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Abstract

This paper examines agricultural irrigation in Germany, highlighting the growing
challenges anticipated by 2050 due to increasing droughts, declining groundwater
levels, and rising demand for water. While Germany currently relies heavily on rainwater
for irrigation, climate change and population growth are expected to exacerbate
water scarcity, making sustainable solutions essential.

We present BlueBeak, a comprehensive conceptual solution for future -proof
agricultural irrigation in Germany to face these challenges. BlueBeak consists of four
interconnected components: Aqualink, a smart water management system; TerraBot,

an autonomous m achine for combining efficient drip irrigation with ploughing;
AgriFlow, a digital application offering field -specific irrigation recommendations; and
HydroLiner, a mobile backup system for water transport during shortages.

Together, these systems enable efficient water usage, promote the integration of
treated wastewater, and reduce dependency on vulnerable water sources. By
combining digital technologies with ecological responsibility, BlueBeak offers a
scalable, modular, a nd sustainable approach to securing agricultural productivity
under increasingly extreme environmental conditions.
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1 Problem Space

Water consumption in agriculture has
been an essential component of
human water usage for millennia.
Artificial irrigation of agricultural land
dates back to 6000 BC in ancient
Mesopotamia and Egypt [1]. These
systems  consisted of artificially
constructed canal networks that
utilized rivers such as the Nile and
Euphrates to irrigate agricultural land.
The objective was to ensure optimal
water supply for crops even during dry
periods.
amount of water varies significantly

Generally, the requi red

depending on the geographical
location of the cultivation area.
Globally, approximately 70% of total
water consumption can be attributed
to agricultural use [2]. Although the
percentage of total water use for
agriculture has remained constant, the
absolute amount has increased sixfold

[3].

In numerical terms, this further means
that 20% of the world's agricultural land
required irrigation as of 2008 [2]. Current
figures for Germany show an increasing
use of irrigated land. According to the
Agricultural Census from 2010 to 2020
irrigated  areas  increased  from
approximately 360,000 hectares in 2009
to around 500,000 hectares in 2019 [4].
Globally, it is estimated that there are
even about 680 million hectares of
irrigated land  [1].

The proportions of different water
sources used for irrigation vary
geographically. In Germany, most of

the irrigation relies on rainwater, which
accounts for 99% of the total. In
contrast, countries experiencing water

4 )

Comparison: Globally, about 20%
of water consumption is attributed

to industrial use, while 10% is used
by private households [2]. Figures 1
and 2 show the drastic differences

in water distribution .

'. agriculture
industry
Il thermal power
M households

Figure 1: Distribution of water usage in
Germany [2] [own illustration ]

(m agriculture .
industry
I other

Figure 2. Estimated distribution of water
usage in countries in Asia and Africa  [2]
[own illustration ]
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scarcity often depend on well water,
which is extracted from groundwater.
Germany's water situation is quite
different. Out of the total available
water supply of 176 bilion m 3, only
11.4 % was utilized in total nationally in
2019 [5].

1.1 Availability of Water

The absolute agricultural water usage in
Germany amounts to 400 millionm 3. This
indicates that both the irrigation rate
and the overall water usage in absolute
terms are relatively low. However, the
area requiring irrigation and the
frequency of droughts are both
increasing. The years between 2018
and 2020 are referred to as dr ought
years, characterized by a 30 -month dry
period. This does not mean that no rain
fell during this time, but rather that the
amount was insufficient. In numerical
terms, instead o fthe usual 176 billion m 3
of annual rainfall, only 119 billion m 3 fell
in 2018 [6]. Satellite images provide
evidence that Germany is continuously
losing significant amounts of water from
both surface and groundwater sources

[6].
Precipitation Deficit
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Figure 3: Precipitation deficit in 2018, 2019, 2020
and 2022 in comparison to a reference period
(1961-1990) [24] [own illustration]

As previously mentioned, agricultural
Germany is largely
dependent on rainwater. Rainfall in
Central Europe originates from the
Atlantic Ocean. Here, the Azores High
and the Icelandic Low influence
evaporated water masses, transported
through wind and causing them to cool
and precipitate over the mainland. Due

to climate change and the general
warming of ocean waters, the amount
of evaporated water increases, which
theoretically should lead to more rain.
However, climate change also leads to
more frequent drought periods. This
combination results in drying drought
phases followed by heavy rainfall. Dry
soil does not absorb water as
effectively, causing a larger portion of
the rainfall to evaporate again. This
combination contributes to the dryi  ng
out of surface water bodies and
groundwater [7]. It is important to note
that rainfall and, consequently, drought
are regional phenomena, leading to
significant differences even on a
national level.

irrigation in

1.2 Weather Situation in

Germany

Comparing the most severe
groundwater droughts reveals that the
lowest values in northeastern Germany
were recorded mainly between 1970
and 1980, while the most severe
drought years in the southwestern
region were primarily documented
between 2000 and 2010 [8]. From this,
differentiated forecasts can be made,
with a negative groundwater trend
predicted for the southwest and a



positive trend for the northeast  [8]. This
also differs. For example in the federal
state of Brandenburg there is a
negative trend [9, p. 654]. Seasonal
influences must also be considered in
this context. In  winter,
influences prevail, while in summer,
negative  anomalies  are more
dominant. Regarding
which primarily requires water during
the summer period, this points to a
ne gative forecast. In combination with
the expected more irregular and
disproportionately stronger rainfall, this
could lead to problems.

positive

agriculture,

The majority of the water supply comes
from groundwater (77 %), followed by
surface waters and private or public
supply networks, each contributing 11 %
[10]. It should be mentioned that the
supply networks are also composed of
approximately 70 % groundwater and
13 % surface water. The remaining 17 %
consists of treated wastewater and
mixed forms such as bank filtration.  [11]

1.3 Irrigation in Agriculture

In  Germany, irrigation systems are
commonly categorized into mobile
irrigation machines, sprinkler systems,
and drip irrigation. The principles behind
mobile irrigation machines and sprinkler
systems are quite similar, as both utilize
pressure to spray and distribute water
over the surface. In contrast, drip
irrigation employs a network of
perforated hoses either laid on or buried
beneath the soil. Each irrigation
method has its own advantages and
disadvantages, which are primarily
influenced by factors suc h as labor and

energy requirements, operating and
investment costs, and the efficiency of
water delivery to plants. When
comparing labor requirements per
hectare, mobile irrigation machines
demand approximately 1 hour per
hectare per season, while sprinkler
systems require only 0.2 hours per
hectare. Drip irrigation is the most labor -
intensive, necessitating 20 hours per
hectare. This increased labor is due to
the more complex installation process
and the need to lay and remove the
hoses for field plowing. However, once
installed, the energy consumption for
drip irrigation is at least one -third less
than that of mobile irrigation machines
[12]. The efficiency of water delivery
depends significantly on the specific
application, but drip irrigation typically
offers the highest efficiency due to its
[13]. Ina
practical test on a farmer's field in Lower

close proximity to the plants

Saxony, a comparison between
conventional overhead irrigation and
drip irrigation has shown that drip
irrigation can achieve water savings of
52 % [14].This shows that in large -scale
irrigation methods, it is estimated that
water losses amount to approximately
40 %,
experiences around 20 % water loss [13].
Due to the high installation effort, drip
irrigation is primarily used for perennial
crops such as strawberries. Currently, for
field crops, the two broader irrigation
methods are predominantly employed
[13]. In terms of investment costs, mobile
irrigation  systems are the least
expensive to acquire, followed by

sprinkler irrigation systems. Drip irrigation

whereas  drip  irrigation



requires the highest initial investment
[12].

1.4 Influence of Crops and
Soil

The previously mentioned influence of
plant varieties on water demand and
the chosen irrigation method is
significant. The required values can be
obtained from tables that indicate the
additional water needs depending on
soil type. An example of suchares ource
is the "Guidelines for Irrigation of
Agricultural Crops" from the state of
Brandenburg. This guide reveals, for
instance, that maize requires more than
twice the amount of water in a year
compared to barley [15]. These values
provide guidelines in conjunction with
the average annual irrigation amount,
which means that they need to be
recalculated based on the actual
rainfall.

Water Usage (in Liters)

160

60

Sandy Soil

Logical considerations include both soll
depth and soil composition. The soils in
Germany range from sandy to loamy.
The key factor is the soil's capacity to
absorb and retain water. Loamy solil is
the most suitable in this regard, while
sandy soil tends to allow more water to
evaporate and seep away [15]. A
reference value for this is the so-called
soil value index. Assuming agriculture
were solely conducted on loamy soils
would overlook the specific
requirements of plant species. For
instance, potatoes grow significantly
better in sandy soil because they are
deep -rooters and can more easily
expand in such conditions. Additionally,
waterlogging plays a role, which refers
to the amount of water the soil retains.
Potatoes for example generally prefer

less waterlogged soils . Figure 4 shows

100

the additional water needed for
different plants and different soils.  [16]
D Field Grass
D Barley
Maize
Potatoes
25 |
Soil Types

Loamy Soil

Figure 4: How much additional water in liters do plants in Germany needto avo id crop failures per
m? [14] fown illustration]



1.5 Water Cycle in

Agriculture

Unlike other industries, water
consumption in agriculture is much
more closely tied to natural processes.
This means that in the optimal case the
extracted water is neither
contaminated nor transported over
long distances. Sustainable agricultural
practice s allow for the possibility of
keeping water within the natural cycle

on a broader scale. Depending on soil
and location, the distribution of water is
approximately 45 % plant evaporation,
45 % infiltration, and around 10 % soil
evaporation. The absolute a mount of
water lost through plants is relatively
low. For straw or cereal grains, this loss is
approximately 0.1 L/m2 When farmers
source water for irrigation locally and
sustainably, it is possible to minimize
interference with the natural water
cycle. [10]

As mentioned earlier, water in
agriculture comes from three sources.
According to 8 4 of the Water
Resources Act (Wasserhaushaltsgesetz)
in Germany, no one has an inherent
right to water usage, even if they own
the land. This makes commercial use,
such as in agriculture, subject to
approval and regulated by the federal
government. [15] The application for
the use of water bodies must include
details on the areas intended for
irrigation, the crops being grown, and
the quantities of water to be used [13].
In Germany, there are approximately
3,000 measurement stations for surface
waters to monitor water levels. These

data can be accessed collectively, for
example, through the official app "Mein
Pegel” [17]. Groundwater levels, on
the other hand, are measured by the
respective water management offices
and are collected at the state level, for
example, by the Bavarian State Office
for the Environment [18]. This means that
depending on the type of water body
and source, different institutions must
be contacted to inquire about water
levels. Additionally, accordingto  § 48 of
the State Water Act
(Landeswassergesetz),  municipalities
and associations are independently
responsible for the water supply
networks [19]. Thus, surface water,
groundwater, and supply networks are
divided and monitored through and
amongst the federal government,
states, and municipalities. The system
map shown in Figure 5 illustrates the
individual components that were
previously explained. To connect these
components, two subgroups can be
created: one for irrigation and one for
water types. The water types ha ve
already been described. The leverage
point within this subgroup regards the
water level information, which needs to

be centralized. Regarding irrigation, it is
important to mention the growing
global population, which leads to an
increasing demand for food and,
consequently, a higher need for
agricultural land. At the same time, the
available land area is shrinking due to
residential construction [2].

The last crucial point in the water
consumption system in agriculture is soil
quality and salinity. Both factors are
linked to Regarding

10
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irrigation methods, the application

fertilizers differs. In large -scale irrigation
systems, fertilizers are often not applied
close to the soil, requiring the farmer to

apply additional.
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Figure 5: System map of the water consumption in Germany [own illustration]

11



2 Future Context

Looking ahead to 2050, the world faces
numerous challenges and opportunities
characterized by population growth,

climate change and changing
agricultural demands. Water
management and agricultural
practices will  require innovative

approaches to ensure sustainable food
production in an increasingly resource -
constrained environment.

There are already analyses of potential
water use in 2050, e.g. [20] summarizes
four different studies on water
consumption in Europe for the future.
These studies show that the water
withdrawal figures can vary significantly
depending on the scenario. In order to
consider irrigation and the water
consumption in agriculture in 2050,
some assumptions must be made for
the future. These assumptions are
described in the following scenario.

In our scenario, we assume that water
consumption in agriculture will continue

to increase and that water resources
will therefore continue to become
scarce. In Germany, groundwater
levels are already declining in some
areas. In Brandenburg, for example,t he
groundwater level has fallen by half a
meter since the 1970s. [9, p. 654] The
example of Switzerland also shows the
increasing expenditure on  water
consumption in agriculture over the last
30 years.[21] These developments are
likely to continue in 2050. By 2100, water
demand in agriculture could even
increase by up to 300 percent . [22]

There are already directives, such as
Directive 2006/118/EC, which deal with
the quality of groundwater inthe EU  .[23]
In our scenario, we assume that there
will also be stricter and more
standardized state regulations for
abstraction and that the state will
control and monitor groundwater
abstraction .  Accordingly,
abstraction of groundwater may be
penalized in the future.

unlawful

There is already a recognizable trend in
Germany today that the summer
months are becoming hotter and
drier.[24] If we assume a future scenario
in which the climate targets are not met
by 2050, it must be assumed that dry
periods such as those described above
in Chapter 1.2 will become more
frequent and more intense in the
coming decades

To tackle the climate change t he EU
Climate Law aims to achieve climate
neutrality (net -zero greenhouse gas
emissions) by 2050.[25] However, a
recent study shows with its emission
forecasts that the CO2 reduction target

of 55 % for 2030 will already be missed.
This also reduces the chances of
achieving the 90 % target for 2040. [26]

In the future scenario, a lot of rainwater
will continue to be used to irrigate fields

in Germany. However, it can be
assumed that the existing periods of
drought in summer will become longer
and the quantities of water required
during these periods will i ncrease . As
already mentioned i n 2018 there were
long periods of drought in Germany.
These have led to yield losses of € 7.8
billion in Germany as fields could not be

12



sufficiently irrigated .[27] Extreme
weather events such as the drought in
2018 will increase due to climate
change .[28]

12
10

10.9
9.7
8
78
5] 7
4
2

9.2
2010 2020 2030 2040 2050 2100

Figure 6. Prediction of the  yearly world
population in billions [28, p. 192] [own illustration]

In  addition, the growing world
population will increase demand for
agricultural products. According to
forecasts and as shown in Figure 6, the
world population will rise to 9.7 billion
people in 2050 .[29, p. 192] This increase
in population will also require more
agricultural products. Some farmers will
probably switch to water -saving
irrigation methods, but many farmers
will remain with traditional sprinkler
irrigation if there are no political
measures to force farmers to change
their irrigation systems.

The world's population in 2050 will be
characterized not only by its size, but
also by its distribution and demographic
development. Urbanization will
continue to increase, and a large
proportion of the world's population will
live in cities. This urbanization  will
increase the pressure on rural areas to
produce food efficiently and
sustainably in order to meet the growing
demand for diverse and high -quality
food. One possible solution to the
problem of drought could be
genetically modified plants that can
withstand extreme weather conditions

and require less water. Currently in
Germany the genetic manipulation of
plants is strictly regulated and most
manipulation is prohibited .[30], [31] In
our scenario, we assume that this will still
be the case in 2050. Because of this
assumption, we will not deal with the
possible genetic manipulation of plants

Even though genetic modification is
expected to decrease, organic farming
will continue to grow and eventually
become the new standard . We assume
that organic agriculture will be
supported by the government in the
future to bring about sustainable
change.

Currently, a large amount of imperfect -
looking produce is discarded because
there is still a lack of public awareness
regarding cosmetically flawed organic
produce. In the future we assume that
food marketing will be adapted and a
shift in public perception is expected
[32] This means that sustainability,
quality, and taste will become more
important than the appearance of the
produce.

Due to the regulations described
above, technological progress will play
a key role in overcoming the challenges
facing agriculture in 2050. Precision
farming, water management and
improved irrigation systems are key
factors in overcoming these
challenges. However, the adoption of
such technologies can vary greatly
from region to region and will depend

on economic  resources, policy
frameworks and the development of

infrastructure.
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3 BlueBeak -

Conceptual Design

As outlined in the previous chapters
irrigation in agriculture is a highly
complex issue. Therefore, any solution
must reflect this complexity by
addressing a range of interconnected
aspects. To meet this challenge, we
have developed a comprehensive
concept called BlueBeak. It consists of
four integrated components designed

to enable the widespread adoption of
drip irrigation, ensure the efficient use of
existing water resources, and provide
accessible information in a low -barrier
format. The solution is composed of
AquaLink , TerraBot, AgriFlow and
HydroLiner.

3.1 AquaLink

3.1.1 Overview

The AquaLink system acts as the
intermediary between water sources
and cultivated farmland. At its core lies

a data processing platform that
integrates regional water level data
with demand forecasts to ensure the
most efficient and sustainable use of
wate r for agricultural irrigation.

Aqualink evaluates the sustainability of
all available water sources and
calculates the optimal extraction point

and time accordingly. These sources
are connected via pipelines to a

central storage unit, similar to a silo tank,
which  ensures a reliable and
uninterrupted supply to the fields. From
this central tank, additional pipelines

distribute water to the irrigated areas.
This setup provides every farmer with
direct access to water at the field edge,
where they can connect their irrigation
system.

When AguaLink detects a water
demand, it releases the necessary
amount from the  storage unit. The
system  thus operates in two
coordinated stages. From the water
source to the storage tank, and from
the tank to the end user. This structure
guarantees optimal supply even during
times of crisis.

In Germany, treated wastewater is
currently  underutilized for  direct
irrigation and is often simply discharged
into local bodies of water. Our goal is to
integrate this reclaimed water into the
irrigation cycle , see chapter 1.5. The
concept of water reuse plays a key role

in agriculture, as properly applied water

is not lost. It is largely reabsorbed by the
soil, the goal is to minimize evaporation.

Using treated wastewater in
combination with efficient irrigation
methods does not result in significant
water loss. Many additional factors also
influence water uptake: soil type and
current moisture levels, for instance,
determine the soil T s absorption
capacity. AquaLink takes these
parameters into account, along with
the time of day for irrigation, field
location relative to sunlight and wind
exposure, and even the crop types
which heavily influence overall water
needs as stated in chapter 1.4.

AqualLink gathers data from existing
sensors such as those monitoring

14



groundwater and surface water levels
or weather conditions and from
supplementary sensors like soil moisture
detectors. By analyzing this data, the
system determines whether a field
requires irrigation, how much water is
needed, and which source should

supply the water in the storage tank

3.1.2 Water Sources

In agriculture, water sources are
generally classified into surface water,
groundwater, and treated wastewater
see chapter 1.2. Although all these
sources are interconnected through
the water cycle, it is still advisable to
prioritize certain sources over others.
The Aqualink system is configured to
primarily draw water from local
wastewater treatment plants. This
approach ensure s that water already
extracted from nature is only
temporarily being
returned to the cycle.

reused before

If short-term demand exceeds the
capacity of a treatment facility, surface
water such as lakes and streams can be
used as a secondary source. In
emergency situations, and only if
groundwater levels allow, groundwater
can be tapped as a last resort.
However , this is considered an
exception, as maintaining a balanced

for a

groundwater level is essential

healthy ecosystem.

Since periods of drought are often
accompanied by low levels in both
surface and groundwater
AquaLink provides comprehensive
monitoring and is capable of
forecasting dry periods and critical

sources,

conditions. Nevertheless, in times of
extreme water scarcity, the system is

also designed to heavily regulate or

even halt water distribution. In such
cases, crop losses are still to be
expected.

3.1.3 Situation -specific Design

By closely monitoring sensor data, the
system is able to identify patterns that
emerge over time. This enables the
recommendation of optimal crop types
for specific locations and seasons,
based on environmental conditions. As
a result,
guidance on how to make the most
efficient use of their land while also
regulating water consumption.

farmers receive tailored

3.1.4 Modular Design

Water supply is a regional responsibility.
This means that the larger the area
considered for supply, the more
complex and resource -intensive the
system becomes. For this reason, the
AquaLink system is designed with a
modular structure, allowing it to be
adapted to the specific needs of each
region. The system consists of the
previously mentioned central storage
tank, supply pipelines from the water
sources to the tank, and distribution
lines to the agricultural fields.

Since the geographical placement of
all components can vary significantly, it
is crucial to plan their connections
efficiently during the design phase. This
ensures the creation of a pipeline
network with minimal effort and cost.
Poor planning at this stag e can lead to

15



excessive use of resources and place. Furthermore, transparent
infrastructure. communication with the public is
essential to foster a culture of trust

AquaLink is specifically designed to , _
surrounding all restructuring efforts.

serve small to medium -sized
municipalities, with operational regions

o . 3.1.6 Example RegionHa Ol oc h
realistically considered to be around 40

km? in size[33] This regional scaling To better illustrate the system, the

ensures that each area includes at least individual components are explained

one wastewater treatment plant. As a using a sample region, which will also

result, the AquaLink network can be serve as the first location for physical

expanded to approximately 9,000 development and testing. For this

individual systems across Germany, pur pose, the municipality
enabling more flexible and localized covering an area of approximately

implementation. On average, an area 40 km?2, has been selected.

of 40 km? contains around two lakes
and approximately 15 kilometers of
river, providing additional surface water
sources to support the system. [34], [35]
This ensures seamless interaction
between the various water sources
across all regions .

3.1.5 Changes

The implementation of this project
requires support  from regional
authorities as well as from federal and
state governments. Since the potential
costs may be too high for individual
regions to bear alone, the federal
government must provide financial
incen tives and subsidies. The same
applies to encouraging behavioral
change among farmers. They will need
to entrust their water supply entirely to
BlueBeak and cease all independent
irrigation practices.

Given the critical importance of this
shift, the unauthorized extraction of
groundwater and surface water will be
prohibited and subject to penalties,
with enforcement mechanisms in
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Figure 72 Ex amp | e r e g4waler soHreeB dreoconmected to the water

reservoir and distributed to the fields via pipes (illustrated in orange) [own illustration]

Geographically, the region includes eastern Germany potentially seeing
one river and one lake, and it is also reductions of up to 30 % /[37] In extreme
supplied by its own wastewater cases, this water shortfall can be fully
treatment plant, with a capacity of compensated by the wastewater
100.000 m® per day [36]. The agricultural treatment plant. [38] With an irrigation
areas are highlighted in Figure 7, along duration of 1 hour and sensible
with the pipeline network, water rationing, a total of 5,000 cubic meters
sources, and central storage units. of water can be provided when using

drip irrigation across the entire area,
which is enough for the area.

Amount of Water

For a sample calculation, let us assume

that approximately 14 km 2 of the area Piping

of Ha [3d used for agriculture, with a With optimal placement of the

crop distribution reflecting the most infrastructure, significant savings in
common plant varieties in Germany. pipeline length can be achieved in

Based on this, the annual water HaflRl oc h, as Figuneo W nThei n

demand is estimated at 2.271 milionm 3. agricultural fields are divided by a

_ i residential area into two roughly equal -
Currently, this demand is largely met by . L gy &q
: . . sized cultivation zones. Each zone
rainfall, as mentioned in 1.3. However,
by the year 2050, it is projected that
summer rainfall will decrease by around

20%, with particularly dry regions in

requires a pipeline running from the
central storage tank. At full capacity,

each pipeline must be able to deliver

2,500 cubic meters of water.
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To meet this demand, a pipe diameter

of 800 mm is specified, with a total
pipeline length of approximately SiX
kilometers in the region. These pipelines
must be buried underground to prevent
freezing during the winter months.

Ductile cast iron is chosen as the
optimal material, offering a good
balance of corrosion resistance and
durability. The material cost for the
pipes is estimated at approximately 300

by per meter. [39] Additionally,
approximately 300 € per meter will be
required for earthworks, and about 100

¥ per meter for fittings and other
accessories. [40], [41] Thus, the total cost
can be estimated at 700 € per meter of
pipeline, which over six kilometers
amounts to a total of 4.2 million €.

Sensor Grid

Since sensors are indispensable for the
system, all existing water level sensors
will be provided by the respective
authorities. Because Germany already
has a well -developed network of water
level sensors, very few new installations
will be necessary. The same applies to
weather sensors, which are already
through the
German Weather Service. The situation

available nationwide

is different for soil moisture sensors,
which must be almost entirely newly
installed for the system. For precision
farming, a ~coverag e area of
approximately 400 m 2 per sensor is
assumed. [42] For an agricultural area of
14 km2 i n HaRRl oc h, t his
approximately 35,000 sensors. At a cost
of 2 € per sensor, the total expense
amounts to 70,000 € .[43] Additionally,
costs for controlling and monitoring the

water system wi | | ari se.
system as a whole, these are estimated
at 100,000 € .[44] This results in total costs

of 170.000 €.

Storage Tank

The storage tank must be specifically
designed for each application, just like

all other components. For the example
region of HaBl oc h, a
volume of 5,000 m 2 is used. This tank is
commercially
available steel and equipped with a
circulation system to prevent the
formation of harmful bacterial cultures,
even during extended water storage
periods. Such a tank has a diameter of

20 meters and a hei ght of 12 meters. [45]
For simple steel water tanks with
volumes up to 10,000 m? the industry
typically estimates costs at an average

of 200 € per cubic meter of tank
volume. [46] Scaled up to the required
volume of 5,000 m ® the tank will cost
1,000,000 € .

constructed from

Total Cost

To calculate the total costs for the
example region, the expenses for
pipelines, sensors, and the water
storage tank must be added together.

These figures are estimates.
Additionally, costs for software licenses,

servers, as well as operational and
mainten ance expenses should be
considered. Altogether, this results in an

estimated total cost of approximately

6.5milon€ f or t he Hall
orresponds to

3.1.7 Conclusion

In conclusion AquaLink is a smart

irrigation system that bridges water
sources and farmland through a data -
18
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driven, two -stage distribution network. It
collects real -time data from weather,
soil, and water level sensors to forecast
demand and determine the optimal
time, amount, and source for irrigation.
The system prioritizes the use of treated
wastewat er to close the water cycle
and reduce reliance on natural
reserves. Water is routed from sources to
a central storage tank, then distributed
directly to field edges for efficient use.
AquaLink also considers factors like
crop type, soil condition, and weathe

to minimize waste and evaporation,
promoting sustainable agriculture amid
increasing climate stress.

3.2 TerraBot

Due to the accelerating impact of
climate change and the continuous
modern
increasing emphasis is being placed on

evolution  of agriculture,
the energy efficiency and sustainability
of irrigation systems , as mentioned in
chapter  Irrigation
These two critical aspects are
particularly well addressed by drip
irrigation technology. However, a key
challenge remains: the installation and
removal of these systems to allow for
field plowing and preparation is
extremely

r

in Agriculture 1.3.

labor -intensive and time -

consuming, as discussed in Chapter 2.

Since every farmer naturally seeks to
minimize the effort required to irrigate
their fields, it is not surprising that many
continue to rely on traditional irrigation
methods. Such inefficiencies must be
eliminated.

3.2.1 Design

One potential solution is the TerraBot.
An agricultural device designed to
enable field plowing even when a drip
irrigation system is already in place. To
achieve this, the conventional plowing
process has been fundamentally
reimagined. Instead of using a  large
plow attachment towed by a tractor,
TerraBot utilizes a single plow propeller,
as illustrated in Figure 8.

A

Figure 8: TerraBot p ropeller with drip irrigation
pipe [own illustration]

The plow propeller rotates around its
own axis and moves concentrically
along the path of the subsurface drip
irrigation pipe. The propeller has a
radius of approximately 20 cm,
corresponding to the ideal installation
depth of drip irrigation tubing, which lies
between 20 and 25 cm below ground.
This depth provides protection against
mechanical damage and shields the
pipe from ultraviolet radiation.

The plow mechanism is mounted

beneath an electrically powered,

autonomous tractor unit, shown in

Figure 9.
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Figure 9: Tractor unit with mounting point for
plow propeller  [own illustration]

Using Ground Penetrating Radar (GPR)
sensors, the subsurface is non -
destructively analyzed, enabling the
vehicle to detect and map the location

of the buried irrigation pipes. This allows
the TerraBot to navigate in a way that
avoids damaging the existing irrigation
infrastructure.

3.2.2 System Operation

This combination of an autonomous
tractor and an innovative plow
mechanism constitutes the complete
TerraBot system. To deploy the TerraBot
in the field, a specially designed start
and end interface is required. Essentially
a trench deep enough to safely access
the pipe and introduce it into the
plowing mechanism. Once connected,
the plowing process can begin.

The TerraBot operates at a speed of
approximately 0.5 m/s. Although this is
significantly slower than conventional
tractor -based plowing methods, the
reduced speed is essential to avoid

mechanical damage to the already -
installed drip irrigation lines.

For instance, in the case of a field
spanning ten hectares, and assuming a
minimum installation density of one
meter of drip irrigation pipe per square
meter, the total pipe length would
amount to approximately 100,000 m. At
a constant speed of 0.5 m/s, the
TerraBot would require around 56 hours
to complete the entire field. However,
since the operation is fully autonomous,
it can continue overnight, thereby
mitigating the impact of the extended
operating time.

To conserve resources and reduce
costs, the TerraBot is not intended for
individual ownership by farmers.
Instead, it will be made available to
agricultural enterprises in accordance
with the size of the fields to be
processed. This enables shared usage
of a single TerraBot across multiple
farms.

3.2.3 Limitations and Future
Potential

It is important to note that in its initial
development phase, the TerraBot is not
suitable for all crop types. A notable
example is potato -cultivation: since
potatoes grow underground and are
harvested using large -scale
mechanical rakes, this process woul d
inevitably damage the installed drip
irrigation lines. For this reason, the
TerraBot is currently unsuitable for crops
such as potatoes, onions, or asparagus,
which also require intensive
subterranean harvesting methods.
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Accordingly, BlueBeak initially  focuses
on crops like wheat, canola, corn, and
barley. These types of crops are
harvested above ground, which avoids
disturbing the soil and ensures the
integrity of the drip irrigation
infrastructure.

In the long term, the goal is to repurpose
the TerraBot for additional agricultural
tasks outside of plowing seasons. The
systemi s modular design allows for the
plow attachment to be removed and
replaced  with  other  functional
modules, thereby enabling a wide
range of agricultural applications.

In parallel, technological solutions are
being developed to facilitate the
cultivation of subterranean crops such
as potatoes, onions, and asparagus in
conjunction with drip irrigation systems.
The successful implementation of such
innovations would signif icantly
contribute to the widespread adoption

of drip irrigation across the agricultural
sector.

3.3 AgriFlow

The AgriFlow application is developed
by BlueBeak with the goal of supporting
farmers in the sustainable and efficient
management of their fields, particularly
in irrigation. Increasingly extreme
weather events and dwindling water
resources call for new approaches to
water usage in agriculture. AgriFlow
enables users to access a wide range of
real-time information based on sensor
data, weather forecasts, and
geospa tial data. The application is
designed to consolidate all relevant

information in a clear and  centralized
interface, allowing data -driven
recommendations to be made without
limiting the autonomy of farmers in

making their own decisions.

The user interface of AgriFlow is
structured around four central sections:

I StartA , I My FieldsA , I' LevelsA and
I Weather A .

3.3.1 My Fields

Under ' My Fields,A users can manage
their cultivated plots. New fields can be
added, and existing entries can be
edited, for instance, when changes
occur in the crop type or irrigation
method. When a new field is registered,
users are required to enter several
details: the type of crop, the irrigation
method (e.g., drip or sprinkler), the field
size, and the geographical location as
shown in Figure 10.

9:41 - il T -

& My Fields Save

Add Field

Name Grape field
Plant Grape fi|
Irrigation

Field size

Position

"Grape fi" Grape field

Y

Figure 10: Required details about the fiel ds
when adding a new one to AgriFlow
Jown illustration]
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Collecting this data allows the
application to calculate the specific
water needs of each field with a high
degree of accuracy. The calculation
takes into account the type of crop as
well as current weather conditions and
soil moisture values. For example, corn
or canola plants require significantly
more water during certain growth
stages compared to cereals like barley
[47]. The irrigation method also plays a
central role: while sprinkler irrigation
distributes water across wide areas but
with relatively low efficiency, drip
irrigation enables highly targeted and
water -saving delivery. BlueBeak aims to
establish this more ef ficient method
across the board in the long term.
However, during the transition phase,
the application must also support
alternative irrigation systems, since not
all farmers are in a position to switch to
immediately.
Furthermore, certain crops, as
described in Chapter 3.2.3, are not
suitable for drip irrigation. For this
reason, the app allows users to specify
the type of irrigation system in use when

drip irrigation

setting up a new field.

A core component of AgriFlow is the
linkage between the geographical
position of a field and the sensor data
collected there. The location is
accurately determined through
integration  with a  Geographic
Information System (GIS), ensuring that
sensor-based m easurements can be
clearly assigned to specific areas. This
system also enables the assignment of
soil moisture sensors or other data
sources to specific plots, ensuring that

only relevant data is included in the
irrigation calculations.

Only when this connection is clearly
established can the app provide
reliable recommendations. Figure 11
illustrates how users define the exact
location of a new field via GIS
integration .

< Back

Position

Field number

Remember

Figure 11: Selection of the field
position [own illustration]

Once a field has been successfully
registered, farmers can access specific
data at any time, such as the irrigation
history or total water usage to date
(Appendix A.9).

3.3.2 Levels

Another key feature of AgriFlow is the
“ Levels” section, which provides users
with up -to-date information about the
status of water sources used for
irrigation. This level of transparency is
critical, as the availability of local water
resources has often remained unclear
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in the past. During dry months in
particular, critical shortages may arise.

In such cases, AgriFlow issues an early
warning, allowing farmers to take
alternative measures as shown in  Figure
12.

v (D -
Levels

Groundwater

Mo T We.

Surface waters

Mo T We.

Treated wastewater

Mo T We. Th Fr

Water shortages Source of supply
No acute bottlenecks in the Currently, ab
water supply are expected at a1%

current

Figure 12: Level information and warning for
water shortages [own fllustration]

As detailed in Chapter 3.4, the
HydroLiner serves as a backup system in
these scenarios, ensuring a continuous
water supply even in times of scarcity.

3.3.3 Weather

In the ' Weather A section, users can
not only view current and forecasted
weather data but also see a tabular
overview of all actively managed fields.

A particularly useful feature here is
“ Action Required " which highlights
fields where intervention is currently
necessary. When a user clicks on one of
these entries, they receive a detailed

recommendation, for instance, a
suggestion to irrigate, as shown in Figure
13.

¢ Weather

Wheat field

Irrigation recommended

Start irrigation

Figure 13: Detailed irrigation recommendation
[own illustration]

The system specifies how much water
should be supplied to the field to ensure
optimal hydration. This
recommendation is based on the
current soil moisture levels, weather
forecasts, and the specific water needs
of the crop, which depend on the
planting dat e, crop type, and field size.

When the app recommends an action,
the farmer can either follow the
recommendation and initiate irrigation
directly through the app or manually
adjust the suggested water volume
(Appendix A.14 & A.15). In either case,
the remaining water allocation , that is
regulated by law, for the current period
is displayed. This value is predetermined
based on various parameters such as
plant type, field size, and sail
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characteristics and must not be
exceeded. If the allocated amount is

surpassed, the user may face significant
penalties. However, BlueBeak
guarantees that if the user adheres to
the app i s recommendations, the
permitted  volume will not be
exceeded. In this way, AgriFlow
combines the benefits of automated

decision support with the flexibility of

user control.

Even when there is no immediate need
for irrigation, users can manually initiate
watering
especially important for experienced
farmers who wish to apply their own
judgment. BlueBeak strives to strike a
balance between automation and
autonomy: the app offers guidance but
does not enforce strict operational
protocol s.

3.3.4 Start

The T StartA  section presents a
compact summary of all current
processes. Here, wusers can see

immediately which fields are currently
being irrigated, when those irrigation
sessions will be completed, and which
fields will require attention next. The
remaining water quota for the current
period, any potential supply shortages,
and the currently used water sour ce are
also displayed (see
ensures that farmers maintain full
visibility —over all irrigation -related
activities at all times.

processes. This flexibility is

Figure 14). This

Start

Wheat field

Rapseed field

Water shortages

No acute water shartages are expected at
this time.

Supplier Water capacity
i 4% of th

Furtl i r
PCOMING IRRIG
Corn field
Potatoe field
Grape field

Carrot field

Figure 14: Start section with compact summary
of important irrigation information
Jown illustration]

In conclusion,
forward -looking contribution to the
digitalization and sustainability of
modern agriculture. By combining real

time data, personalized control, and

automated decision support, the
system enables farmers to significantly
optimize their
compromising  their
operational decisions.

control  over

3.4 HydroLiner

As previously discussed in Chapter
the future will likely bring more frequent
and regionally confined drought
periods. This development is particularly
critical in areas where agricultural water

use relies on a single supply source.

Additionally,  temporary  technical
failures, such as the breakdown of a

water treatment facility, can lead to

AgriFlow represents a

water usage , without

2,
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acute supply disruptions, significantly
impairing the operation of agricultural
irrigation systems.

3.4.1 Design

To address and proactively mitigate
such situations, the HydroLiner
constitutes a key component of the
broader BlueBeak system. As illustrated
in Figure 15, the HydroLiner is an
autonomously operating vehicle

equipped with an integrated water
tank.

Figure 15: HydroLiner [own illustration]

The HydroLiner is designed to transport
water  to regions experiencing
temporary shortages. To achieve this, it
autonomously drives to predefined

storage tanks located in areas with
stable water supplies, where it
automatically fills its onboard tank. It
then transports the collected water to

storage containers situated in the
affected agricultural zones. In this
manner, the system ensures that a
minimum  water supply can be
maintained even during periods of

critical scarcity.

3.4.2 Technical Specifications

The vehicle is fitted with a tank that
holds up to 8,000 liters of water,
enabling it to support larger agricultural
areas over extended durations. The
refilling process is fully automated and
takes place at designhated AquaLink
stations. Depending on the w ater
pressure and connection specifications
at each station, the filling process
typically requires between 20 to 30
minutes. Through the use of intelligent
route planning and high -frequency
deployment, the HydroLiner can
maintain a steady supply to multip le
locations. While it is true that
conventional tanker trucks can carry
much larger volumes (up to 40,000 liters)
the  HydroLiner was deliberately
designed with a smaller capacity to
ensure greater maneuverability and
compatibility with rural road
infrastructure.

3.4.3 Developing a Network

In the long term, the objective is to
establish a networked system of
AqualLink infrastructure nodes
operating on a cooperative model:

regions experiencing a surplus of water
provide support to those facing
temporary shortages. In this framework,
the HydroLiner acts as a flexible
logistical intermediary between various
locati ons, enabling resilient and
dynamic water distribution
independently of fixed pipeline
infrastructure.

Thanks to its autonomous navigation

system, intelligent operational planning,

and integration with the AgriFlow
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application, the HydroLiner emerges as
an essential tool for the future of
sustainable agriculture. It plays a crucial
role in balancing regional disparities in
water availabilty and securing a
reliable water supply even under
increasingly extreme climatic
conditions. AquaLink infrastructure
nodes operating on a cooperative

model: regions experiencing a surplus
of water provide support to those

facing temporary shortages. In this
framework, the HydroLiner acts as a
flexible logistical intermediary between

various locati ons, enabling resilient and
dynamic water distribution
independently of fixed pipeline

infrastructure.

Thanks to its autonomous navigation
system, intelligent operational planning,
and integration with the AgriFlow
application, the HydroLiner emerges as
an essential tool for the future of
sustainable agriculture. It plays a crucial
role in balancing regiona | disparities in
water availability and securing a
reliable water supply even under
increasingly
conditions.

extreme climatic

3.5 Deep Tech

As described in Chapter 2regarding the
future context, humanity is already
facing major challenges from climate
change, which will increase in future.
Together with the rapidly growing world
population , this will require far -reaching
innovations to ensure an efficient
agricultural supply. [48], [49]

Through the use of deep tech, different
disciplines can be brought together to
tackle complex problems, such as the
effects of global warming and the
world's growing population  [48].

What is Deep Tech?

Deep tech or deep technologies

are novel and offer substantial
advantages compared to currently

used technologies. To bring them
from the lab to the market,
extensive research and
development work is needed to

develop practical business or
consumer applications. [35, p. 7]

Substantial financial resources
needed for development

Long Extended period ired

xtended periods require

E—) D.eve‘opmem to reach market readiness
Time

High Im Technologies that can

significantly transform
industries

3.5.1 Industry 4.0 /Agriculture 4.0

The term Industry 4.0 is often associated
with the digitalization of technical
production processes. However, the
basic concept of Industry 4.0 can also
be applied to the agricultural sector,
which is why the term 'Agriculture 4.0’
has already become estab lished.
Digitalization and the use of deep tech

in agriculture offer great potential for
opportunities and possibilities.  [50, p.
389]
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With the help of Agriculture 4.0, it will be
possible to increase crop yields and thus
respond to the increase in the world's
population between now and 2050. It is
also possible to consider higher
environmental standards to prevent
overexploitation of nat wural resources
such as soil and water. These options
can be wused for the approach
presented in chapter 0 to ensure
optimal water use. [51, p. 220]

3.5.2 Components of Industry 4.0

The concept of Industry 4.0 is based on
a structure consisting of three levels.
These levels represent primarily deep
tech of information technology. The

components presented below are

shown in Figure 16 and can be applied
not only to Industry 4.0 but also, by
analogy, to Agriculture 4.0

Level 1 Cyber -physical System (CPS)

A  Cyber -physical System is a
combination of a software system and

a hardware system. Both systems work
together in a complex and intelligent
way. Each physical object has its own
identity. The CPS consists of the
following three components: Ubiquitous
Computing, Internet of Things and
Services, and Cloud Computing  which
are Presented in Figure 17. [52, p. 23 ff]

In 1990, Mark Weiser coined the term
ubiquitous  computing.  Ubiquitous
computing enables intelligent objects

to connect with each other by enabling

them to process and send information
and data. The objects are equipped

with microelectronics, Sensors,
commu nication modules and
computing power. The objects can
represent intelligent products or even

entire production machines. [52, p. 23

ff]

Level 3:
Industry 4.0

Level 2:
Cyber-physical Production System (CPPS)

Component 1

Machine-to-Machine-Communication

(M2M-Communication)

Component 2

Human-Machine-Interaction
(HMI)

Level 1:
Cyber-physical System (CPS)

Component 1
Ubiquitous Computing

Component 2
Internet of Things and

Component 3
Cloud Computing

Services (IoTS)

Figure 16: Components of Industry 4.0, which can be applied on Agriculture 4.0
[own illustration inspired by |37, p. 22]]
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Figure 17: Components of the Cyber -physical System and their main tasks fown  illustration]

With the help of the Internet of Things
and Services (loTS), objects are
equipped with the ability to network
with each other and thus
communicate. I0TS thus contributes to
the merging of the physical and digital
worlds [ 35, p. 4]. This makes it possible to
address a specific object in the
production process via the Internet and

to retrieve data. The data can then be
processed and returned to the objectin
the form of control data . [52, p. 23 ff]

In order to technologize processes to
this extent, an appropriate IT
infrastructure  is  required.  Cloud
computing can be wused for this
purpose. It describes a decentralized
and scalable infrastructure. Cloud
computing makes it possible to adapt

capacity of storage,
computing and application resources

the required

according to demand. The required
hardware and software no longer have
to be provided by the user but can be
obtained from the relevant IT providers.
This enables a high degree of flexibility.

[53, p. 189 f.]

Level 2: Cyber -physical Production

System (CPPS)
The next level describes the Cyber -
physical Production System. This

concept is based on the combination

of several CPS [54, p. 305]. A CPPS
enables the flexible and efficient design

of the entire product life cycle. This
makes it possible to establish a cross-
company network, which brings many
advantages in case of process
changes . Problems often arise when
process changes are made due to a
lack of data and process consistency.
Such missing information can often only
be changed manually, which usually
results in extended downtime and high
costs. This is where the potential of CPPS
comes into play [55, p. 100 f.]. At the
same time, it is important to ensure that
the new forms of intelligent and
autonomous production resources do
not overburden the individual
employee's understanding of processes
and systems. The employee's own
ability to act must always be
guarant eed [56, p. 43].

In order to enable networking between
humans and the components of the
cyber physical production system, a
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suitable interface must be used.
Accordingly, the use of an appropriate
syntax for Machine -to-Machine -
Communication (M2M
Communication) is  required. To
implement decentralized and
automated process control, it is
essential to create a standard for this. In
addition, suitable options for Human -
Machine -Interaction (HMI) are
required. These are used to monitor and
control the processes. Conceivable
technologies at this point would be, for
example, virtual reality (VR) or
augmented reality (AR) to create an
interface between man and machine

and still leave the final decision
authority with the human. The main
steps to achieve a CPPS are shown in
Figure 18. [52, p. 23 1]

Integrate VR/AR @

Use immersive technologies to enhance
human-machine interfaces.

Ensure Employee Adaptation

Support employees in understanding
and using new technologies.

Develop Standards

Create protocols for machine
communication and interaction.

Enable Data Sharing

Facilitate seamless data exchange
across the network.

Implement CPPS

Establish the foundation of
interconnected production systems.

QOO 0O

Figure 18: Achieving Cyber -physical Production
System Integration [own illustration]

Level 3: Industry 4.0

To take full advantage of a cyber -
physical production system, it is not
enough to simply implement it. In
addition to the technological
component, a visionary mindset is
required at the management level, in
this case, at the agricultural and
governmental | evels. [52, p. 24]

Industry 4.0 in Relation to the
Conceptual Idea

The components of Industry 4.0, which
are based ondeep technology and are
described in the previous chapter , can
be applied analogously to Agriculture
4.0. This will be explained further below.

3.5.3 Aqualink

The first level of Industry 4.0 described
above, the cyber -physical system, can
be applied to the concept described in
chapter 3.1. Ubiquitous computing is
used to equip individual objects with
appropriate electrical technology in
order to create conditions for them to
communicate with each other. In this
case, those would be the individual
sensors that are placed in the
corresponding  bodies of water to
measure their water levels.

The Internet of Things and Services is
used to communicate with other
objects. This allows the individual sensors
to communicate with a central unit by
continuously sending and processing
data on water levels. Based on this
data, a decision can be made as to
which type of water body should be
addressed in order to extract the water
from.
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Cloud computing is used to enable
continuous processing of the collected
data and communication between the
sensors and systems. By using the
required storage capacities according

to demand, less storage can be used in
months when more precipitation is
exp ected than in dry periods.

The second level, the cyber -physical
production system, allows several zones
to be networked with each other, as
described above. This networking
makes it possible, for example, to
intervene in good time in the event of
emergencies in zones and to obtain
water from other zones. In this way,
water shortages can be prevented in
good time. Appropriate interfaces must
be installed so that the system can also
be monitored by operators.

3.6 System Conclusion

mentioned, all
components work together to enable a

fundamental
agricultural irrigation.

As previously

transformation of
Figure 19 shows
the exact interrelationships.

At the center stands AquaLink with its
sensors and water sources, primarily
responsible for data processing. The
AgriFlow application accesses this data
and presents it to the end user in an
organized and comprehensible way.
This is depicted in Figure 20. It further
shows that soil moisture sensors in the
fields feed data to the AquaLink system
via the AgriFlow interface, ensuring
highly efficient data  exchange
between the two systems.

HydroLiner operates entirely based on
calculations from the AquaLink system.
AqualLink provides weather forecasts,
current reservoir levels, and field -

&
L
-

Figure 19: BlueBeak part relationship  fown illustration]
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specific data from AgriFlow, enabling
HydroLiner to identify potential water
shortages in neighboring regions.
Through cross-regional collaboration
among AquaLink systems , water
distribution is optimized at a larger
scale.

In contrast, TerraBot operates
independently. It does not  necessarily
require a connection to the other
systems and can be used
autonomously by farmers. However, it is
still beneficial to have an interface that
informs TerraBot when plowing should

occur. TerraBot can function either as a

TerraBot

Hs

A

~
-

fully autonomous robot or as a modular
plow attachment for a conventional
tractor, depending on its mode of
operation.

If TerraBot is attached to an
autonomous robot, defining plowing
schedules is crucial , ideally based on
current soil conditions and the season.
These parameters are provided by
AquaLink in combination with AgriFlow.
However, if TerraBot is attached to a
tractor operated directly by a farmer
the AgriFlow app will provide plowing
recommendat

L

HydroLiner

ions.

water
storage

& A A2

AN/

: r\ e
: Field i ~ Ground water
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Figure 20: System Map BlueBeak [own illustration]
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Throughout this time, data will be
continuously evaluated and used to
improve irrigation  forecasts and
optimize system performance.

4 Roadmap

To implement the solution from
BlueBeak an implementation Strategy
for the future is needed. The BlueBeak
roadmap (Figure 21) is divided into two 4.1 Germany

main phases. The first is a pilot project in

HaBl och, which serves tWiletthe ilot projed is urderyay én

the system and identify potential areas HaBl och, addi tional sens
for improvement. The second phase installed at water sources throughout

involves a nationwide rollout across Germany, and existing data will be

Germany, building on the experiences consolidated into a central system. This

and insights gained during the pilot information will help identify regions

project Pi | ot Project HaRl ohdh are especially vulnerab le to

drought and water shortages. Based on

tltleger insigthtg,edetaﬁeél Iplgnts for the

expansion of the system will be

developed. Once the pilot phase in

HalRl och is completed, t he
be rolled out across Germany, starting

Ha Rl och was selected
project due to its local proximity and
favorable environmental conditions. As
previously mentioned in  3.1.6 the region
offers a unique combination of a
wastewater treatment plant, a stream,

and a lake, making it an ideal location

to implement and evaluate the system As the number of Aqualink reservoirs
under realistic conditions. increases, the HydroLiner system will be

introduced. This will allow for the
transportation of water between
regions, helping to compensate for
}ochaledroﬁgﬁtsm 4hd Jnévé?]edfstribbtigne
of water resources. If the system pr oves
successful  within  Germany, it s
conceivable that similar projects could

be implemented in other countries in
order to promote sustainable irrigation

in agriculture on a global scale.

in regions that are mostin n eed.

During the pilot phase, soil moisture
sensors will be installed in agricultural
fields in HaBl och. At
construction of the infrastructure for
AqualLink, the core water distribution

and management system, will begin.

Once sufficient data on  soil moisture,
weather, and local water sources is
available, the AgriFlow app can be
developed and distributed

As soon as production of the TerraBot is 4.2 Environment

complete, the f i el ds i nwillbea R1 oc h

converted to drip irrigation systems. To implement this roadmap
TerraBot  will then be wused to successfully, several environmental and
autonomously  plow the fields, technological factors must align. Over

integrating into the new water  -efficient time, technologies related to artificial

farming model. The entire pilot phase is intelligence, data processing, and

expected to last around ten years.
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monitoring will continue to improve,
making these systems easier to deploy
and manage. At the same time, the
adoption of autonomous vehicles in
agriculture is expected to grow, further
supporting system integration. Through
the combined effect of technical
solutions, legal changes, and increased
awareness among the public and the
agricultural sector, a gradual
behavioral shift among farmers is
anticipated. This shift will reflect a new
understanding of how water s
accessed and used in farming. By 2040,
new legislation regulating water
extraction for agricultural purposes is
expected to be in place, ensuring
sustainable water management for
future generations.
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5 Value of BlueBeak

The benefits of BlueBeak could be very
great in future. As already mentioned,
the world population will increase to
almost 10 million people by 2050 [49].
This enormous increase will also require
an adequate supply of food. The
fundamental requirement for this is,
among other things, sufficient access to
water in order to be able to irrigate
fields adequately. Therefore, the use of
such valuable resources as water needs
to become optimized and
sustainable .[51, p. 220]

Long periods of drought in 2018 resulted

in a global shortfall of around 30 million
tons of grain .[57] In Germany, the
prolonged drought , mentioned in 1.1
led to a 16 % drop in grain yields per
hectare compared to the three -year
average of previous years . [58]

Looking at the future scenario
described in chapter 2, it quickly
becomes clear that there is an urgent
need for action to ensure sufficient
water availability in agriculture in future.
This is where AquaLink comes in. In
agriculture, not all sources of water that
are available are utilized to irrigate
fields. As a result, the water levels in the
water bodies fall more quickly. This can
be prevented by a combination of
water abstraction from ground and
surface waters and the use of treated
wastewater. This enables a more
sustainable use of water, a resource
that will become increasingly valuable

in the future.

As optimized water extraction is not
enough to enable sustainable water
use, irrigation on the agricultural fields
themselves must also be optimized.
Sprinkler systems are often used to
irrigate large areas quickly. However,
this is not sustainable. Due to the high
evaporation rate, a lot of water is lost in
this way. This effect also occurs with
other methods. The more sustainable
variant of drip irrigation is often not used
due to the high installation effort and
higher costs. For this reason, the TerraBot
described in this paper should be used.
This makes the use of drip irrigation
much more attractive for farmers due

to the integrated plowing mechanism.

If this irrigation method is used on a
large scale, significant water savings
can be achieved, as already explaine d
in the comparison between drip and
sprinkler irrigation in chapter 1.3. In
addition, the amount of water required

for sufficient irrigation, depending on
the type and number of plants, is
calculated for sustainable water use.

AgriFlow adds significant value by
enabling data -driven irrigation
decisions, increasing transparency, and
supporting efficient water usage on an
individual field level. Through the
integration of real -time weather data,
soil moisture sensors, and crop -specific
parameters, AgriFlow empowers
farmers to optimize irrigation with
precision. Its user-friendly interface
ensures that even farmers without
technical backgrounds can access
tailored recommendations, track water
consumption, and comply with usage
regul ations. This not only enhances
resource efficiency but also reduces
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water waste and supports regulatory
compliance.

The HydroLiner serves as a critical
component for ensuring  system
resilience. As an autonomous water
transport  vehicle, it  addresses
temporary shortages and system
failures by delivering water from surplus
regions to areas facing drought or

infrastructural disruptions. Its integration
into the BlueBeak system ensures
continuity of irrigation, even in extreme

weather conditions or emergencies.

This benefits all consumers  of
agricultural products by supporting
long -term food security in the face of
increasing droughts and a growing
global population. As climate change
progresses, exacerbated by unmet EU
climate targets and insufficient global
action , see chapter 2, agriculture will
face mounting challenges, even
without population growth. Droughts,
already affecting countries like Spain,
are expected to become more
widespread. To adapt, water use must
be strictly regulated. Unlike today,
where farmers can draw water freely,
the system proposes designated
extraction  points  within  defined
AquaLink regions, with government
oversight ensuring fair distribution.
Surplus water could be transferred to
deficit regions via the HydroLiner.
Though such regulations may initially
face resistance, especially from
farmers, they are necessary to sustain
agriculture. Clear communication and
cooperation between authorities and
stakeholders will be essential to

implementing these
proactively and effectively.

changes

The vast amounts of data from
numerous sensors and measurement
points offer a significant potential. The
continuous and spatially distributed
recording of agricultural data enables
precise analyses and adaptations to
local conditions. Through the ability o f
artificial  intelligence to recognize
patterns, it is possible to train these
systems to provide recommendations
based on the current data situation.
These recommendations can be
location -specific, meaning that the
optimal crop variety can be
determined f or each region through
analysis. On the other hand, these can
also be used to specify the perfect
timing for irrigation, sowing, and
harvesting times or to selectively favor
certain crops. This allows for quick
recognition of which crop is developing
bette r and identification of areas with a
higher need for fertilizers or other
support. Furthermore, soil analyses will
enable the categorization of areas
even more quickly and accurately than

is currently possible. This opens further
possibilities, such as the transfer of soll
types to the most efficient location, so
that, for example, a field with a higher
water requirement and sandy soil can
be mixed with clay soil, which is only
partially needed elsewhere. Taking the
process to the next level, one also
obtains numbers and data on
agricultural regions, as well as land use
and resource utilization. This enables the
state to establish more precise funding
projects and resource protection zones,
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which can then also bear fruit at the
required locations.

5.1 Impact

The specific impacts are just as region -
dependent and diverse as the solution
itself. In Germany, there are 250,000
agricultural enterprises employing over
876,000 workers.[59], [60]

Farmers can benefit from our mobile
app AgriFlow after a short time. Initially,

it provides informative data without
requiring farmers to actively install
additional sensors. Once the
widespread installation of soil moisture
sensors is complete and the sys tem has
gathered experience and
comparative data, farmers can also
benefit from precise irrigation forecasts
and crop selection recommendations.

An even greater impact on agriculture
will come from the AquaLink system. In
an extreme scenario, across German v,
9,000 regions each with a capacity of
5,000 m® of water per hour could
sustainably and efficiently distribute a
total of 45,000,000 m 3. This corresponds
to Germany ' s entire drinking water
consumption for approximately 4.5
days. [61]

Through TerraBot and the transition to
drip irrigation for annual crops, up to
15 % more water can be saved due to
the higher efficiency of this irrigation
method. Using average rainfall values
for Germany during the growing months

of approximately 460 L/m? and a water
demand of 500 L/m? by the plants,
about 0.5 L/m? per day will need to be
irrigated by the year 2050. [62], [63], [64]

Summed up over the agriculturally
cultivated arable land in Germany, this
results in a potentially saved water
volume of 18 million m * per year, which
corresponds to the annual water
consumption of the city of Mannheim.
[65]

Furthermore, the introduction of such a
transformative change in agriculture
offers many additional benefits on
social and scientific levels. The long
history and deep -rooted traditions of
agricultural production have, in many
cases, led to a narrow -minded
perspective on various issues,
preventing an objective assessment of
the positive effects of innovations. A
groundbreaking and comprehensive
reform like this, carried out in close
collaboration with policymakers and
relevant stakeholders, enables a
fundam ental shift in public mindset
toward progressive technologies by
setting a positive example.

6 Conclusion

The agricultural  sector will  be
increasingly shaped by evolving
environmental and economic

pressures. Changing climate patterns, a
gradual decline in  groundwater
availability and increasing demand for
food are leading to a reassessment of
existing irrigation practices. To ensure
long -term agricultural productivity and
sustainability, there is a clear need for
more efficient and forward -looking
approaches to water management.

In this white paper, BlueBeak is
presented as a comprehensive and
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scalable conceptual system that
addresses these challenges through
four integrated components.

AquaLink acts as a centralized water
management system. It connects
various water sources, including treated
wastewater, surface water and
groundwater, to a regional storage
tank and intelligently distributes water
based on real -time data from sensors
and forecasts. TerraBot revolution izes
the implementation of drip irrigation by
automating the plowing process
without removing existing irrigation lines.

It lowers labor barriers and facilitates the
widespread adoption of this highly
efficient irrigation method. AgriFlow is a
mobile  application that provides
farmers with actionable insights and
recommendations based on field -
specific data, weather forecasts, and
soil conditions . It enables farmers to
make intelligent and data -supported
decisions and thus ensure the best
possible irrigation of their fields. The
HydroLiner ensures resilience by
autonomously transporting water to
regions experiencing temporary
shortages, thereby bridging the gap
during extreme periods of drought.
Together, these components form a
resilient and future -proof system that
enables efficient and sustainable
irrigation in agriculture.

Ultimately, BlueBeak is not just a
technical solution, but a paradigm shift
in the way water is valued, utilized and
distributed in agriculture. By balancing
environmental responsibility with
economic viability, it sets a new
standard for sustainable agricultural

practices that ensure food security and
environmental protection for future

generations.

The successful implementation of this
concept will require collaboration
between farmers, policymakers,
researchers, and technology providers.
However, the long -term benefits ,
greater food security, more efficient
water use, and increased climate
resilience , make it a critical step toward

a more sustainable and future
agricultural system.

-proof
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Lock Screen

AgriFlow
Action required for “Wheat field"

AgriFlow
Action required for “Rapeseed field"

Music
Pazifik by Provinz is now available

Messages
5 new messages

8152 AM

A.2 Home Screen

HaBloch

e
8:29 50%

Y

Photos Camera

Podcasts App Store

AgriFlow

Q Search

®

A.3 Biometrical Scan

A.4 Start: Overview for

Farmers

s (I =
Start
ACTIVE IRRIGATIONS

Wheat field 10:30 AM M

Rapseed field 12:45 AM Ly

Water shortages

MNo acute water shortages are expected at
this time.

Supplier Water capacity

Currently, approx. 41% of the
81% is sourced estimated annual
from water demand
groundwater, remains

Further inform. capacity can be found under
the menu ite el

UPCOMING IRRIGATIONS

Corn field 12. Jun
Potatoe field 12. Jun

Grape field 13. Jun

Carrot field 15. Jun




A5 My Fields: Field A.6 Adding a new Field A.7 Detailed Field A.8 Delete Fields

Overview Information

< My Fields Edit < My Fields Edit

Wheat field Wheat field

T FIELD" INFORMATIONS TO “WHEAT FIELD"

v QD - = v G - -
My Fields < My Fields Save
Add Field

Wheat field

Name Grape field }
Corn field Name Wheat field ] Name Wheat field
Plant Grape fi|
Potato field Plant Wheat Plant Wheat
Irrigation

Rapeseed field Irrigation  TerraDrip Irrigation  TerraDrip

Field size

Carrot field Fieldsize 37 ha Field size 37 ha

Position Gllck above to edit Click ab—- == -+

For further informatic
Really want to move on?

A deleted field cannot be restored.
Water in L
250

s Delete Back
.

Add field

A

"Grape fi" Grape field

ko Teb Ma Mo Wi dn i Aw Sep R Mo Der

t 12 months Water consumption over the past 12 months

Remove field Remove field

return

* .

My Fields Levels
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A.10 My Fields with
Newly Added Field

A.9 Field Position

S My Fields

FIELD OVERVIEW

Position

Wheat field
Corn field
Potato field
Rapeseed field
Carrot field

Grape field

For further information klick on &

Add field

Field number

Remember

Enabling "Remember" will save the field as the default
for future watering

B

Start My Fields

A.11 Levels: Origin of

Water and Warnings

s (I ==
Levels

LEVEL INFORMATION

Groundwater

Mo

Surface waters

Mo Tu We

Treated wastewater

Mo Tu We Th

Water shortages Source of supply

No acute bottlenecks in the Currently, about
water supply are expected at 81% is sourced
current. fram groundwater.

evel information provides an current
supply source: ed on
pply is regulated and
can be predicted

A.12 Weather: For Smart
Irrigation Advices

9:41

Weather

HaBloch ¥

25°

Mostly sunny

FIELD

Wheat field Action required >
Corn field Detail
Potato Field Detail
Rapeseed field Action required
Carrot field Detail

Grape field Detail

The field oy e S d on weather and
sensor d needs to be irrigated
Click on th fi \er options.




A.13 Field Specific

Recommendations

o QD =

&£ Weather

Wheat field

Irrigation recommended

Soil moisture Water capacity
Sail moisture is 41% of the
67 cb. Irrigation annual water
necessary. requirement
remains

Recommended amount of water
Based on the sensar data, the field size and the
weather data, a water volume of 80 m"3 is
recommended.

Sensor data on soil moisture

) T We Th Fr
The data shown is based on the measured sensor data
and the maximum water ca ty specified by the
authorities, which is calculated based on plant type
and field size.

Start irrigation

*

Weather

Edit

A.14 Start Irrigation A.15 Personalize
[rrigation

9:41 - all ¥ -
< Weather ¢ Back
Wheat field Personalization
ANPASSUNG DER WASSERMENGE
Water volume 90 m"3

Remember

The personalized amount of water can by
future watering by clicking "Remember"

The data shown is based on the measured sensor data
and the maximum water capacity specified by the
authorities, which is calculated based on plant type

Start irrigation?

Start irrigation

Manual input

Cancel B *

Weathar



