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Abstract: Efficient and sustainable agricultural production is a pivotal factor in meeting the nutri-
tional needs of an expanding global population. However, it is imperative to optimize national,
regional and local effectiveness to support government initiatives towards climate neutrality and
resilience, while simultaneously ensuring economic viability for farmers. A significant reduction in
the cost of goods must be accompanied by a decrease in their global warming potential contribution to
maintain competitiveness in the world market. As such, it is necessary to adopt practices that enhance
productivity while minimizing environmental impacts. This paper discusses potential solutions for
the sustainable enlargement of botanical product portfolios towards essential oil products and natural
extracts for value-added products, such as natural pharmaceuticals, cosmetics, agrochemicals and
materials by direct waste valorization. Contributions from the fields of automation and digitalization
provide the basic technology for the realization of the approaches presented. Agricultural photo-
voltaics can contribute to the goal of the reduction of the cost of goods and global warming potential,
such as the already established utilization of biogas. The potential of the research initiative described
is demonstrated by basic data on key characteristic numbers and costs from the literature. The eco-
nomic potential for climate neutrality and the reduction of global warming potential contribution is
seen in magnitudes of factors 5–10. A research initiative is recommended and exemplified for the
industrialization of such integrated processing.

Keywords: climate neutrality; resilience; energy and resource efficiency; cascade utilization; digi-
talization; robotics; agri-photovoltaics; cultivation and harvesting technology; waste valorization;
circular economy

1. Introduction

Anthroposophical climate change is perceived as a threat on a national and international
level and measures are being taken worldwide to limit it [1,2]. According to recent reports
from Verband der Chemischen Industrie (VCI), the German Chemical Industry Association,
almost all companies have committed to achieving carbon neutrality by 2050 [3,4]. To meet
this goal, the chemical-pharmaceutical industry alone would require an investment of ap-
proximately EUR 50 billion, and the green energy demand would need to triple to 650 TWh
from the current 250 TWh in 2020. This transition to a sustainable energy system is politi-
cally necessary, despite an estimated cost of EUR 2.3 trillion, to maintain competitiveness
in the global market [5].
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Life cycle assessment (LCA) using global warming potential (GWP) analysis has be-
come the preferred method for evaluating environmental impact in this area [4,6]. The con-
cept behind this approach dates back to the oil crisis of the 1970s, which spurred the
development of pinch technology [7]. It is worth noting that the industry has achieved
significant progress in product improvements and expansion alongside efficient manufac-
turing technologies. Specifically, manufacturing increased by 60%, with a 20% reduction in
energy consumption and a 50% reduction in GWP [8].

This paper focuses on the manufacturing technology of botanicals, which are already
sustainable natural products. Unlike other products, there is no need to discuss changing the
raw materials. The central question is how to technically improve, optimize and intensify the
manufacturing processes to achieve maximum efficiency in terms of resource and energy
utilization, as well as the cost of goods (CoGs).

In bioeconomic research, utilizing plant raw materials in a cascade approach is often
advantageous. This approach maximizes the use of the raw materials and provides opportu-
nities for the profitable use of by-products and residuals. To add value to cascade utilization,
efficient and environmentally friendly processes are required. Essential oil plants typically
use steam distillation to extract essential oils, leaving behind residual pomace that may
still contain significant amounts of essential oils. However, the antibacterial components
in the oils make the pomace unsuitable for use in biogas plants. To address this issue,
pressurized hot water extraction (PHWE) can be used for a second extraction of the pomace
to maximize material usage [9].

The conversion of the economy in the direction of climate neutrality must not only
be about renunciation. This shift can also be a great opportunity to increase efficiency and
sustainability, especially due to the heavy investment in green technology. Reducing costs
and increasing productivity should also be a goal. This can be achieved by establishing new
products from recycling and waste valorization [9–11]. A major challenge remains in the
supply of electrical energy for industry and the population [12]. Electrical energy supply
needs to change to reduce the use of fossil raw materials. Renewable energies (RE) are being
actively developed in Europe, but this also entails the need to expand the infrastructure
of transmission lines. Additionally, the daily fluctuation of energy production from RE
must be covered by fast-reacting, high-capacity storage facilities. Furthermore, due to
civil interests and limited space, the options for RE expansion are limited. These are the
challenges of the climate transition [13–15].

In this position paper, the potential for an efficient and sustainable economy based on
renewable resources is shown. From this, a method is derived for how a large reduction of
the GWP, at the same time as maintaining high turnover, can be ensured by the additional
use of the cultivation area through photovoltaics and the establishment of novel products
through waste valorization.

1.1. Project Scope to Solve Social, Economic and Environmental Needs

The question is how to meet the expanding demands on agricultural production.
As outlined in the research approach, through dual use (energy + agricultural product) and
the harnessing of as-yet unused material flows (additional agricultural products), the value
of an agricultural area can be increased. In addition, new tools were consistently integrated
and their potential for improving production systems was evaluated. The project scope
is to provide a model for a move away from existing agricultural production towards a
next-generation solution for climate neutrality, resilience, food security and sustainability
for urgent social and economic change, as shown in Figure 1. The existing and future
challenges to be solved by this research are summarized.
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Figure 1. Summary of the project scope and envisioned goal towards resilient farming.

The consistent application of waste recycling is a crucial innovation in a bio-based
world or bio-economy, which encompasses the concept of a circular economy. This approach
integrates limited resources, such as agricultural land to feed the world’s population, and
the generation of sources of carbon for chemicals and materials, with the objective of
minimizing global warming potential and the cost of goods. The adoption of this multi-
product-use strategy would enhance the competitiveness of agriculture in the global market.
On the agricultural production side, energy supply, further optimization of resource use
and an increasing shortage of skilled workers are challenges that need to be solved to
further develop existing production systems.

Improvements can be made to energy production and to a possible energy self-sufficiency
in agricultural enterprises, for example, with the help of agricultural-photovoltaics (agri-PV).
Consistent digitalization can contribute to resource efficiency in the production chain, and
robotics can complement employee activities and provide additional resources.

To achieve such benefits, the developed and validated methods need to be broadly
applied. To enable such access, lectures, papers, workshops and seminars, as well as training
courses, are planned. In addition, newly developed methods will be defined to eventually
enable broad participation across Germany and Europe.

1.2. Project Approach: Resilient Farming

The methods and approaches to interdisciplinary tasks are visualized in Figure 2.
The goal is resilient farming with (at least in part) a self-sufficient energy supply (e.g., by
photovoltaics alone or combined with other renewable energies) and farming with the aid
of data-driven approaches, as well as digital technologies (e.g., sensor systems) and robotics
as key technologies for a bio-based world/bio-economy. The bio-based approach integrates
circular economy waste utilization with multi-product value chains. A core aspect of this
project is the utilization of previously unused material flows, with a particular focus on
high-value ingredients.
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Figure 2. Representation of the scope of resilient farming [16].

The apple value chain is a classical and well-known example of total waste valoriza-
tion, where each side stream is totally utilized. However, the achievement of this waste
valorization has been a result of decades of production integration which was purely exper-
imental and lacked the use of proposed methods. Nevertheless, this example serves as a
good illustration of the potential for waste valorization. This project’s objective is to develop
theoretical, a priori methods based on interdisciplinary cooperation between agricultural
technology, energy supply, robotics and automation, and processing technology, as shown
in Figure 3.
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1.3. Project Methods and Partners

The project partners, who provided necessary interdisciplinary knowledge, methods,
product expertise and infrastructure, are visualized in Figure 3. Due to their shared interdisci-
plinary interests, these groups are already interconnected with each other, as well as with
other industry specialists, to implement new ideas into their existing infrastructure and
procedures. In order to proceed with the implementation of the innovative technologies
and techniques, in the kick-off phase the project team will start with examples that allow a
holistic view of the value chain, including the use of residual materials. The three project
partners are covering the main parts of the whole value chain already, see Figure 3.

Instead of developing completely new concepts, which would involve high invest-
ments and a great deal of time, it is possible to start directly with the further development
of already-existing methods and analyze their results.

2. Expected Project Results
2.1. Worldwide Nutrition at Economic Benefits Based on Climate Neutrality and Resilience

Agricultural farming suffers from world market competition. The cost of goods as
well as GWP have to be minimized to be competitive.

Agricultural space is needed for the nutrition of a growing world population. Any
evaluation between tank and plate has been decided towards plate [17,18]. Nevertheless,
limited agricultural space is a critically important factor in climate neutrality solutions that
bind CO2 and generate O2. The rare resources of space, water and nutrition have to be utilized
as efficiently as possible. This is only achieved with multiproduct value chains in a circular
economy that avoids losses and waste. Technologies can be used to achieve these goals, such
as digitalization, sensor technology, robotics, automation and data driven approaches. The
parallel use of agricultural land for agricultural production and energy supply, e.g., as an
agri-PV system, could form a further building block of future agricultural systems and help
secure the necessary energy supply. The goal is to develop sustainable, consistent land use,
which can also be used for multiple purposes (food, resources and energy).

2.2. Potential (Draft Estimation Based on Literature)

The following points have to be considered for the potential of agricultural lands:

• Each hectare is capable of growing approximately 2–80 tons of plant raw material
per year, such as 80 tons of beets; medicinal and aromatic plants can contribute
approximately 3.5–10 tons towards nutrition [19–22].

• According to [23], agricultural farming needs only approximately 520 kWh per hectare
of electrical power. This would generate approximately 208 kg GWP per hectare, per
year with a typical power mix; instead, most of this would be covered by biogas. An
additional benefit, for example, is that one-hectare of sugar beets stores approximately
35 t CO2, based on [24], which is twice as effective as forests.

• Previous studies have already pointed out the large 70–80% GWP contribution of
the drying process for stable storage and transportation [25]; therefore, fresh plant
material has to be processed. This requires a technology change. This is feasible,
however there are a lot of processes that would need to be completely changed due to
pressing and blocking mechanical differences.

• Sensor technology is able to deliver necessary data for precision farming, e.g., for plant
nutrition, water, weeding and harvest time. This helps to optimize care at a plant level
instead of the large area application of hydration, pesticide and fertilizer. Thus, saving
resources otherwise wasted [26].

• Robotics may help to support the existing workforce in cultivation, plant care and
harvesting [27].

These technologies will help to increase the efficiency of agricultural spaces and the
workforce employed in this sector. This is shown in Figure 4.
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The other aspect of agricultural land usage is energy generation through RE. For this,
a few points have to be made (estimation based on published studies):

• Lower Saxony needs approximately 55 TWh/a [28] and Germany as a whole needs
approximately 562 TWh of electrical energy [29]

• There is approximately 1.9 mil. hectares of agricultural land in Lower Saxony [30]
and approximately 12 mil. hectares in total in Germany [31]. This means that while
Lower Saxony has low energy usage, it can potentially generate more through agri-PV,
making the connection through powerlines to the south a necessity.

• For agri-PV to be integrated into an existing agricultural context, a few key technolo-
gies have to be implemented, mainly automation and digitalization. The implemen-
tation of digitalization enables efficient organization and decision-making processes,
while also effectively managing interconnections [32]. The energy required for such
processes can be provided by agri-photovoltaic devices. In a recent study, an energy
yield of agri-PV of 300 MWh/ha/a has been calculated [33]. An additional 83% of
excess energy (up to 130% if a final biogas plant is applied) is utilized on-site for direct
chemical and material product manufacturing [33].

• In contrast to farming, an economic comparison to existing industries and their energy
usage can be drawn. The Chemical Pharmaceutical Industry (ChPI) power usage
per revenue is a mere 0.5 kWh/EUR 1000 in sales, accounting for less than 1% of the
additional power generated [34]. Thus, a hectare yielding approximately EUR 20,000
in additional sales would equal roughly 10 kWh for ChPI manufacturing. This in
turn would be less than 1% of the 300 MWh/ha/a PV. Consequently, approximately
80% (−130%) of the agri-PV energy can be allocated towards other social power
requirements.

• Agriculture-photovoltaic plants generate approximately 300 MWh per hectare [33],
with approximately 30% coverage with agri-PV, i.e., 3000 m2 photovoltaic with ap-
proximately 100 kWh/m2. In practice, the share of agri-PV land that can be realized
on a large scale still needs to be determined. It should also be noted that not all crops
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can be grown in agri-PV systems. With 5% of the usable agricultural land, as shown in
Figure 5, this would amount to an added electrical energy of 250 TWh annually [35].
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In the long-term, increasing automation in watering, care and harvesting of the crop
can support these targets [36].

• The Fraunhofer Institute ISE calculates that Germany’s total electricity demand can
be met with the use of only 4% of agricultural land. This amounts to a PV capacity
of 1700 GW; a utilization of 10% of this potential would mean a tripling of the PV
capacity in Germany [33]. According to Weihenstephan, with a yearly production of
approximately 35,000 kWh, at an installed capacity of 22 kWp, 1.7 TWp is estimated
to be worth approximately 2.7 TWh per year, i.e., only 0.5% of total German needs.
However, this is based on only 4% agricultural space utilization. The utilization of all
available space would, nevertheless, be a ~12% contribution [33].

• This balance assumes a constant output and consumption, which is not how renewable
energy sources and real power usage is observed. Although it has been shown that
even without additional energy storage, a small increase in RE of 10 GW offshore wind
power output can decrease the natural gas consumption of the German ChPI by 63%,
and thus have a great effect on the GWP [37].

2.3. Competitiveness and Resilience

Agriculture is also under general economic pressure. It is not possible to increase
profitability by increasing agricultural land overall due to the limited nature of resources.
Yields are also at a high level overall and cannot easily be further increased. Another option
to further improve the economic situation with the available resources is increasing the
value added per hectare. An increase in the value of food products can only be realized to
a limited extent, as these must be available to society in sufficient, safe and affordable quan-
tities.

Therefore, additional value per hectare must be generated. Currently, a hectare has a
revenue per year of approximately EUR 500–1500 for agriculture and EUR 500–3000 for
medicinal and aromatic plants [19,20,22,38–42]. This should be increased by a factor of
5–10 to compete economically with other industries and keep food production local. This is
a major challenge that is feasible through waste recovery approaches and the consistent use
of agricultural by-products [9,10]. It must be possible for farmers to benefit significantly
from the chemicals and materials derived from by-products. The highest added value is
achieved in the vicinity of the end product, even up to a factor of 10–100 [43] (see Figure 6).
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In order to enable farmers to achieve a higher return from these new end products, further
production steps need to be performed directly at the farms. Approximately 3–80 to/ha fresh
plant material is generated per year ranging from 3–10 to/ha for medicinal and aromatic
plants [39,44] and up to 80 to/ta for sugar beets [21]. The potential added value and the
reduction in GWP has been analyzed, as further shown in Figure 7:

1. Main product (No. 1) is still the medicinal and aromatic plant (MaAPlt) or nutrition
with approximately EUR 3000–10,000 per hectare yield.

2. The waste valorization concept will add a second product (No. 2), such as essential
oil via hydrodistillation of fresh plant residues not utilized for the main product.
For example, a pesticide derived from polyphenols could give approximately 1 to
TS/ha with typically 4–10% content, resulting in approximately 40–100 kg/ha which
is approximately EUR 1000–10,000 added value. A relational magnitude could give
neem powder a sale price of approximately 13 EUR/100 g or 100 EUR/kg, corre-
sponding with a 10% estimated cost of goods to 10 EUR/kg. A spraying agent like
pyrethine amounts to 5–20 g/L of active ingredient at 25 EUR/L i.e., 0.25 EUR/g or
250 EUR/kg sales price. Any aromatic, nutrition, additive flavor, flagrance or food
supplement would even generate a sales price that is increased by an approximate
factor of 10 [45,46].

3. Consequent distinct waste valorization application would generate a third product
(No. 3) via solid-liquid-extraction (SLE) and pressurized hot water extraction (PHWE)
out of the pomace after hydrodistillation. For example, magnitudes of sglt2 inhibitor
have active pharmaceutical ingredient building blocks such as phylorizin inside
polyphenol fractions, which work out at 200 EUR/kg API CoGs vs. 2000 EUR/kg sales
price; therefore, 10 to/ha with approximately only 0.1% content generate 100 kg/ha
with 20,000 EUR/ha manufacturing price [40,47–49].

4. The sale of agri-PV electrical power would deliver an additional 2.781 EUR/ha/a,
coupled with a GWP reduction of 18 t CO2,eq/ha/a [33]

5. For the thermal utilization of biomass waste, anaerobic fermentation can still be used
to produce biogas or methane. For sugar beet, 22,800 Nm3/ha is estimated for the use
of the whole crop and 2800 m3/ha for the waste only [50]. For other aromatic crops,
methane production of up to 0.5 Nm3/kg(waste) can be calculated [51]. This can
result in methane of up to 5000 m3/ha at a waste to product ratio of 1:1. The efficiency
of conversion is given at 46.5% [52]. This can produce 31.1 to 55.5 MWh of energy.
Thus 24.3 t CO2,eq can be saved [53] in energy production, which would be worth
roughly 2500 EUR/ha with processing costs excluded [54].
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Sales price would be increased by a factor of 3–5 for MaAPl to nutrition, 10 for
pesticides and >10 for APIs. Due to increasing the product benefit on the market, but
not proportionally increasing manufacturing efforts, the profit factors are approximately
5–15% for nutrition and MaAPl, up to 15–20% for fine chemicals and 30–40% for APIs. It is
necessary to form organizational alliances to become a fully integrated manufacturer. The
technology supplied within this project aims towards flexible and modular plant concepts.

Centuries ago, the sugar industry has demonstrated potential solutions for the orga-
nization and integration of end product manufacturing. The organizational solution is
cooperation between sugar manufacturers and farmers. Nevertheless, for such a manu-
facturing solution to be implemented, technology needs to be supplied in a way that is
investment, operation and cost optimized. This technology needs to have fast, flexible
and modular facilities, and be feasibly operated autonomously, with minimal efforts from
personnel [55,56]. Any engineering solution would need to be readily available [57–60], see
Figure 8.
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GWP reduction is substantially driven by the production of chemical products us-
ing climate neutral and energy-generating green manufacturing technologies, which is
exemplified in the significant GWP reduction contributed by any additional product. It has
been shown in previous works that waste valorization, energy integration and advanced
processes such as PHWE can have a significant impact on GWP reduction. For each product,
a GWP reduction of 500 t CO2,eq per hectare was assumed, based on the literature [9,10,25].

The significant added value profit shown is partially reduced by the necessary in-
vestments in new technology for sustainable resilient agricultural production. However,
the magnitude shows that any start-up funding would be ecologically and economically
beneficial, and therefore sustainable.

Nevertheless, before any broad industrialization and detail engineering, the process
technology for waste valorization value chain multiproduct manufacturing has to be
developed, based on green processing principles, as shown in Figure 9.
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3. Discussion

The proposed project follows the value chain from field to product. New technologies
are needed in cultivation to maximize yield and minimize the use of inputs. Steps towards
digitalization are necessary and lead to more data-driven approaches to strengthen preci-
sion farming. This allows for better plant stock management for an increase of quality and
quantity per hectare.

3.1. Automation in Farming

Automation in farming is based on continuous information acquisition, dissemination
and use. Core technologies include AI, data fusion from remote sensing and local data
processed in forecasting models, as well as status detection in plant stock, machinery and
the environment. This supports farmers in many areas, such as monitoring soil and plant
condition and planning production processes (fertilizing, weeding, harvest, etc.).
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Online monitoring of plant conditions with optical or spectral sensors supports the
selection of optimal harvest times. A diagnosis of plant health also advances the knowledge
of the crop, which can iteratively lead to improved quality and yield [61–63]. The technical
approaches must enable the idea of waste valorization through the utilization of residual
materials and by-products [64].

Sharing this data can also be used in the process development of phyto-extraction. In
QbD-based process development, the content of the target component is often a sensitive
parameter. Product quality assurance can be achieved by extending monitoring to the
field [65].

Automated and semi-automated agricultural processes could be key technologies in
the future to make cultivation more resilient. Technological developments affect all scaling
levels, from the process level to individual technologies. They can also contribute additional
resources if insufficient manpower is available. A large number of projects and studies
have already been carried out for this purpose [66–70].

3.2. Process Development

In addition to pesticides and base chemicals, pharmaceuticals can also be obtained
through waste valorization. Through QbD-based process development, high-quality phar-
maceutical products can be produced from waste streams. This is achieved through the
extensive experimental characterization of raw materials and processes. With the help
of the project partners, critical quality attributes (CQAs) for the regulatory suitability of
products as pharmaceuticals will be established. Through modeling, an in-depth under-
standing of the processes will be gained, and process parameters will be established within
design spaces, where the CQAs can be guaranteed to be met. This is supported by a risk
assessment, which serves as the basis for a control strategy. This is supported by process
analytical technologies (PAT) and can be demonstrated with simple controls and up to
scalable Digital Twins, from the laboratory scale to mini-plant [59,71].

In the view of regulatory issues, some relevant guidelines were published for the
development of APIs and pharmaceuticals. Three particular ICH-guidelines are helpful
to realize the regulation of this new generation of products. Additionally, REACH, the
regulatory body for non-pharmaceuticals and non-food products, prefers the described
techniques, for example an extraction of plant material without organic solvent, using only
water [72–74].

The multi-objective optimization challenges are methodologically approached with
the aid of scalable Digital Twins [58,75]. Distinct in accuracy and precision, process models
are validated in laboratory scale experiments [59,76], which are adapted to real-time phe-
nomena of plant operation by sensors within PAT approaches [26,60] in order to predict
optimal setpoints for process control which enables autonomous operation [58]. Though
it is methodologically and interdisciplinarily complex, it has already verified with proof-
of-concept studies [71,77–81]. It is also needed to evaluate waste levels and ingredients
with regards to processing costs towards final chemicals and material products. Life cycle
analysis and GWP vs. CoGs evaluation is included a priori, like any eco-efficiency anal-
ysis in the chemical-pharmaceutical industry over the last few decades [82,83]. For the
success of this approach, a consideration of the system inter-relationships is imperative.
This means a holistic approach from agricultural production to energy supply for the
available new product.

3.3. The Road Ahead

The declared goal of the German government and industry is climate neutrality by
2045. Accordingly, the projects that are being tackled now are groundbreaking and have
the greatest influence on the outcome of this goal. Nevertheless, for climate neutrality to be
widely accepted, prosperity must be maintained. Therefore, for a high reduction of GWP,
the highest possible revenue for all stakeholders must be achieved. This can be achieved by
establishing new products through waste valorization.
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The proposed project is divided into three phases. In the first phase, the effect and
potential on GWP and CoGs will be demonstrated using examples. Automation in farming
and process development are active areas of research. Figure 10 shows products of particu-
lar interest. Data-based approaches are consistently relied upon. In product development
and research, new collaborations in industry and research are openly sought, as the subject
area and the value chain are far-reaching. This phase is supported by workshops and
training of industry personnel.
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The second phase will be approached in close collaboration with industry and farmers
across Europe. The developed technologies and processes will be demonstrated and integrated
into active processes. This will serve as a springboard for the third and final phase. In this
phase, the achievements from research and development will be applied and operated on
an industrial scale. This will lead to a significant reduction in both GWP and CoGs.

4. Conclusions and Outlook

Potential innovative products which reduce the CoGs and GWP towards climate neu-
trality have been shown. Added value to existing farmland can be as high as 10,000 EUR/ha
for a realistic mix of waste valorization and energy generation, as shown in Figure 7. A re-
duction in GWP of up to 1000 t CO2,eq/ha is possible. This is achieved through the innovation
of new products via waste valorization and integrating electrical power generation into farm-
land. The use of PV and biogas is a key component of energy sustainability and independence
from fossil fuels. The main source of added economic value to farmland is the introduction
of new products from waste stream through novel green processes and a circular econ-
omy. These reduce the need for chemically produced products and thus reduce the GWP
and CoGs.

The infrastructure for all necessary disciplines, such as agrotechnology, robotics and
automation, as well as chemical-pharmaceutical process technology, is of high quality and
is readily available. Collaboration to work towards these goals has begun, but project funds
for any broad dissemination are still needed. These concept are embedded within existing
regional, national and European mid- and long-term goals for bio-economy and resilient
sustainability.
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