7
Lignite briquettes 445.0
Solid biomass 10.6-25.1
Liquid biomass 4.5-143.8
Gaseous biomass 38.2-196.5

Biogenic share of municipal waste 1.3

Solar thermal 22.3-26.4

Shallow geothermal® and ambient heat” + heat 54.6-175.0
pump

Deep geothermal 36.4

@ Up to 400 m in depth.
Y Including near-surface air layers and surface water.
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context of the growing electrification of the heating sector, the elec-
tricity mix is becoming increasingly prevalent, exhibiting significant
variations depending on the country of origin [68]. To illustrate, Dou-
ziech et al. [69] estimated a GWP of 3.8 g CO4 eq./kWh for the French
Rittershofen heat plant with the nuclear heavy French electricity mix,
whereas Zhang et al. [70] did a feasibility study for a heat plant in China
and obtain values of 187.7 g CO; eq./kWh due to the Chinese electricity
mix being dominated by coal. For the value from the German Federal
Environment Agency (see Table 5) 82.1 % of the emissions stem from
auxiliary energy for the downhole pumps [62]. All of the aforemen-
tioned examples were situated within the deep geothermal range, where
temperatures are sufficiently high to allow for the direct utilization of
heat. In the case of lower temperature sources, namely those situated at
shallow or medium depths, an increase in temperature is required,
which in turn leads to an increase in electricity consumption. For
example, the emissions for shallow geothermal sources coupled with
heat pumps, are quantified by the German Federal Environment Agency
with 163.2 g CO2 eq./kWh from which 80,8 % are due to auxiliary en-
ergy use [62]. Pratiwi et al. [71] analysed medium-depth systems for
heating and cooling in the State of Geneva in Switzerland and estimated
18.9 g CO2 eq./kWh. Hereby, the district heating network was also
considered, and the impact is dominated by the subsurface construction
as the electricity mix is dominated by hydropower and therefore low
GWP. Despite the growing interest in geothermal energy, medium-depth
geothermal systems remain underrepresented in the existing LCA liter-
ature. Studies like those by Pratiwi et al. [71] have briefly examined this
area, highlighting the need for more comprehensive research.

This study addresses a significant research gap by exploring the
environmental aspects of integrating large-scale heat pumps into
medium-depth geothermal energy systems, particularly while focusing
on varying geological boundary conditions. The northern part of the
Bavarian Molasse Basin serves as the case study for this analysis, as
discussed in the previous chapters.

4.2. Methodology

The quantification of the environmental impact is carried out ac-
cording to ISO 14044 [72] and 14040 [73]. Hereby, the LCA includes the
four phases definition of goal and scope, inventory analysis, impact
assessment and interpretation. This section describes these phases.

4.2.1. Definition of the goal and scope

The objective of this study is to conduct an LCA of hypothetical
geothermal heating projects in the northern Molasse Basin including
HPs, specifically covering medium deep wells. Thereby, significant in-
fluences and parameters on the environmental impact should be
discovered. Additionally, the impact of the electricity mix is analysed. In
the LCA, the life cycle phases of construction, operation, and decom-
missioning are considered for the major components and subsystems:
two wells, one ESP and the HP. The boundary conditions are in line with
the economic assessment as stated in Table 3. In particular, this includes
a lifetime of 30 years, which is also in line with the boundary conditions
for LCAs for geothermal systems proposed by Parisi et al. [74] and the
maintenance work of exchanging the HP every 20 years as well as the
ESP every seven years. A detailed LCI is provided in Table 10. The
functional unit to which the environmental impact is related to is one
kWh of heat at the plant.

4.2.2. Subsurface model

In order to cover different well depths a specific design for the in-
jection and production well is considered (see Fig. 4). It is assumed that
the wells are drilled straight down. For the first drill section (for the
standtube), a length of 75 m is assumed. The length of the second section
(anchor tube) is assumed to be 30 % of the total length (without open
hole).

With regard to the production well, the third casing section is

10
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considered with an overlap of 75 m, and the injection well’s third section
is taken into account as a continuous pipe to the top edge. The specific
weight for the three casing sections is listed in Table 6. The cementation
is calculated based on the annulus. The respective amounts of cement
and water per meter can be found in Table 6 as well as the amount of
hydrochloric acid for the stimulation, drilling liquid and the energy
demand for drilling covered by diesel. The composition of the drilling
fluid can be found in Table 10 (Appendix). Additional to the construc-
tion of the wells, well heads and ESP and drill site preparation was
considered.

4.2.3. HP model

For the HP a 5.25 MW system is considered which operates with the
working fluid pentane. Thereby, the HP is scaled by power depending on
the heat source (temperature and brine mass flow rate). It is assumed
that the HP are connected parallelly to attain higher installed power
levels.

4.2.4. Operation

For the operation of the heating plant the electricity demand is
assumed in accordance to the consistent annual heat output (see Fig. 6).
For the base scenario, it is assumed that the system is set into operation
in 2024. Additionally, future changes in the German electricity mix are
considered. Therefore, the development of the future German electricity
mix from Flattler et al. [77] is used, specifically the “Start Scenario”.
Hereby, a reduction of the emission factor of 79 % from 2017 to 2050 is
assumed. The average electricity mix over the lifetime from 2024 to
2054 as well as for the single years 2024 and 2054 is detailed in Table 7.
Hereby the mix is created with processes from the ecoinvent database,
whereas losses of network are considered.

4.2.5. Software and LCA impact assessment method

The LCA results are generated using the software SimaPro version
9.6.0.1 with the database ecoinvent version 3.10 [78]. As a system
model, the allocation cut-off was selected. Parisi et al. [74] suggest
guidelines for LCAs for geothermal energy generation in which they
recommend using the method of environmental footprint [79]. There-
fore, the newest version of the method 3.1 is used to generate results for

Table 6

Parameters of the subsurface LCI-model.
Parameter/unit Value/Input
Casing 26" /kgem ™! 191.9°
Casing 20" /kgem 139.9"
Casing 13 3/8”/kgem 90.8"
Cement type Section 1 CEM I 32.5°

Cement type Section 2 and 3 CEM III A 32.5 N°

Cementation Section 1 — cement/kgem ! 204.3¢
Cementation Section 1 — water/kgem ! 89.9°
Cementation Section 2 — cement/kgem ™! 107.2°
Cementation Section 2 — water/kgem 47.2¢
Cementation Section 3 — cement/kgem ! 64.5°
Cementation Section 3 — water/kgem 49.7¢
Stimulation HCl/kg well ! 107.8¢
Stimulation water/kg well ™! 251.5¢
Stimulation energy/GJ well ! 4319
Energy for drilling diesel/GJ m™!

<1500 m 1.6°
>1500 3.2¢
Drilling liquid/kgem

Section 1 72.2°
Section 2 287.2"
Section 3 486.3"

2 Own calculations based on steel density of 7850 kgem.>.

b Information provided by drilling company.

¢ Information from medium-deep geothermal heating plant in the Southern
German Molasse Basin.

4 Based on Frick et al. [75].

¢ Based on Pratiwi et al. [76].
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Table 7
Electricity mix for the years 2024, 2054 and the time period 2024-2054 ac-
cording to [77].

Electricity source Share/%
2024 2054 Average 2024-2054

Solar 8.7 13.7 11.9
Wind onshore 19.1 33.0 27.5
Wind offshore 7.5 22.6 15.3
Geothermal 0.9 0.8 0.9
Biomass 8.8 7.2 9.0
Hydro 3.6 3.2 3.8
Natural gas 16.5 17.6 17.7
Nuclear 7.7 0.0 2.8
Lignite 11.7 0.0 4.2
Hard coal 14.4 0.0 5.3
Pump storage 1.0 1.3 1.3
Lithium-ion battery 0.0 0.6 0.3

the environmental impacts. This method includes 16 impact categories
which can be found in Table 8. Each in- and output of the Life cycle
inventory (LCI;) is multiplied by a respective characterisation factor
provided by the database ecoinvent for each impact category Y (such as
GWP) to quantify the environmental impact (Ely;).

Ely; = CFy-LCIL; (25)

To quantify the environmental impact of the complete System over
the lifetime per functional unit (Eli,v), the environmental impact over
the whole lifetime is summed up and divided by the total heat output

(Qlifetime ) .
> (Elyy)

26
Qlifetime ( )

EL totalY =

4.2.6. Boundaries

This study does not include a district heating network since the
material demand is very dependent on the settlement and consumer
structure. Additionally, in past studies the impact of the DHN plays only
a minor role for the environmental impact [65]. Therefore, heat losses or
additional electricity demand for the network pumps are not considered.
Furthermore, infrastructure of peak load and redundancy is not
included. Regarding the geological boundary conditions, the modal
values from Table 1 are applied here.

4.3. Results

The general results for the base scenario for the different impact
categories are listed in Table 9.
The environmental burden, detailed in the different impact

Table 8

Impact categories of the method EF 3.1 [79].
Impact category Unit
Acidification (AC) mol H+ eq
Climate change (GWP) kg CO2 eq

Ecotoxicity, freshwater (EFW) CTUe
Particulate matter (PM) disease inc.

Eutrophication, marine (EM) kg N eq
Eutrophication, freshwater (EF) kg P eq
Eutrophication, terrestrial (ET) mol N eq
Human toxicity, cancer (HTC) CTUh

Human toxicity, non-cancer (HTNC) CTUh
Ionising radiation (IR) kBq U-235 eq
Land use (LU) Pt

Ozone depletion (OD) kg CFC11 eq
Photochemical ozone formation (POF) kg NMVOC eq

Resource use, fossils (RUF) MJ
Resource use, minerals and metals (RUMM) kg Sb eq
Water use (WU) m3 depriv.
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Table 9

LCA results base scenario per kWh at the plant.
Impact category Unit Value
Acidification mol H+ eq 3.17.107*
Climate change kg CO2 eq 1.03-107!
Ecotoxicity, freshwater CTUe 5.05-107!
Particulate matter disease inc. 1.88-107°
Eutrophication, marine kg N eq 6.82.107°
Eutrophication, freshwater kg P eq 8.22.107°
Eutrophication, terrestrial mol N eq 6.15-10°*4
Human toxicity, cancer CTUh 4.13.1071°
Human toxicity, non-cancer CTUh 1.58.10°
Ionising radiation kBq U-235 eq 8.13.10°2
Land use Pt 6.24-107"
Ozone depletion kg CFC11 eq 2.21.107°
Photochemical ozone formation kg NMVOC eq 2.35.107*
Resource use, fossils MJ 1.40
Resource use, minerals and metals kg Sb eq 1.55-107°
Water use m3 depriv. 1.05-1072

categories are related to the total output of heat over the plant’s lifetime.
With a GWP of 103 g CO5 eq./kWh the emissions are just shy of meeting
the EU taxonomy’s requirements of 100 g CO eq./kWh [63]. Therefore,
a closer look at the parameters that most influence the environmental
burden makes sense. To illustrate the impact of the different impacts, in
Fig. 13 the normalised results of the base scenario per impact category
are depicted, detailing the subsurface components, HP general opera-
tion, and electricity consumption of the HP and ESP. Looking at the
results it is apparent, that every impact category is dominated by the
electricity consumption, especially concerning the operation of the HP.
Which is commonly exhibited with heat pump systems as demonstrated
by Violante et al. [80]. Additionally, the impact is due to the high fossil
share in the German electricity mix of 27.2 % for the considered years
2024-2054 (see Table 9). Thereby, the impact of the electricity con-
sumption of the HP ranges from 80 % (HTC) to 90 % (EF) and for the ESP
from 7 % (HTC) to 8 % (EF). The construction and decommissioning of
the plant components play only a minor role in the environmental
burden, whereas the subsurface presents mostly as the biggest contrib-
utor in that selection. This is mainly due to the high environmental
impact of the materials steel for the casing and the cementation, which
make up 27.8 % and 42.2 % of the subsurface construction’s GWP
impact, respectively. The main impact on the construction of the HP is
due to the frequency converter with 34.7 % of the GWP and the
condenser with 24.7 %.

4.4. Sensitivity analyses

In this section, the influence of technical and location-based pa-
rameters is investigated with sensitivity analyses. In order to prevent an
overload of information, the results are presented solely for the impact
category GWP. The influence of the geological boundary conditions for
brine mass flow rate and well depth is analysed for the GWP in Fig. 14
based on the modal values. The well depth and brine mass flow is varied
analogous to the economic analysis from 650 m to 2500 m (excluding
the additional 400 m open hole) and 30 kg/s - 200 kg/s for the mass flow
rate of the brine.

As the well depth influences the thermal water temperature (see
Equation (2)), the COP and thereby the electricity demand is influenced.
Since the electricity demand is the single biggest influence on the GWP,
the drilling depth and thereby the brine temperature shows a major
influence on the GWP with a strong decrease with increasing well depth.
On the other hand, the variation of the brine mass flow only shows a
slight influence with a small decline of the GWP over the increasing mass
flow. This is due to the COP remaining constant with the mass flow
variation. These results are in contrast to the economical evaluation
which also shows a big influence of the brine mass flow rate. Although it
may not be financially feasible to operate plants at lower brine mass flow
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Fig. 14. GWP of the heating plant as function of the drilling depth and thermal
water mass flow.

rates, from an ecological standpoint, these plants are a viable option as
they predominantly remain below the 100 g CO; eq./kWh threshold for
taxonomic classification. However, future policies concerning GWP,
such as tax incentives, may potentially alter the viability of these plants.
Looking at the overall results, it is apparent, that most of the configu-
rations fall below the 100 g CO2 eq./kWh threshold. At drilling depths
>1200 m (at any brine mass flow rate) the GWP falls under the
threshold. These results render most analysed systems as compatible
with the Paris climate goals.

Since the relation between drilling depth and brine temperature is a
distribution rather than fixed values (see Table 1, P10, modal values and
P90) in the region of the Northern SGMB, this heterogeneity is mapped
in Fig. 15. Hereby, next to the GWP of the modal values, the upper and
lower percentiles P10 and P90 are also represented at a mass flow rate of
100 kg/s (please refer to Figure 22 and 23 in the Appendix for the results
for P10 and P90, for the whole mass flow rate range). The P10 values
with a higher geothermal gradient lead to lower GWPs since less addi-
tional energy for the HP is needed to reach the desired Temperatures for
the DHN. All curves show a similar slope but the offset of P10 to the
modal values is thereby bigger than the offset of the P90 values. In
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Fig. 15. GWP as function of the drilling depth for different geological models,
at mpyine = 100 kg/s.

contrast to the economic assessment, the deviation of the P90 data be-
haves closer to the modal value. Meaning that even for less favourable
conditions, on an environmental level, these systems are worthwhile. At
depths lower than 1240 m (excluding the open hole), the GWP of P90
fall below the threshold value of 100 g CO; eq./kWh.

To investigate how the GWP is influenced by the electricity mix as
well as the amount of full load hours and COP additional sensitivity
analyses are conducted. In Fig. 16 the full load hours are varied from
1000 h/a - 8000 h/a to demonstrate the influence of different capacity
utilization and customers. Additionally, since for the base scenario the
electricity consumption has proven to have a major impact, the GWP of
the electricity mix is varied from 50 g CO3 eq./kWhg to 500 g CO3 eq./
kWhg . The base scenario is highlighted as black dot on the red curve. In
contrast to the economic evaluation (see Fig. 10), the amount of full load
hours only has a minor influence. There is only a slight downturn of the
graph with the increase of full load hours. These results are to be ex-
pected since the ratio of consumed electricity to heat, determined by the
COP of the HP, stays consistent. This flattens the curve since electricity
consumption is the main contributor. The impact of the plant’s
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Fig. 16. GWP of the heating plant as a function of the GWP of the consumed
electricity mix and full load hours.

construction maintenance and decommissioning is responsible for the
slight decrease because it is constant independent of the full load hours.
Hence, with increasing heat output, the GWP decreases. The GWP of the
electricity mix however has a much greater influence. The values greater
than the base scenario would usually be associated with fossil electricity
generation.

At 4000 full load hours with an electricity mix around 400 g CO, eq./
kWh and 500 g CO; eq./kWhg), which are conditions similar to the
fossil heavy electricity mix in Poland, the GWP of the heat generation
lays at 144 g CO3 eq./kWhg and 180 g CO5 eq./kWh which is far above
the EU’s taxonomy threshold of 100 g CO3 eq./kWh [63]. On the other
hand, the lower GWP electricity mixes decrease the impact significantly
with 56 g COy eq./kWh (for 150) and 21 g CO;3 eq./kWh (for 50),
falling way below the threshold. These results are especially important
since the threshold decreases every five years until net zero in 2050
[63]. This highlights the importance of transitioning to renewable
sources for the electricity sector. Fig. 17 depicts the influence of the COP
as well as the GWP of the electricity mix. As expected with increasing
COP the GWP decreases analogous to the LCOH in the economic eval-
uation (see Fig. 11).

As the main influence, the electricity consumption is reduced with
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Fig. 17. GWP of the heating plant as function of the GWP of the consumed
electricity mix and the COP.
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the increase of the COP. For the base scenario (red line) the variation of
the COP leads to a decrease in GWP of 48 % from 124 g CO3 eq./kWh at a
COP of 2.5-70 g CO; eq./kWhg at a COP of 4.8. Similar to the full load
hour sensitivity analysis, the electricity mix again has a mayor influence
on the results although the impact of the COP is much greater than that
of the full load hours. With decreasing electricity mix GWP the influence
on the impact lessens - the reduction potential of the COP decreases with
44 % at 500 g CO, eq./kWhg to 38 % at 50 g CO; eq./kWhg as seen in
the flattening of the curves. At an electricity mix GWP of 500, at the
lowest COP of 2.5, the GWP for heat generation reaches the maximum
value of 218 g CO2 eq./kWh. To set this into perspective, this GWP even
exceeds to caloric value based GWP of natural gas with 202 g CO; eq./
kWh [81]. With an electricity mix GWP greater than 400 g CO, eq./k-
Whg| the EU taxonomy threshold value of 100 g CO3 eq./kWh [63] can
only be reached at very high COPs > 4.7. Therefore, it can be concluded
that a high GWP electricity mix can only be compensated to a limited
extent through technological improvement.

On the other hand, the minimum GWP of 15 g CO» eq./kWh is ob-
tained with the lowest GWP electricity mix at 50 g CO; eq./kWhg as well
as the highest analysed COP of 4.8. This value is even comparable to
deep geothermal heat projects which use mostly renewable electricity
mixes: A case study of a hypothetical geothermal plant in Scotland
shows similarly low results with 9.7 g CO eq./kWh, to 14.0 g CO; eq./
kWh [82]. These sensitivity analyses show that even for systems with
higher GWP, the values could be lowered with different electricity mixes
or technical improvements to increase the COP (see Fig. 17).

5. Conclusion

Next to the north German basin and the Upper Rhine Plain, the South
German Molasse Basin is one of three major hydrothermal reservoirs in
Germany. The presented study investigates the utilization of the medium
deep northern part of the Molasse Basin by integration of large-scale
heat pumps for district heating at a supply temperature level of
100 °C. Based on the few borehole data in the region, literature and free
available geological data, the key parameters of the reservoir were
defined. Taking the depth of top reservoir, reservoir thickness, produc-
tion temperature, and production rate into account, the design of large-
scale heat pumps was conducted. Following, a base scenario was
defined, taking a top reservoir depth of 1000 m and a mass flow rate of
100 kg/s into account. The base scenario leads to LCOH of 113 € MWh
and a PBP of 5 years, based on a system COP (electrical power con-
sumption of heat pump and ESP considered) of 2.84. To evaluate the
impact of different boundary conditions on the results, sensitivity ana-
lyses were used. Following parameters were varied with the stated
boundaries.

Electricity price [150-350 € MWh ]

Full load hours [1000-8000 h/a]

Investment costs HP [100-750 €/kW]

COP [2.5-70 % Carnot-COP]

Drilling depth [650-2500 m]

Mass flow rate [30-200 kg/s]

Temperature gradient [P10 — P90 from Table 1]

The reduction of the electricity price from 192 €MWh™! to 150
€-MWh ™! leads to a decrease of 17 % in the LCOH. By increasing the COP
up to 55 % of the Carnot-COP, the LCOH can be reduced by up to 13 %.
By varying the drilling depth, combined with the variation of the mass
flow rate, the LCOH can be calculated for every possible combination
occurring in the investigated region. With a minimum of the LCOH at
2500 m and 200 kg/s of 77 €-MWh ! and a maximum at the same depth
and 30 kg/s of 150 €-MWh 1. Additional to the economic analysis, the
environmental impact via LCA was analysed. Thereby the construction
of wells of different depths, HPs with different installed capacities,
operation with replacement of the ESP and HP, and their electricity
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requirements covered by the time dependent German electricity mix
over the years 2024-2054 were considered. Finally, the decom-
missioning of the system is considered as well. For the base scenario, 16
impact categories of the EU Environmental Footprint method were
calculated. The most significant impact in all impact categories is related
to the electricity demand of the HP. This aspect is reinforced by envi-
ronmental impact of the German electricity mix with an average GWP of
281 g CO3 eq./kWhg|. To sum up, the GWP of the base scenario is 103 g
CO4 eq./kWh which is marginal over the threshold value of 100 g CO,
eq./kWh which is defined by the EU’s Expert Group on Sustainable
Finance as in line with the Paris Climate Agreement. Technical im-
provements in heat pump technology, a faster expansion of the energy
transition or favourable geological conditions can easily meet the stated
target value of 100 g CO3 eq./kWh. This is illustrated by the sensitivity
analyses carried out to investigate the influence of certain boundary
conditions on the GWP of the System. Analogous to the economic
evaluation the full load hours, COP, drilling depth and mass flow rate
were varied. Additionally, the GWP of the electricity mix was analysed
with a value range of 50-500 g CO; eq./kWh,;. While the full load hours
show near to no influence on the GWP, with the reduction of the COP the
base scenario can be reduced by 43 %. The biggest influence however is
the electricity mix. With a electricity mix GWP of 50 CO eq./kWhg and
a COP of 4.8 aminimum of 15.5 g CO, eq./kWh could be reached. When
varying the geological boundaries drilling depth and mass flow rate, it
was evident that mainly the drilling depth influences the impact. The
mass flow rate plays a minor role. An increase in drilling depth as well as
mass flow rate decreases the GWP. Generally, at depths exceeding 1200
m the GWP falls below the threshold of 100 g CO3 eq./kWh. Thereby
proving the alignment of these medium-depth systems with the Paris
Climate Agreement.

The present study thus offers a comprehensive and holistic analysis
of the geothermal potential in the northern SGMB and its utilization
through the integration of large-scale heat pumps. Pan et al. [83] present
approaches to overcoming barriers to the implementation of enhanced
geothermal systems within existing energy systems. Some of these bar-
riers are transferable to the use case examined in this study, and the
findings contribute to addressing certain challenges identified by Pan
et al. [83]. Especially the lack of expertise within community/city
government and the lack of exploration data can be addressed in the
presented study. Even without subsidies, the establishment of such a
heating plant is recommended for both economic and ecological reasons
across large parts of the study region. Consequently, even smaller mu-
nicipalities within the study region can conduct an initial assessment to
determine whether the ecological and techno-economic conditions
provide a suitable basis for a feasibility study. This can facilitate the
removal of obstacles and further promote the decarbonization of the
heating sector.

5.1. Limitations of the workflow and uncertainties

In this section, occurring uncertainties are described and discussed.
Concerning the geological boundary conditions, key parameters are the
temperature of the produced water and the flow rate. Since there is a
lack of empirical data for the northern SGMB, both parameters had to be
roughly estimated or derived from the larger data set available for the
southern SGMB from deep boreholes. The fluid temperatures were
derived from a correlation (Zosseder et al. [9]) of outflow temperatures
of the southern SGMB geothermal wells versus the undisturbed forma-
tion temperatures at top Malm from the 3D temperature model GeotIS
(Agemar et al. [19,20]). As the GeotIS temperatures are mainly based on
error-prone corrections of low quality bottom hole temperatures (e.g.,
Scholderle et al. [84]) and the spatial prognosis of the temperature
values is generally subject to an uncertainty (Agemar et al. [19]), the
estimated production temperature should be considered in the context
of these uncertainties. The flow rates in this study were estimated
conservatively with a high uncertainty range of 30-200 kg/s in order to
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reflect the heterogeneous conditions of the reservoir, which are known
from the southern part of the SGMB (Zosseder et al. [9]). It is unclear to
what extent these conditions can be applied to the northern part.
Although the well-known north-south depth porosity trend indicates
good hydraulic conditions (Zosseder et al. [9]), the possible hydraulic
influence of the absence of the Purbeck formation in the north has not
yet been thoroughly investigated. Lastly, the high reservoir depths
(>2000 m) can largely be found in the negative temperature anomaly
east of Munich, in the Wasserburg Through, which is known to bear
lower thermal gradients (e.g. Agemar et al. [19], Przybycin et al. [21]).
At these depths, the applied well scheme (Fig. 4) is not tenable, and an
additional well section would be needed to obtain the necessary drilling
mud pressures during production of the boreholes. The uncertainties
and limits in the techno-economic analyses can be identified in the
thermodynamic simulation and economic boundary conditions. So, the
assumed COP could be calculated using an extensive simulation model.
The installation depth of the ESP is also one uncertainty and would
infect the system COP. The economic boundary conditions show a
snapshot of the situation and has to be varied focusing on other regions
or periods of observation. Concerning the LCI model of the wells the
material input for the creation of the wells is, by definition, an estima-
tion. In principle, an attempt is made to assume a realistic input,
generally on the conservative side. The well and casing design is highly
sight-specific and cannot be generalized. Especially, for higher depths
the sections would generally be smaller, and an additional section could
be included (thereby the input would be smaller per m). When consid-
ering the future electricity mix only current GWPs for the different
technology are considered. As technology advances, it is likely that the
environmental impact will be reduced, although it is challenging to
make an accurate estimation of this. This will have a positive effect on
the performance of the HP system. Regarding the considered HP,
particularly for installed power values that are less than the considered
HP with 5.25 MW, the estimation is accompanied by a certain degree of
uncertainty. It is likely that smaller HP are not estimated correctly by a
fraction of a bigger dimensioned one. Furthermore, only a single specific
HP was considered by using natural refrigerant as working fluid. If this
were not the case, the environmental impact could increase, although it
is estimated to still play a minor role compared to the impact of the
electricity mix. In the definition of the boundaries, peak load and
redundancy were not considered. In many cases this demand is covered
by natural gas or heating oil boilers, which in their fossil nature, would
have negative effects on the environmental impact. There could, how-
ever, be additional HPs used for peak load, which would require addi-
tional design and optimization.

Overall, the specific results cannot be transferred directly into other
geological regions, since the geological boundary conditions require
different drilling technologies and the temperature gradient as well as
the thermal water mass flow is always very reservoir specific. However,
the workflow and the techno-economic and ecological calculations can
be transferred and conducted for other regions and reservoirs.
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Nomenclature
a annuity factor, - Iy annual increase of cy, -
Ay annuity of x, ca! T temperature, °C
BS bitsize, in ta full load hours, h-a™?
by price dynamic value factor, - v volume flow rate, m3.s™!
CFy characterisation factor for the impact category Y w flow velocity, m-s~!
cop coefficient of performance, - Apy pressure losses, MPa
Cyw volumetric heat capacity, MJ .m3K! e tube roughness, mm
Cx costs for x, € n dynamic viscosity, Pa-s
d standpipe diameter Telec pump efficiency, -
E proceeds, € at 2 tube friction coefficient, -
Elotaly environmental impact of the complete System over the lifetime per functional unit for the impact category Y p density, kg-m’3
Ely,; environmental impact for the impact category Y and input i Abbreviations
finst factor for maintenance, - DHN District heating network
fm + insp factor for servicing and inspection, - EF Eutophication, freshwater
GWP Global warming potential, g CO eq. kWh™! ESP Electronic submersible pump
H pump head, m HP Heat pump
D inner diameter, in HTHP High-temperature heat pump
K capital value, € HTC Human toxicity, cancer
L tube length, m LCA Life cycle assessment
LCI; life cycle inventory input i LCI Life cycle inventory
LCOH levelized costs of heat, €-kWh™! SGMB South German Molasse Basin
oD outer diameter, in sink Heat sink of the heat pump
P power, W source Heat source of the heat pump
P pressure, MPa TVD True Vertical Depth
PBP payback period, a
q interest rate, -
Q heat demand, kWh-a !
Q thermal capacity, kW
Qiifetime Heat output over the lifetime
Re Reynolds number, -
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Sensitivity Analyses
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Fig. 18. LCOH as function of the drilling depth and thermal water mass flow, based on geothermal gradient P10.
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8.2. LCI

Table 10
Supplementary LCI to Table 6 for the subsurface construction

Parameter Description Unit Value Source

Construction subsurface

Drilling site preparation Cement, unspecified kg/well 300 Frick et al. [75]
Diesel, burned in building machine MJ/well 20000 Frick et al. [75]
Drilling rig drive Diesel in construction equipment GJ 12431 operator
Geothermal fluid cycle DHN pipes DN250 installed in urban area m 4300 operator
Deep well pump Steel, low-alloyed and metal working kg 1224 operator, Frick et al. [75]
Steel, chromium steel 18/8 and metal working kg 10927 operator, Frick et al. [75]
Aluminium bronze and metal working kg 2449 operator, Frick et al. [75]
Transport, freight, lorry 16-32 metric ton, euro3 thkm 9490 operator
Well casing Steel, chromium steel and drawing of pipes kg 1/3emgeel” Frick et al. [75]
Steel, low-alloyed and drawing of pipes kg 2/3emggeel” Frick et al. [75]
Drawing of pipe, steel kg miieel Frick et al. [75]
Reservoir enhancement Diesel, burned in diesel-electric generating set GJ/well 4.31 Frick et al. [75]
Well head Steel, low-alloyed and metal working t 14.9 operator
Drilling fluid section 1 Bentonite kg/m 2.861 Drilling company
Carboxymethyl cellulose kg/m 0.351 Drilling company
Soda ash kg/m 0.176 Drilling company
Barite kg/m 67.882 Drilling company
Citric acid kg/m 0.520 Drilling company

(continued on next page)
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Table 10 (continued)
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Parameter Description Unit Value Source
Silica sand kg/m 0.039 Drilling company
Sodium bicarbonate kg/m 0.260 Drilling company
Tap water kg/m 0.149 Drilling company
Drilling fluid section 2 Barite t/m 0.182 Drilling company
Bentonite t/m 0.000 Drilling company
Quicklime t/m 0.041 Drilling company
Calcium carbonate t/m 0.001 Drilling company
Citric acid t/m 0.003 Drilling company
Potassium carbonate t/m 0.036 Drilling company
Chemical, organic t/m 0.001 Drilling company
Sugar, from sugar beet kg/m 0.027 Drilling company
Carboxymethyl cellulose, powder t/m 0.006 Drilling company
Polyacrylamide t/m 0.001 Drilling company
Fatty acid methyl ester t/m 0.000 Drilling company
Soda ash kg/m 0.007 Drilling company
Cellulose fibre kg/m 0.007 Drilling company
Sodium bicarbonate t/m 0.000 Drilling company
Drilling fluid section 3 Barite t/m 0.408 Drilling company
Bentonite kg/m 0.038 Drilling company
Quicklime t/m 0.043 Drilling company
Naphthalene sulfonic acid kg/m 0.253 Drilling company
Citric acid t/m 0.001 Drilling company
Urea t/m 0.001 Drilling company
Potassium carbonate t/m 0.011 Drilling company
Chemical, organic t/m 0.001 Drilling company
Cellulose fibre t/m 0.004 Drilling company
Sugar, from sugar beet t/m 0.025 Drilling company
Polyacrylamide kg/m 0.431 Drilling company
Carboxymethyl cellulose, powder t/m 0.003 Drilling company
Transport subsurface Transport, freight, lorry >32 metric ton tkm 288000 Frick et al. [75]
Transport, freight train tkm 826000 Frick et al. [75]
Operation
Exchange downhole pump / 4
Decommissioning
Well closure m Well depth
# mass of steel dependent on drilling depth see Table 6, steel type according to Frick et al. [75].
Table 11
LCI for the heat pump
Parameter Description Unit Value Source
Construction
metals Steel, chromium steel and metal working kg 5875.46 HP manufacturer
Steel, low-alloyed and metal working kg 9974.16 HP manufacturer
Copper and metal working kg 2264.44 HP manufacturer
Cast iron and metal working kg 1069.24 HP manufacturer
Aluminium and metal working kg 1752.32 HP manufacturer
Electronics, for control units kg 560.59 HP manufacturer
Brass and metal working kg 21.12
Plastics Stone wool kg 381.6 HP manufacturer
Polyvinylchloride kg 71.04 HP manufacturer
Polyethylene kg 71.04 HP manufacturer
Polyethylene terephthalate kg 18.04 HP manufacturer
Synthetic rubber kg 47.36 HP manufacturer
Acrylonitrile-butadiene-styrene copolymer kg 6 HP manufacturer
Polypropylene kg 6 HP manufacturer
Nylon 6-6 kg 12.04 HP manufacturer
Polycarbonate kg 54.16 HP manufacturer
Working fluid Pentane kg 4480 HP manufacturer
Lubricant Lubricating oil kg 960 HP manufacturer
Transport Transport, freight, sea, ferry tkm 491.52 HP manufacturer
Transport, freight, lorry, unspecified tkm 41987.21 HP manufacturer
market for transport, freight, lorry >32 metric ton EURO4 tkm 25100 HP manufacturer
Energy Electricity kWh 200.18 HP manufacturer
Heat, district or industrial, natural gas MJ 14979.86 HP manufacturer
Operation Pentane leakage kg 3081.12 HP manufacturer
Decomissioning Waste mineral wool kg 381.6 HP manufacturer
Waste polyvinylchloride kg 71.04 HP manufacturer
Waste polypropylene kg 6 HP manufacturer
Waste plastic mixture kg 72.2 HP manufacturer
Waste polyethylene kg 18.04 HP manufacturer
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Table 11 (continued)
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Parameter Description Unit Value Source
Waste rubber kg 53.36 HP manufacturer
Electronic scrap kg 560.59 HP manufacturer
Scrap steel kg 2586.291 HP manufacturer
Scrap copper kg 452.888 HP manufacturer
Hazardous waste kg 644 HP manufacturer
Aluminium scrap kg 908.854 HP manufacturer
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