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Abstract
The production oriented approach of agriculture in the last century has ensured food security, but also
resulted in nutrient losses to the environment. In order to make agriculture more sustainable and
ensure food security for the following generations, additional circular options for residual biomass use
of the potato and sugar beet industry were explored. To effectuate this, residual biomass and nutrients
streams of the potato and sugar beet industry of the Northern Netherlands are quantified and their
current usages were assessed. Furthermore, alternative biomass utilisations and technical
improvements were evaluated that will enhance the circularity of the system. A biomass circularity
indicator was formulated to verify whether the suggested improved biomass utilisations will benefit
the circularity of the system. To answer the research questions, experts from major processors of sugar
beet, ware and starch potato and other key players of the industry were interviewed. Furthermore,
literature research was used to fill information gaps. This resulted in an overview of circularity
indications for the current and alternative utilisations of the residual streams. I conclude that the
majority of residual streams can be utilised better to improve circularity of the NN. Moreover, the
residual streams of sugar beet hold the highest potential to increase circularity of the system. Ware
potato is the crop that fits circularity best, as, proportionally, most of the crop is used for food
applications and its residual streams are currently utilised most circular. The role of the processing
industry in circular systems will never be a perfect fit, as processing often reduces the amount of edible
food. However, the processing of food is embedded in our society and daily diet and thus cannot be
simply abandoned. Therefore, options are provided to improve the fit of the processing industry in
circular systems.
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1. Introduction
To ensure that Europe would never again suffer from food shortages and farmers receive decent
wages, novel agricultural policies were established successfully in the last century. The Common
Agricultural Policies (CAP), adjusted by Sicco Mansholt, among others, to increase agricultural
production has ensured food security in Europe in the last decades (De Boer & Van Ittersum, 2018).
These policies resulted in farmers adopting production oriented practices and increased the use of
inputs and large imports of animal fodder (Schut et al., 2021). However, this success has come at a
price. The agricultural policies that supported the higher yielding production systems also resulted in
systems with large losses to the environment, that require large amounts of inputs, that produce large
amounts of waste products and are focused on the production of few products. The effects of this are
pollution, soil degradation, reduced biodiversity, Green House Gasses (GHGs) emissions and decreased
animal welfare (De Boer & Van Ittersum, 2018). Summarily, our production systems are out of balance
and more sustainable systems should be considered to ensure proper quality of life for the coming
generations.

1.1 Circularity
Alternative systems exist which make better use out of resources, emit less GHGs and produce less
waste streams. Currently, there is increased interest in circular systems as they allow efficient use of
resources in the system and produce relatively few waste streams. The sustainable use of resources
ensures that the following generations can also benefit from these resources (De Boer & Van Ittersum,
2018). The concept of circularity is derived from the industrial ecology and it can be defined as a
characteristic of a system to use residual outputs, often referred to as waste, as feedstock for
production without or with few additional inputs and residual outputs (Jurgilevich et al., 2016). In other
words, waste does not exist as it can be used as feedstock for production and land use is minimised.
This means losses are prevented and materials, biomass and nutrients are (re)cycled within the system
and are given a new function with the highest possible value (Ellen MacArthur Foundation, 2019). The
circularity of the system depends on its size; nutrients may not cycle on a farm level, but can be circular
on a regional level. Therefore, the boundaries of a system should be clearly defined when striving for
circularity.
The economic system that adopts the concepts of circularity, is referred to as the circular economy.
The circular economy is an economic system that is built on three principles: designing out waste and
pollution, keeping products and materials in use and regenerating natural systems (Ellen MacArthur
Foundation, 2019). The circular economy is comprised of a biological cycle and technical cycle. The
main difference between the biological and technical cycle is that products of the biological cycle
8

cannot be reused into the same resource after use. An example of this is a vegetable versus a plastic
bottle. After consumption, a vegetable cannot be reused into a vegetable again without following the
natural nutrient cycle, which takes a relatively long time. However, a plastic bottle can be reused or
recycled into a new plastic bottle after use. This research is about circular agricultural production
systems so it predominantly focuses on the biological cycle. The biological cycle explains the path that
should be taken to increase circularity; by renewable energy, cascading of residual streams back to the
consumer and making use of residual streams to their highest possible value in terms of circularity
(Ellen MacArthur Foundation, 2019). Even though the Dutch government has shown interest in
adopting circular agriculture, there are still great challenges to overcome that currently prevent
circular biomass and nutrient cycles (Smit et al., 2015). These challenges regard the problems that arise
due to the large Dutch livestock, large residual streams that are not used to their highest utility,
extensive export of agricultural products, import of especially animal feed and the current regulatory
framework which do not support circularity (Godfray et al., 2010; Vink & Boezeman, 2018).
Furthermore, the adaptation of circular systems would require a change in our decision making, as
these are currently mostly profit oriented. Striving for circularity means making the most out of
resources and not making the most money. However, it does not mean circularity and profit cannot go
hand in hand. To summarise, the adoption of circular agriculture supports a more sustainable way of
life but also comes with a number of multidisciplinary challenges.
De Boer & Van Ittersum (2018) formulated three principles that represent circular food systems, which
are given below. These principles, and other concepts from De Boer & Van Ittersum (2018), can be
used to assess the circularity of biomass use and to determine the highest possible utility of biomass,
while minimising land use and closing local loops.
•

Principle 1: Plant biomass is the basic building block of food and should be used by humans
first.
The main function of agriculture is to produce food for human consumption. Photosynthesis
is the driver of agriculture and the carbon cycle, making plants the basic building block of food
production. Plant biomass can be used for human consumption or be given to animals, which,
subsequently, produce food. However, animals have a food conversion ratio (FCR) higher than
1 which makes human consumption of plant biomass more efficient than consumption of
animals or their products. Therefore, plant biomass should primarily be consumed by humans,
as circularity demands efficient use of resources.

•

Principle 2: By-products from food production, processing and consumption should be recycled
back into the food system.
9

Circular systems make efficient use of their residual streams as they are valuable and can serve
other functions. This results in minimal food waste, efficient use of resources and minimised
land use.
•

Principle 3: Use animals for what they are good at.
Make clever use of the characteristics of certain animals. For instance, animals are able to
convert unwanted or inedible biomass into nutritious food.

When these circular principles are followed, various production strategies should be abandoned. For
instance, non-food crops should not be grown anymore and the land should be used for more circular
purposes, if possible. Furthermore, only crops should be grown that hold a high harvest index and can
be consumed without or with limited processing, as processing requires resources and results in
residual streams. Take ware potato as an example. When you eat ware potato as a whole after cooking
it, the only residual streams you have are potato peels and starchy water used for cooking. When ware
potatoes are processed, not only potato peels and starchy water, but also potato shreds, rejected
products and other residual streams, depending on the potato product, arise (Janssens & Smit, 2016).
This results in more biomass that is not used to its highest utility, so crops that require processing fit
circular systems to a lesser degree. However, one should realise that certain crops that are important
and characteristic of our diet, need to be processed in order for it to be used. For instance, sugar beet
needs to be processed into sugar in order to be used in a variety of foods. Therefore, residual streams
are unavoidable and their utilisation plays an important role in circularity. Furthermore, if circularity is
taken strictly, some traditional crops should be replaced with food crops with a higher Resource Use
Efficiency (RUE). However, it is not the aim of this study to review a complete change of the current
agricultural system, but to offer more circular solutions for the current situation. The abovementioned
example of sugar is also a good illustration of the trade-off related to circularity; strict circular solutions
will limit consumer choice greatly. Circular agriculture demands that people can only eat local crops,
chosen for their suitability to local conditions, seasonal availability and efficiency in terms of circularity.
Furthermore, products that cannot be grown locally, like rice, coffee and cocoa, are not allowed. Such
consumer limitations are not realistic and the social issues regarding consumer choice are not taken
into account in this research.
The concept of circular systems should not be mistaken with the concept of a biobased economy. The
biobased economy aims to use land to produce biomass to function as the building block for energy,
plastic and fuel production (Rijksoverheid, 2021). The aim is to replace petrochemical derived
compounds with biobased alternatives, not limiting biomass to be used for food applications only.
Therefore, the circular concepts conflict directly with the ideals of the biobased economy.
10

1.2 CAN-DO-IT project
To explore the possibilities to make Dutch agriculture more circular and thus making it more
environment friendly and sustainable, the Circular Agriculture in North-Netherlands: Daring scenarios
and interlinked Transformation project (CAN-DO-IT project) was established. The focus lies on the
agricultural system of the Dutch provinces of Drenthe, Friesland and Groningen, also referred to as the
Northern Netherlands (NN). The aim is to analyse current systems and quantify implications of future
circular systems on agricultural, environmental and socio-economic indicators and develop transition
pathways via the small wins concept. The small wins concept regards small circular steps that
accumulate to a system change (De Boer, 2019). This MSc thesis is part of this project and focuses on
the applications of residual biomass and nutrient streams that arise from production and processing
of the major crops of the NN and their potential to increase circularity by improving their utilisation.

1.3 Residual streams
During production, harvest and processing of biomass, residual streams arise. A stream can be
considered residual when it is not intentionally produced, it represents less than 10% of the main
product or it is released during a process other than the production process (Quik et al., 2016).
Depending on the quality and purity of the residual streams, it can serve a whole array of functions.
Soil type, agricultural practices and environmental factors influence the quality and quantity of residual
streams. The Netherlands, being the second biggest exporter of agricultural goods of the world, has
significant residual biomass streams that arise during production and processing. It has been estimated
that the Netherlands produces an annual volume of roughly 43 million tonnes of residual streams (wet
weight), which is worth roughly €3.5 billion. If the use of these residual biomass streams would be
optimised, €1 billion could be gained (Bastein et al., 2013). This means there is potential for valorisation
of residual streams in the Netherlands and that circular measures could support profit.
Since Dutch agricultural systems are highly developed in terms of optimisation, residual streams are
already used for a whole array of purposes. However, these applications were mostly established due
to economic factors. In order to increase circularity, applications for residual streams should be
determined based on circular reasoning, rather than on economic factors alone. Logistic solutions
together with prevention of resource losses are also measures that promote circularity. Examples of
these solutions are the local use of manure and feed, the minimisation of crop losses and the
downscaling of inputs. In order to reach higher levels of circularity in the agriculture of the NN, tight
links between the different sectors should be established. This can be done by choosing crops and
cultivars that not only focus on human needs, but also whose by-products hold higher value for
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connected sectors and have net positive effects on the environment. In this way, more circular
solutions can be found (De Boer & Van Ittersum, 2018).
Improved nutrient management is also important in order to reach higher levels of circularity, as this
limits losses and may limit the required inputs. Proper crop production is highly dependent on
nutrients that serve a vast array of functions in the plant. The nutrients plants need in largest quantities
are nitrogen (N), phosphorous (P), potassium (K), sulphur (S), magnesium (Mg) and calcium (Ca) (White
& Brown, 2010). These nutrients can either be found naturally in the soil or are supplemented via
organic and/or artificial mineral fertilisers to enhance the soil (see appendix 2.1 for more information
regarding organic and artificial fertilisers). Subsequently, nutrients are taken up by crops and especially
extensive agriculture can leave the soil depleted when the nutrients are not compensated. N and P
deficiencies, and to a lesser extent K, are limiting plant growth and are often supplemented to plants
to ensure proper growth (Morgan & Connolly, 2013). Therefore, the focus of this report will be on the
elements N, P and K.
Currently the Netherlands is facing a nutrient crisis due to an imbalance of nutrients that enter and
leave the country. An enormous amount of feed and artificial fertiliser is imported to sustain the Dutch
agricultural system. On the other side, the Netherlands is a big exporter of agricultural products,
meaning there is a huge efflux of nutrients and biomass out of the system. Although both streams are
large, import of nutrients by far exceeds export of nutrients resulting in accumulation in the system
and losses to the environment. However, when the exported goods only hold C, H and O, export can
continue as N, P and K loops can still be closed locally. More information about nutrient losses out of
the agricultural system of the NN can be found in appendix 2.2. Currently, losses of nutrients are
compensated with the influx of nutrients from import. However, as the project strives to reach
circularity, minimal influx and efflux from and to the system should exist (De Boer & Van Ittersum,
2018). One could argue that circularity could also be obtained by matching the import of biomass and
nutrient streams with the same level of export of biomass and nutrient streams, but this assumes an
open system contrasting with concepts that aims to close loops locally (De Boer, 2019).

1.4 Order of circular biomass utilisation
In the vision paper ‘circularity in agricultural production’ of De Boer & Van Ittersum (2018), an order
of circular biomass utilisation has been formed. Biomass production is primarily used for human food
consumption. If residual streams arise, they should be cycled back into the food system. If residual
streams arise that are unwanted or inedible for human consumption, the following order should be
followed to increase circularity (De Boer & Van Ittersum, 2018).
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1. Application in the field for the improvement or preservation of soil quality, ranging from soil
fertility to soil cover and the avoidance of erosion.
Soil quality determines biomass quality and quantity, so sustaining proper soil fertility and
structure is crucial. Soil quality improvement is ranking higher in terms of circularity than feed
applications, as primary food production is more efficient than secondary food production.
Preferably, residual streams should be used that are produced locally to reduce transportation
emissions and costs. Furthermore, residual streams are preferred that cannot function in other
high ranking residual biomass utilisations, like manure.

For this application, the Soil Organic Matter (SOM) content is an important indicator to take
into account. SOM consists of plant and animal remnants (including manure) in various stages
of decomposition and the microorganisms that come along with it (Oades, 1988). Enhanced
SOM improves soil structure, soil water and nutrient capacity, thus improving yield (Oldfield
et al., 2018) and is therefore seen as the main indicator of soil fertility. However, increased
SOM comes with a trade-off of increased pressure of diseases, pests and weeds (Hijbeek,
2017). Therefore, a determination must be made which and how much biomass is left on the
field to acquire the positive effects of SOM and prevent the negative effects. From 1984-2004,
the SOM of agricultural soils of the Netherlands slightly increased (Reijneveld, 2013). When
there are enough nutrients and SOM in soil, the biomass can better serve another function. As
SOM content is a balance between input and output, one should take into account that annual
input is needed to maintain proper SOM, as decomposition of SOM occurs. Therefore,
monitoring of SOM plays in important in role in the decision the utilisation of biomass. Hijbeek
(2017), showed that with sufficient use of mineral fertiliser, similar yield can be obtained as
with combined use of mineral fertiliser and organic matter input (organic fertiliser). The
problem with mineral fertiliser is that it is mostly produced using large quantities of fossil fuel
(Cordell et al., 2009). Only in specific conditions, an increased SOM showed to result in higher
yielding crops when compared to crops with mineral fertiliser and similar quantities of
nutrients applied. Some of these conditions are applicable in the three Northern provinces of
the Netherlands. Under wet conditions, yield of specialised crops, like sugar beet and potato,
are positively affected by increased SOM. Additionally, increased SOM holds environmental
benefits, like increased soil biodiversity and carbon sequestration. Therefore, proper SOM
content is important. However, there is currently no immediate threat of deficiency of SOM
(Hijbeek, 2017; Reijneveld, 2013).
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The use of animal manure should not be forgotten, as this is a valuable by-product of animal
production. Animal manure can also be used to enrich the soil and there is a surplus of it in the
Netherlands due to the extensive bioindustry (Rijksoverheid, 2015), making it a cheap or free
organic fertiliser (Hijbeek, 2017). However, the nutrient content and nutrient release pattern
of manure is not always optimal for the crop cycle, making other fertilisers sometimes more
preferred (Darby et al., 2006). Soil quality management is the highest possible utilisation of
animal manure, as it cannot be used for food. This residual biomass utilisation is further
referred to in this report as soil quality management.

2. Feeding to livestock or insects to produce food from animal sources
Current intensive livestock systems contribute heavily to climate change due to high methane
emissions from ruminants, inefficient use of feed, water pollution, water waste and extensive
land required for feed production which does not fit circular systems (Dopelt et al., 2019).
However, this does not mean there is no place for animals in a circular system, but their role
should be altered. Instead of feeding the animals feed that could also serve as food for human
consumption, they should be fed with biomass or waste products from food production that
humans cannot or will not eat. Furthermore, marginal lands that cannot support crop
production can be used as grass or pasture lands for ruminants to graze on. In this way, these
inedible or unwanted biomass streams can be converted into nutritious animal based
products. It has been calculated that when animals are only fed these inedible or unwanted
biomass streams, up to 23 grams of animal protein can be part of the daily European diet (Van
Zanten et al., 2019). However, this still calls for a reduction of animal based protein as the
current average European diet contains roughly 51 grams of animal protein per day (Van
Zanten et al., 2019). One should take into account that not every residual stream can be used
as feed because it can pose risks for public and animal health. Mad cow disease is a renowned
example of how this can have detrimental effects (Cheli et al., 2013).

When livestock is exclusively fed with biomass unsuited for direct human consumption, an
imbalance arises between feed supply and current livestock numbers. This means a reduction
of livestock is needed if we exclusively want to feed livestock waste products. Furthermore, a
feed shift can demand an altered livestock composition as the novel feed composition may be
more suitable for other types of animals. When the biomass cannot be consumed by
traditional livestock, insects may offer a solution. Insects have a lower FCR as their entire body
is consumed and they are poikilotherm, also referred to as cold-blooded (Alexander et al.,
2017). For instance, Black Soldier Fly Larvae (BSFL) are capable of consuming nearly all types
14

of biomass and converting it efficiently into valuable fats and protein (Mintah et al., 2020). The
FCR of BSFL is considerably lower than the FCR of conventional livestock, making it the more
circular option (Oonincx et al., 2015). BSFL can then serve in feed, food and industrial
applications, depending on legislation and public opinions that apply (International Platform
of Insects for Food and Feed, 2018). This residual biomass utilisation is further referred to in
this report as feed applications.

3. Production of bioenergy, nutrient fertilisers or renewable biomaterials to mitigate greenhouse
gas emissions
Digestion or fermentation is the process of microorganism breaking down complex organic
molecules into simpler molecules such as alcohol, CO2 and methane, under anaerobe
conditions. In this way, biomass can be turned into biogas and digestate. Biogas can serve as
source of energy and the watery digestate can serve as fertiliser source. Co-digestion is when
manure (at least 50%) is digested together with another organic material, contrasting with
mono-digestion with one organic material (Tijmensen et al., 2002). Furthermore, residual
streams can be used to replace petrochemically based products with biobased products to
mitigate GHG emissions. This residual biomass utilisation is further referred to in this report as
technical applications.

4. Incorporation in the soil to sequester carbon and mitigate GHG’s
Carbon (C) can be temporarily stored in the soil when not exposed to breakdown processes.
Depending on the mean residence time of C in soil, soils can contribute to CO2 sequestration.
However, the success rate depends on the climate, but may be a component in the battle
against climate change. This residual biomass utilisation is further referred to in this report as
soil sequestration.
It is essential to keep in mind that every residual stream has a function and if its function is altered, a
gap will arise that needs to be filled. For instance, sugar beet leaves are currently left on the field as
organic fertiliser. When the sugar beet leaves are used for feed or food purposes, this means other
fertilisers need to be used to enrich the soil. Even though the novel use of the sugar beet leaves
increases circularity, it could be that the use of other fertilisers nullifies this positive effect or could
even decrease circularity. Therefore, circular measures should be thoroughly assessed whether they
fit safety, circular and sustainability criteria, otherwise it could do more harm than good (Quik et al.,
2016).
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1.5 Major crops of the NN
The crops that are produced the most in terms of total tonnages in the NN are ware potato, starch
potato, sugar beet and silage maize (CBS, 2021). Silage maize will not be assessed here as it leaves little
residual streams to focus on. More importantly, silage maize is used exclusively for feed applications
which is not in line with the circularity principles, so improving circularity calls for the use of another
crop. Sugar beet and potato fit circularity better as they are produced for human consumption and
their target molecules (sucrose and starch, respectively) are exclusively comprised out of C, H and O.
This together with their low protein content means relatively low nutrient inputs are needed for
production (Neeteson, 1989) compared to protein crops (Roy et al., 2006).
From now on, ware potato, starch potato and sugar beets are referred to as the major crops of the
NN. In table 1 an oversight is provided with data of the major crops of the NN. To compensate for
fluctuations in crop production due to environmental factors, available data from the past 10 years is
averaged (2010-2019) (CBS, 2021). Below table 1, the major crops of the NN are shortly introduced
and some background is given on how residual streams arise during harvest and processing.
Table 1: An oversight of the major crops of the NN with their total acreage, total yield, yield per hectare, percentage that is
processed and processed total. To compensate for fluctuations on crop production due to environmental factors, available
data from the past 10 years is averaged (2010-2019).
1: (CBS, 2021), 2: (LEPP, 2020)

Crop

Hectares

Total harvested in

Yield per hectare in

Percentage Total processed in

in the NN

the NN (in tonnes) the NN (in tonnes)

processed

the NN (in tonnes)

Ware potato

6 653.401

308 442.501

46.36

76.952

237 344.65

Starch potato

38 994.501

1 600 335.501

41.04

100.00

1 600 335.50

Sugar beet

24 862.601

1 902 743.901

76.53

100.00

1 902 743.90

1.5.1 Potato
Potato is such a popular and versatile crop that it has been bred into cultivars that differ from each
other in terms of residual streams and utility. For instance, ware potato has been bred to comply with
consumer preferences and starch potato has been bred for increased starch content. First, potato in
general is discussed and then the cultivar groups of ware potato and starch potato are discussed.
Potato originates from the Andes, but has been grown in the Netherlands for centuries. The
Netherlands is located in the potato belt; the region on the world with favourable conditions for potato
production. Due to climate change, the potato belt may shift more to the north and other regions
should be assigned for potato production. Drought is an increasing problem in the production of
potato, which is quite sensitive to water stress. Furthermore, the production is hard to predict in the
16

Netherlands since precipitation could deviate a lot. This makes the adaptation of potato processing to
forecasted production difficult (LEPP, 2020).
Depending on the cultivar, potato is planted from March till May and harvested from June till October.
Potato is grown on ridges and tubers that fall out of the ridges cannot be harvested. The haulm can be
a disturbance during the harvest so it is chemically killed three to four weeks prior to harvest. The
remaining haulm is removed with the use of a haulm chopper before the tubers are harvested. After
harvest ware potatoes are temporarily stored at the farm (LEPP, 2020). Quality control of harvested
potatoes happens at the farm and at the processing facility, resulting in potatoes that do not meet
quality standards. These potatoes are referred to as cull potato (Olsen et al., 1987). Potatoes are either
accepted or rejected on a batch basis, meaning batches are rejected when they exceed a certain
threshold of predetermined quality standards (Aviko, 2017). Tare includes mostly inorganic residues
like soil and stones that stick to the potatoes and is unwanted. Prior to processing, tare is removed by
washing. Currently, most potato processors clean their potatoes at the processing facility with water.
This results in wash water contaminated with tare. During the processing of potatoes, process water
arises which is contaminated with starch. Contaminated wash and process water is purified and the
water is reused (LEPP, 2020; Rus, 2020). The following processing steps differ for ware and starch
potatoes.

1.5.2 Ware potato
Ware potato is produced for human consumption and is processed into potato products or eaten as a
whole. After harvest ware potatoes are temporarily stored at the farm and are either send to a
distribution centre when they are consumed as whole, or delivered to the potato processing industry
to be processed. At the processing facility, the ware potatoes are sorted on size and evaluated for
quality (OPNV, 2012), and are washed to remove tare. Depending on the potato product that ware
potato is going to be processed in to, varying residual streams arise. The majority of the ware potatoes
is destined to be processed into French fries (LEPP, 2020). Therefore, the focus is on the residual
streams of French fries production. Data from a leading European potato processor (LEPP) concludes
that 24.15% of the potato ends up being a residual stream during processing (LEPP, 2020).
Correspondence with a leading European potato processor revealed that 76.95% of ware potatoes are
processed (LEPP, 2020). Elbersen (2011) suggests the percentage of ware potato that is processed to
be higher, namely 89.09%. The data from a leading European potato processor is used for further
calculations as this is based on their own data. 5.48% of produced ware potato is directly consumed in
the Netherlands. The remaining 17.57% of ware potato produced in the NN is exported. Furthermore,
approximately 77.14% of the ware potatoes available for processing are produced in the Netherlands
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and the remainder is imported, mainly from Germany (LEPP, 2020). All abovementioned percentages
are averages values from the 2011 – 2019 period.
In appendix 1.1, a simplified overview is given for the processing of ware potato. The overview shows
what happens in the processing facility and what streams arise during processing

1.5.3 Starch potato
Starch potatoes are potatoes bred especially for starch production, meaning they have a relatively high
starch content and are not consumed directly. Starch is an important carbohydrate biopolymer that is
comprised out of glucose units. It serves as energy reserves for a lot of plants. Starch is a valuable
product as it can be used for food, feed and technical applications. The harvesting and processing of
starch potato occurs during a limited period referred to as the starch potato campaign. The starch
potato campaign runs from medio August till the beginning of May (Rus, 2020).
After harvest, the starch potatoes are temporarily stored on the farm and are subsequently
transported to the processing facility where they are washed. After washing, they are ground entirely
into a potato mush, which breaks their cells and increases starch grain availability (OPNV, 2012). The
potato mush is comprised out of a mixture of starch granules, broken cell walls and the remaining cell
content, also referred to as potato fruit juice (Grommers & Van Der Krogt, 2009). The potato mush is
diluted and via multiple separation techniques including sieves, hydro cyclones, decanters and filters,
the potato starch is extracted and the remaining potato mush is separated into individual components.
Not all starch can be extracted, so a total starch loss of 2-3% can be expected (Grommers & Van Der
Krogt, 2009). The starch needs to be as pure as possible, so fibres and contaminations are thoroughly
removed. After purification, no N and P remains in the starch. The starch is dried using vacuum filters
till a moisture content of 35% and is later further dried using warmth to a moisture content of 20%.
Starch is then the feedstock for the production of a whole array of starch derivatives ranging from glue
to vegan cheese, or is directly sold as native starch. Starch derivatives are often produced using heat
or chemicals (Rus, 2020). As starch is the compound of interest of starch potato, it is not considered as
a residual stream. However, starch is no compound of interest of ware potato, so starch from the
processing of ware potato is considered residual. Elbersen (2011) used data from Avebe and described
starch yield to be 240 kg per tonne of starch potato.
The potato mush that remains after starch extraction is pressed into pressed potato fibres with a dry
matter (DM) content of 40% and potato fruit juice (free of solids). The potato fruit juice contains mostly
water holding soluble proteins, amino acids, salts and sugars (Grommers & Van Der Krogt, 2009).
According to Grommers & Van Der Krogt (2009), 80.9% of fresh starch potato ends up as potato fruit
juice. Potato fruit juice is rich in protein, which is extracted from the potato fruit juice and sold as feed
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grade potato protein (referred to as Protamyl PF by Avebe). The yield of the protein extraction is
roughly 14 kg per tonne starch potato (Elbersen et al., 2011). What remains after protein extraction is
so-called deproteinised potato fruit juice. In terms of nutrients, deproteinised potato fruit juice
contains 9 g/L free N, 0.1 g/L nitrate, 0.3 g/L P and 4 g/L K (Huurman & Van der Weide, 2015).
Deproteinised potato fruit juice still holds some sugars and salts, but in such low concentration that
isolation of these components is not interesting. Therefore, it is thickened via evaporation, which
results in protamylasse and evaporated water. The evaporated water is reused as process water, which
saves energy, water and CO2 emissions and led to Avebe (the major starch potato processor of the
Netherlands) winning the Water Innovator of the year 2021 Award. Processing of 2.2 million tonnes of
starch potato results in 85 000 tonnes of protamylasse per year, resulting in 38.64 kg of protamylasse
per tonne starch potato (Rus, 2020).
In appendix 1.2, a simplified overview is given for the processing of starch potato. The overview shows
what happens in the processing facility and what streams arise during processing.

1.5.4 Sugar beet
Sugar beet is sown in March/April and its harvest starts late September. Since sugar beets cannot be
stored for long, all sugar beets are harvested and processed during a period of 4 months (from
September till January) called the sugar beet campaign. During the campaign, processing of more than
7 million tonnes of sugar beets calls for a 24/7 operation.
Sugar beets are temporarily stored at the farm and are washed at the processing facility. During the
washing of the beets, beet tails, which are the thin parts on the bottom of the beets, come loose from
the beets. The compound of interest of sugar beets is sucrose, which accounts for roughly 17% of the
sugar beet, depending on growing conditions. The sugar beets are cut and pressed which results in
pressed beet fibres and sugar beet juice remain. Pressed beet fibres are the solids that remain after
the cutting and pressing of the sugar beets. Per tonne of sugar beet, 190 kg of pressed beet fibres arise.
The sugar beet juice is purified which results in Betacal. Betacal is the fine precipitate of carbonic lime
with some organic matter that results from the purification of the beet juice (Elbersen et al., 2011).
Per tonne of sugar beets, 24 kg of Betacal arises (Chouinard, 2021). Sugar extraction is done via
evaporation, crystallisation and separation by centrifugation. The viscous substances that remains is
called molasses. Per tonne of sugar beet, 35 kg of molasses is produced (Elbersen et al., 2011).
Because the beets are cut and pressed, abnormalities in beets shape are not relevant and close to zero
beets are rejected. However, the farmers are granted an allowance depending on the sugar
concentration of the produced beets (Sikken, 2020). The produced sugar is mostly utilised in food
applications, a smaller fraction is used for industrial applications and minor fraction is sold as sugar in
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crystal form (Sikken, 2020). Harmsen et al. (2014) estimated crystal sugar production to be 140 kg per
tonne of raw sugar beet.
In appendix 1.3, a simplified overview is given for the processing of sugar beet. The overview shows
what happens in the processing facility and what streams arise during processing.

1.6 Multidisciplinary approach
As the MSc Biobased Sciences is an interdisciplinary study, it requires students to do 20% of their MSc
Thesis at another chair group or discipline. It was decided to do 80% of the MSc thesis at the chair
group Plant Production Systems (PPS) and the other 20% at the business unit Bioscience of the chair
group Plant Physiology (PPH). The business unit Bioscience is devoted to innovative solutions to serve
food security. The business unit attempts to pursue this by novel production systems, improving plants
in terms of functionality and improving industrial processes (WUR, 2012a). This cooperation will lead
to a section of this MSc Thesis that is devoted to novel and more circular residual biomass utilisations
(see section 3.3).
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1.7 Objective and research questions
The objective of this MSc thesis is to assess whether the waste and nutrient streams of potato and
sugar beet that arise during production and processing can be used in a more circular fashion. To reach
that objective, an evaluation of the size of the residual streams, nutrient content and their current
residual biomass utilisations is needed. Furthermore, alternative residual biomass utilisations that
increase and promote circularity of the system should be explored. Moreover, the circularity of
residual biomass utilisations should be quantified so circular measures can be compared and the most
circular measure can be selected. This plan of action is formulated into the research questions given
below.
Main question:
Are the residual biomass and nutrient streams that arise during production and processing of the
major crops of the NN used to their highest possible utility according to the principles of circularity?
Sub questions:
1. How to quantify circularity of biomass utilisation of processing industries?
2. What and how much residual and nutrient streams arise from the production and processing
of potato and sugar beet?
3. How are these residual and nutrient streams currently used or recycled back into the system?
4. How can the current uses of the residual and nutrient streams be improved in terms of
circularity?

1.8 Hypothesis
I hypothesise that a majority the nutrient and residual streams that arise during production and
processing of the major crops of the NN are not used to their highest possible utility according to the
principles of circularity.
As the current production systems are highly optimised, it is expected that there will not be a lot of
improvements that can be made in terms of financial valorisation. However, there are still some
streams, like sugar beet leaves and tare, that are currently not used and thus can be valorised.
Furthermore, there are also residual streams that can be utilised better in terms of circularity, as their
current function was based on economic factors.
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2 Material and Methods
2.1 Data gathering
To reach the objective of this MSc thesis, mainly literature research was done. To fill in the information
gaps, interviews with the major processors were conducted. The interviews resulted in practical
information that was otherwise unknown. Often, different sources regarding the same subject gave
different values. In these cases, either the most reliable sources or averages are taken. Data received
from processors is considered to be most reliable, as it is based on their own data. With use of gathered
information from the above mentioned sources, the residual biomass and nutrient streams that arise
during production and processing were assessed and, if possible, more circular applications were
considered.

2.2 Processors of the major crops of the NN
All major crops of the NN, except for a fraction of ware potato, need processing in order to be used or
consumed. In order to investigate what the processing steps are, what kind of residual streams arise
and how big these streams are, interviews with employees of major processors have been taken. The
processors of the major crops are discussed below.

2.2.1 Leading European potato processor (LEPP)
For ware potato, a leading European potato processor (LEPP) was contacted and an interview was
arranged with the manager of internalisation and projects. The company is focused on the processing
of ware potato in a whole array of potato products. Their main products are French fries and they are
a leading potato processor, both European and globally. The LEPP processes annually 1.9 million
tonnes of ware potato and aims to run their factories 24/7.
The LEPP’s product of focus are potato products destined for human consumption and their residual
streams are mostly used for feed applications. The aim of LEPP is to use as much of the potato for
human consumption, as food holds the highest value. This means, residual streams that arise after
primary processing should first be used for human consumption, if possible. The utilisation of residual
streams in petfood generates relatively high value and is therefore preferred as second option by the
LEPP. However, the market for petfood is not big enough to utilise all residual streams from ware
potato processing. These remaining streams should be used for feed and otherwise be fermented. This
is in line with the order of circular biomass utilisation stated in 2.1, except for the use of residual
streams in petfood. Residual streams used for feed do not generate a lot of money, but gives some
profit and allows the costs of production to be compensated. Fermentation is not preferred by LEPP
as this costs them money (between 16 and 18 euros per tonne), since LEPP does not have their own
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fermenter. This is the reason why most of their residual streams end up in feed and not in
fermentation. However, sometimes there is no option other than fermentation. This is the case when
dry matter content is too low or the residual stream is contaminated with animal derived products
(LEPP, 2020).
Most of the residual streams that arise during processing are further handled to the affiliated company
Duynie. The organisational costs of Duynie and transport costs of residual streams are higher than the
profit that can be generated from the residual streams, so the LEPP has to pay for the processing of
the residual streams. Duynie processes the residual streams further into feed. Recently, Duynie started
a consultancy bureau to research whether residual streams are used to their highest potential utility.
Further, Novidon is an associated company of Duynie and they focus on starch production from
residual streams. Currently, GMB Zutphen processes the wash and process water of the LEPP. In the
future, Agribiosource Nijmegen will also do this. The LEPP takes care of their tare themselves and
deposits it (LEPP, 2020).

The LEPP is interested in circularity, but also has its doubts regarding the concept as part of their
business is not circular and may conflict with shareholder interests. The Dutch agricultural sector is
very production oriented, prioritising production over resource use efficiency. Further, a big part of
the potato products LEPP produces is destined for export (mostly to the EU and UK), which does not
fit circularity. To reduce displacements of nutrients across the world, LEPP is going to open a potato
processing facility in China to process more locally, which fits circularity better. The processing facilities
of LEPP in the Netherlands are located relatively close to areas with high ware potato production
(radius of 200 km). The reason for this is that ware potato is a relatively heavy resource, which makes
transportation costly. Furthermore, the quality of ware potatoes is also negatively affected by longer
transportation. LEPP is increasingly interested in novel cultivars that require less inputs and with
increased tolerance to climate change related stresses, like droughts and increased salinity. With the
use of these cultivars higher levels of circularity can be achieved (LEPP, 2020).

2.2.2 Avebe
For starch potato, Avebe was contacted and an interview with Willem Rus was arranged. Willem Rus
is program manager production optimisation. Avebe is involved in the processing of starch potato into
food and non-food products. Annually, Avebe processes 2.2 million tonnes of starch potato in the
Netherlands, of which 10% to 15% is produced in Germany (Rus, 2020; Elbersen, 2011). Further, Avebe
processes 450 000 tonnes of starch potato in Germany. Avebe aims to minimise transport of resources
because of a financial and environmental point of view. Therefore their Dutch processing facilities are
located in the Dutch Veenkoloniën, where 70% of the produced starch potato are within 30 km of the
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processing facility. The Dutch Veenkoloniën are characterised by their peat soils which causes
discolouration of potato tubers. Therefore, ware potato production in the Veenkoloniën is undesirable
but this forms no problem for starch potato production. Discolouration is no problem in starch
potatoes since they are ground during processing, so appearance is not relevant. Furthermore,
production also takes place in Germany and on sandy soils in Friesland and Gelderland (Rus, 2020).
Avebe acquires their starch potato via their cooperative in which more than 2225 members participate.
This cooperative ensures Avebe receives their starch potato and the members are supported not only
financially, but also with knowledge on how to increase efficiency and sustainability (Avebe, 2019).
Avebe considers their knowledge and awareness of what is happening on the potato fields to be their
biggest strength. Avebe has its own breeding company named Averis that focuses on breeding cultivars
that are resistant against diseases (Phytopthera, potato blight, aphids and potato wart) but also on
breeding cultivars with improved nutrient efficiency. By breeding for improved resistance against
diseases, less activities on the field are required, which reduces CO2 emissions and pesticide use. These
breeding efforts improve the circularity of production. No breeding efforts are made to reduce tare
formation as the profits that can be obtained are too marginal (Rus, 2020).
Roughly 65% of the starch produced by Avebe is used for food applications, and the remainder for nonfood applications. Most of their starch products are exported, of which roughly 45% remains in the EU.
Pressed potato fibres mostly remain in the Netherlands to sustain the high feed demand and feed
grade potato protein stays within the EU (Rus, 2020).

2.2.3 Cosun Beet Company
For sugar beet, Cosun Beet Company was contacted and an interview with Gert Sikken was arranged.
Gert Sikken was at the time the chief agricultural officer at Cosun Beet company. The aim of Cosun
Beet company is not to be the biggest sugar producer, but rather to be innovative, sustainable and
successful. Annually, Cosun Beet Company processes roughly 7 million kg of beets (Sikken, 2020).
Cosun Beet Company is interested in sustainability and aims to be completely circular by 2030. Cosun
Beet Company is already the biggest biogas producer of the Netherlands and is working on a lot of
projects to be more sustainable, like the optimisation of processes and the construction of solar fields
(Royal Cosun, 2019). Cosun Beet company has its own fermenter, which makes fermenting a more
profitable and attractive option than having to outsource it. Their fermenter can ferment
approximately 100 000 kg at a time (Sikken, 2020).
Cosun Beet company receives their sugar beets from their members, which consist of roughly 9000
Dutch farmers that farm approximately 80 000 hectares. Together with their members, Cosun Beet
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company aims to optimise sugar beet production and reduce negative environmental effects. They aim
to achieve this by ensuring high seed quality, improving yield per hectare, precision fertilisation,
minimal pesticide use, minimal presence of tare and optimal transport and logistics (Sikken, 2020).

2.3 Residual streams and their current utilisation
In the following sections, the major crops of the NN are discussed and their residual streams are
assessed in terms of size and their current usage.

2.3.1 Residual streams common the major crops
Some residual streams are common for all the major crops of the NN. However, this does not mean
they cannot differ in properties. For instance, wash and process water from sugar beet and potato
differ in nutrient content (Regelink & Ehlert, 2017; Vermeulen et al., 2013). The residual streams
common for the major crops are tare and wash and process water and are discussed below.
Tare
One residual stream is common for all of the three major crops, namely tare. Tare is unwanted and
includes mostly inorganic residues like soil and stones that stick to the potatoes and sugar beets. Prior
to processing, the tare is removed by washing. Currently, most processors clean their potatoes and
beets at the processing facility with water. The by tare contaminated wash water is thickened via
cyclon separation and sedimentation decanthers (LEPP, 2020) to a dry matter content of 5-6% and are
put in basins. In the basins, the tare settles to form a water layer and a tare layer. The tare layer is then
sundried to a dry mater content of roughly 65% (Rus, 2020; Sikken, 2020). Tare is mostly inorganic but
some small potatoes and other organic material may be present and these components, if possible,
are fermented (Janssens & Smit, 2016). However, often the organic matter in the tare is present in
such small quantities it is not relevant or not economically feasible to focus on. Rocks present in the
tare can be separated, ground and be used in construction (Rus, 2020).
Tare originates from the top layer of the soil and holds low levels of heavy metals and pesticides, but
quite some nutrients. Therefore, it is often put back to the field. According to the Nederlandse Voedselen Warenautoriteit guidelines, tare needs to be sterilised if it originates from a disease infected field
and is reused in agriculture. In this way, diseases can be prevented for the next crop cycle. Sterilisation
can be done via multiple techniques, but inundation and biological soil sanitation with organic material
seems to be most practical. This is often done on a designated part of the field (Runia & Molendijk,
2013). When tare from a processing facility is approved 10 times according to the guidelines,
deposition of tare from the same source is allowed without screening (LEPP, 2020). However,
phytosanisation is rather expensive, so alternative uses are preferred. Contaminated tare can be
deposited on agricultural land not intended for potato or sugar beet production or used to construct
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or strengthen dikes (Rus, 2020). If no alternative function of tare can be found, tare can be deposited
back to the field it originated from, but never to other fields to prevent diseases from spreading.
As quite a proportion of the transported goods is tare, transportation costs could be reduced if tare
formation was reduced. The amount of tare that sticks to the potatoes and sugar beets varies and is
depended on the harvest method, cultivar, soil type and humidity (Sikken, 2020). Correspondence with
ware and starch potato processors showed that it could be between 3% and for 10% (LEPP, 2020; Rus,
2020). The average of this, 6.5%, is taken for further calculations, which is similar to the tare levels of
7% Janssens & Smit (2016) estimated. Roughly 8% of the harvested weight in sugar beet is tare (Sikken,
2020). Elbersen (2011) also contacted Cosun Beet Company and described tare formation to be 7%. As
the percentage obtained during this research is more recent, 8% of tare formation is used for further
calculations. Currently, tare is predominantly used for dikes and arable land. When tare is used for
elevation of agricultural land, the utilisation is circular as nutrient are put back to the field to support
next crop cycle. In contrast, when tare is used for dikes, nutrients are not reused and are lost from the
food production cycle (Janssens & Smit, 2016).
As no nutrient data was available for tare and tare originates from agricultural is soil, Eurofins Agro
was contacted. They supplied averaged data of total-N, P-AI and K-Soil stock of agricultural soil of the
NN from 2020 (Eurofins Agro, 2021).
Wash and process water or sludge
During the processing of potato, significant volumes of water are used. Wash water is used to remove
the tare from the potato and for transportation in the factory (Rus, 2020). This wash water is constantly
purified via cyclon separation and sedimentation decanthers and this water is reused (LEPP, 2020).
What remains after the purification of the wash water is tare.
Process water is used for all the processes that happen in the factory, like blanching, rinsing and
cooking of the potatoes. Process water gets contaminated with starch in various ways during
processing. Starch is a valuable resource and is extracted. After that the process water can be reused.
As wash water is merely used for washing and transport, and process water is associated with
processing of potato, process water needs to meet higher quality standards than wash water (Rus,
2020).
After a while the wash and process water is too contaminated and needs to be replaced. It then goes
to the waste water treatment plant (WWTP) where the water is purified and is released back into the
water cycle. The purification of the water often happens in two steps. Primary purification filters bigger
particles out of the water, resulting in primary sludge and less contaminated water. This water is then
further purified via secondary purification; biological and aerobic purification by microorganisms based
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on metabolic conversion of organic material. After secondary purification, the water can be released
to surface waters and secondary sludge remains (Rus, 2020). Primary sludge holds higher value than
secondary sludge as it contains some starch and rejected starch derivatives (Elbersen et al., 2011).
Secondary sludge is worth less than primary sludge as it contains more dirt. Most of the N and P of
wash and process water ends up in the secondary sludge (Rus. 2020). For every tonne of processed
ware potatoes, 2.4 kg of primary and secondary sludge (27% dry matter content) arises (Janssens &
Smit, 2016; Regelink & Ehlert, 2017). The amount of sludge that is produced per tonne of ware potato
is extrapolated to starch potato. As the Dutch government does not make a distinction between
sewage sludge from human origins and other sludge, it is all called communal sludge and is considered
waste. Due to current health legislation, human excrement cannot be used for soil quality
management as it could cause faecal-oral diseases. Therefore, communal sludge is not allowed to be
directly applied to the land, but efforts are made to make a distinction between different types of
sludge. This change could allow application of plant based sludge on agricultural fields (LEPP, 2020),
but for now, fermentation is required prior to soil quality management. After fermentation and biogas
production, digested sludge is not classified as waste anymore but becomes digestate. Biogas can be
used for energy production and the nutrient rich digestate can function in construction and as a soil
enricher. However, the application of digestate depends on heavy metal content (Rus, 2020). Still,
there will be nutrients in the purified water and losses of nutrients will take place. In order to prevent
eutrophication of surface waters, N is converted into nitrogen gas (N2) and is released into the
atmosphere. This process is referred to as de-ammonification and the N is forced into its natural cycle.
The drawback of de-ammonification is that also nitrous oxide (N2O) is emitted, which is a potent GHG
(Van der Hoek et al., 2018).
To calculate the nutrient streams of sludge from the potato processing industry, the P and K data from
the WWTP Olburgen were used (Regelink & Ehlert, 2017). However, N data was lacking for WWTP
Olburgen, so the average N data from WWTP’s of the Netherlands was used (Regelink & Ehlert, 2017).
WWTP Olburgen treats the wash and process water from Aviko, so the nutrient values are considered
representative for the ware and consumption potato processing industry (Waterstromen B.V., 2017)
Sugar beet contains 75% water and a big part of this is ends up being a residual stream as the beets
are pressed to increase sugar availability. This means Cosun beet company produces water, which they
recycle to minimise water use. Some of the water ends up in the other residual streams, but 60% of
total weight ends up being process water. This means that per tonne of sugar beet, 600 kg water is
produced (Chouinard, 2021). The process water is N rich (Sikken, 2020) and contaminated with easily
fermentable sugars. The process water is anaerobically fermented on site to produce biogas and
digestate (Elbersen, 2011; Chouinard, 2021). Negligible quantities of sludge is produced (Chouinard,
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2021), therefore this stream from sugar beet is not referred to as sludge but as wash and process
water. After fermentation, the water can be reused or be discharged to surface waters (Smit &
Janssens, 2016). The water still holds N, which is lost to the environment when it is discharged.

2.3.2 Potato
Potato is such a popular and versatile crop that it has been bred into cultivars that differ from each
other in terms of residual streams and utility. However, some of the residual streams are similar for
both ware and starch potato. First these universal residual streams are discussed chronologically, then
the residual streams specific for the cultivar groups ware and starch potato are discussed.
Potato haulm
All above ground green parts of the potato plant is considered the haulm. The haulm can affect the
harvesting process so it is chemically killed three to four weeks prior to harvest. Additionally, the killing
of the haulm ensures that tubers will not be infected with viral diseases (Janssens & Smit, 2016) and it
stimulates hardening of the potato peel which improves transportability of the tubers. The remaining
diseased haulm is removed with use of a haulm chopper before the tubers are harvested. Currently,
machines exist that chop the haulm and harvest potato simultaneously (LEPP, 2020; Tijmensen et al.,
2002). Zwart et al. (2004), estimated that 5.6 tonnes of haulm (40% DM) per hectare of ware potato is
produced. Janssens & Smit (2016) described that ware and starch potato produce the same quantity
of potato haulm per hectare, so the data from ware potato is extrapolated to starch potato.
Currently, potato haulm is left on the field where it enriches the soil. Collection of potato haulm is
technically possible, but is not economically feasible (Tijmensen et al., 2002). The haulm has low
nutritional value as most of the nutrients will be translocated to the potato prior to harvest. The haulm
is poisonous due to natural occurring high levels of the alkaloid solanin, making it unsuitable for feed
applications (LEPP, 2020; Janssens & Smit, 2016).
Harvest residue
Harvest residues are the residual biomass that remain after harvest minus the haulm and cull potatoes,
as these are separately assessed. Harvest residues regard potato tubers that are hard to harvest
because they grew out of the ridge or grew on hard to reach places of the field, like the corners.
Furthermore, other organic material that remains on the field, like roots, will end up in this residual
stream. When potatoes are harvested, the smaller soil clods are separated from the potato by sieving.
Small potatoes that are also sieved through end up becoming harvest residues as well. Harvest residue
is currently used to enrich the soil in terms of nutrients and organic matter (LEPP, 2020). Zwart et al.
(2004) estimated harvest residues at 1667 kg FM per hectare of ware potato, which is extrapolated to
starch potato as well since they are grown and harvested in a similar fashion.
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Cull potato
Cull potato are tubers that are blue, rotten, too small, have a low baking quality, have a too low
underwater weight/dry matter content or do not meet additional quality requirements. Cull potatoes
are then rejected and are used for feed applications or fermentation (Janssens & Smit, 2016). As
fermentation often costs money, using the residual stream for feed is preferred (LEPP, 2020). Zwart et
al. (2004), estimated that 2775 kg FM of cull potato is produced per hectare of ware potato, which is
extrapolated to starch potato as well. Quality control of harvested potatoes happens at the farm and
at the processing facility. Potatoes are either accepted or rejected on a batch basis, meaning batches
are rejected when they exceed a certain threshold of predetermined quality standards (Aviko, 2017).
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2.3.3 Ware potato
The specific residual streams that arise during processing of ware potatoes are given in this section. In figure 1, a flow chart is given that shows the current
utilisation of the residual streams of ware potato. In table 5, the size and nutrient content of the residual streams of ware potato are given. Most of the
residual streams that arise in the processing facility are destined to be used in feed, as fermentation is too expensive (LEPP, 2020)

Figure 1: Flow chart depicting the current utilisation of the residual streams of ware potato in the agricultural system of the NN
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Potato peels
Depending on the potato product, ware potatoes are either treated with steam and subsequently
peeled or brushed (e.g. French fries) or scraped under cold conditions (e.g. chips). The residual stream
that arises are potato peels. The steam treatment prior to peeling is more circular when compared to
scraping under cold conditions as fewer residual streams are created, but the high temperatures
denaturates the functional proteins. Potato peels are comprised out of cellulose, hemicellulose and
fermentable sugars such as starch (Janssens & Smit, 2016). Potato peels are paid per percent dry
matter. Therefore, the aim is to peel the potato as thin as possible (W. Peters, 2020). These peels hold
starch in varying concentrations (Janssens & Smit, 2016) and are classified by the Federatie
Nederlandse Diervoederketen (FND) as ZETam < 350 g/kg DS, ZETam 350 - 475 g/kg DS, ZETam 475 –
600 g/kg DS and ZETam > 600 g/kg DS (FND, 2016). As Agribiosource and Duynie both offer potato
peels that fall in terms of nutritional values in between ZETam < 350 g/kg DS and ZETam 350 - 475
g/kg DS, the average nutritional values of these types of potato peels are taken.
The quality of the peel depends on the soil. Clay soils produces more sturdy peels than sandy soils for
instance. Potato peels contain relatively high levels of heavy metals, which should be taken into
account when deciding a use for it. However, heavy metal accumulation in the peels seldom exceeds
the legal threshold (LEPP, 2020).
According to Janssens & Smit (2016), roughly 15% FM of the potato ends up being potato peels.
According to data from an undefined potato processing factory, the percentage of potato that ends up
to be potato peels is lower, namely 12,54% FM (LEPP, 2020). As the data received from a leading
European potato processor is based on their own data, this is taken further calculations.
About 12.54% - 15% FM of the raw potato that enters the factory ends up as potato peels (LEPP, 2020;
Janssens & Smit, 2016). The lower value is taken for further calculations, assuming that processing is
now more efficient than a few years ago. Currently, all potato peels are used for feed as fermentation
is not financially viable (LEPP, 2020). When peels are used for feed for pigs, the peels need to be ground
(OPNV, 2012).
Potato shreds
During cutting of the peeled ware potatoes, shreds are formed that are not appropriate to serve as
French fries. Roughly 5,3% - 8% FM of the potato will be become potato shreds when they are cut
(LEPP, 2020; Janssens & Smit, 2016). The lower value is taken for further calculations, assuming that
processing is now more efficient than a few years ago. Depending on the potato variety and the quality
of the potato shreds in terms of freshness, they are either used in food applications, like tater tots and
mashed potatoes, or as feed. Lower grade potato shreds are used for feed applications. The potato
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shreds are poorly digestible for pigs but are suitable for cattle. Roughly 56% of the potato shreds are
designated to be used as feed and the remaining 44% is used in food applications (Janssens & Smit,
2016). Often, potato shreds production exceeds the demand for it in food applications and
consequently food grade shreds are also used for feed applications. It is preferred to use the potato
shreds in pet food, is this generates more value (LEPP, 2020).
Rejected products
This residual stream is collective name for products that do not meet the quality requirements they
were meant to fit and are often pre-fried. This means this residual stream is highly diverse and varies
constantly, just as the nutrient content. Rejected products are mainly used for feed for pigs and are
sometimes fermented (LEPP, 2020; Janssens & Smit, 2016) and include pre-fried fries, other potato
products and potato puree, which represent, respectively, 2.38%, 0.05% and 0.03% FM of the total of
processed ware potato (LEPP, 2020).
Frying fat
During processing of ware potatoes into fries, chips and other potato derived products, plant based
frying fat is used. Annually, the national potato processing industry uses 100 000 tonnes frying fat,
which results in 10 000 tonnes residual stream (Janssens & Smit, 2016). As the NN produces 308 442.5
tonnes of ware potato per year and national production equals 3 542 384.4 tonnes (both averaged
from 2010-2019) (CBS, 2021), 8.71% of ware potato is produced in the NN. This means 870.72 tonnes
of used frying fat arises per year as residual stream in the NN.
The used frying fat is heated and impurities, called batter, are removed. This purified used frying fat
serves as a feedstock of oleochemical products, biodiesel or as energy source (Verhoeven, 2021;
Janssens & Smit, 2016). According to FND (2016), frying fat contains no N, P and K.
Batter
Batter are the potato particles that are removed from the frying fat when it is purified prior to further
processing. Batter is used in feed as energy source (Verhoeven, 2021; Elbersen, 2011). Roughly 0.07%
of the processed ware potato end up being batter (97% dry weight) (LEPP, 2020).
Potato starch
Starch is an important carbohydrate biopolymer that is comprised out of glucose units. It serves as
energy reserves for a lot of plants. During processing and cutting of ware potatoes, process water
arises which holds potato starch. By centrifugation of decanters, the starch can be obtained. Three
kinds of starch arise during processing of ware potato: starch DA (also referred to as grey starch (For
Farmers, 2020)), liquid starch and solid starch, which differ in nutrient content. These residual streams
represent, respectively, 1.65%, 1.32% and 0.84% FM of total processed ware potato (LEPP, 2020).
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Starch DA is obtained from the water that is used during the transport of the ware potatoes (Duynie,
2020e) and liquid and solid starch are obtained from the cutting water (Duynie, 2020f, 2020d). Starch
DA and liquid starch contain relatively high levels of fibres and ash, compared to solid starch
(Verhoeven, 2021). In total, 9 127.52 tonnes FM starch is produced as residual stream in the NN. The
starch content of the process water depends on the potato product the ware potato is processed into.
If it is abrased under cold circumstances and processed in chips, it will hold higher starch content than
when it is steam peeled for French fries production. As starch is a residual stream from ware potatoes
and not the main product like it is from starch potatoes, it is cheaper than starch from starch potatoes
(Janssens & Smit, 2016).
Starch is valuable product as it can be used for food, feed and technical applications, but residual starch
from ware potatoes is mainly used feed and, to a lesser extent, for technical applications. In technical
applications it can be used for a whole array of functions, like the production of ethanol, glue and
lubricants (Janssens & Smit, 2016).
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2.3.4 Starch potato
The specific residual streams that arise during processing of starch potatoes are given in this section. In figure 2, a flow chart is given that shows the current
utilisation of the residual streams of starch potato. In table 5, the size and nutrient content of the residual streams of starch potato are given. Residual streams
from the starch potato industry are small in monetary value and represents less than 10% of total revenue (Grommers & Van Der Krogt, 2009).

Figure 2: Flow chart depicting the current utilisation of the residual streams of starch potato in the agricultural system of the NN.
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Pressed potato fibres
After the starch potatoes are ground and the starch and potato fruit juice are removed, the pressed
potato fibres remain. The pressed potato fibres contain cell walls, peel, starch and potato juice (OPNV,
2012). Using decanters, pressed potato fibres are dried in specialised fibre factories to a moisture
content of 17% (Rus, 2020). Pressed potato fibres are energy rich and the carbohydrates are easily
digestible. Therefore, pressed potato fibres function as feed for cattle. As it holds low protein content,
it is suitable for diets that already have sufficient protein levels (OPNV, 2012). The use of pressed
potato fibres in feed improves pellet characteristics and due to being energy rich, protein is better
utilised which increases protein content of the milk (Avebe, 2017a). Elbersen (2011) described the
amount of pressed potato fibres to be 151 kg FM per tonne of starch potato that enters the processing
facility.
Potato protein
Potato protein primarily functions in feed applications and to a lesser extent in food applications.
Potato protein for feed, also referred to as Protamyl PF by Avebe (Elbersen et al., 2011), is a great
source of protein for young animals (OPNV, 2012) and is mainly used in the Netherlands and Europe
(Rus, 2020). Potato protein destined to be used as feed holds lower quality than food grade protein
and is extracted via heat coagulation, which is energy intensive. Via this method, half of the protein
can be extracted (Grommers & Van Der Krogt, 2009). According to Elbersen (2011), 14 kg of protein
with a dry weight of 90% per tonne of starch potato is produced. The FND classifies potato protein
based on raw ashes in two types. The averages of the nutritional values of these two types are taken
for nutrient calculations.
Food grade potato protein (referred to as Solanic) can be extracted via a cold process that keeps amino
acids functional, which increase value of the protein. Potato protein can serve as vegan option for egg,
as it holds comparable properties. Additionally, it can be used as meat substitute. Food grade potato
protein is exported globally (Rus, 2020) and there is big demand for it (Dionne Irving, 2021), so a switch
from feed to food is possible. Avebe already started the shift of potato protein for feed to food, but
this is big and gradual shift that requires a step-by-step approach (Rus, 2020). Therefore, a lot of potato
protein is still destined to be used in feed applications and not for food. The exact method of cold
process is disclosed, but happens at the facility at Gasselternijveen. What remains after protein
extraction is referred to as deproteinised potato fruit juice (Rus, 2020).
Protamylasse
After evaporation of deproteinised potato fruit juice, protamylasse remains. Protamylasse holds low
levels of N and high levels of K. Formerly, all protamylasse was applied to the land. Nowadays,

35

protamylasse is still used as soil enricher, but it is also applied in feed as thickener and for biogas
production. Furthermore, protamylasse can be used to cleanse the soil as it activates microorganisms
that remove contaminants (Rus, 2020). As annual national processing of 2.2 million tonnes of starch
potato results in 85 000 tonnes of protamylasse, 38.64 kg FM protamylasse is produced per tonne
starch potato (Rus, 2020).
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2.3.5 Sugar beet
The specific residual streams that arise during processing of sugar beet are given in this section. In figure 3, a flow chart is given that shows the current
utilisation of the residual streams of sugar beet. In table 5, the size and nutrient content of the residual streams of sugar beet are given.

Figure 3: Flow chart depicting the current utilisation of the residual streams of sugar beet in the agricultural system of the NN.
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Beet foliage and beet heads
Beet foliage and the upper part of the beet are chopped off during harvest and are left on the field.
In this way, the beet foliage and beet heads contribute to improved soil organic matter and nutrient
content. Beet foliage and beet heads used to be collected during harvest and were used for feed
applications. This means that the technology is present, but it is not implemented due to economic
reasons (Tijmensen et al., 2002). Cosun beet company is conducting trials for protein extraction from
beet foliage, which appear promising (Sikken, 2020).
Smit & Janssens (2016) estimated that 40 tonnes of fresh beet foliage and beet heads is produced per
hectare of sugar beet. Harmsen et al. (2014) estimated fresh beet foliage and beet heads production
to be 490 kg per tonne of sugar beet, adding up to 37.50 tonnes per hectare. Zwart et al. (2004)
estimated this to be 32.30 tonnes of fresh beet foliage and beet heads produced per hectare. As all
three sources based their data on their own measurements, an average is taken. This means 36.6
tonnes FM of beet foliage and beet heads is assumed per hectare of sugar beet.
Beet tails
Beet tails are the fine lower part of the beet and are associated with the uptake of water and nutrients.
This residual stream arises when the sugar beets are washed at the processing facility. Beet tails have
a dry matter content of 13.6% (Smit & Janssens, 2016). The beet tails used to function as feed but are
nowadays almost entirely fermented, as this is more profitable for the sugar beet processor (Smit &
Janssens, 2016). Since the residual stream arises during the beet campaign, fermentation of beet tails
mainly takes place during the beet campaign (Sikken, 2020). Per tonne of sugar beet, 12 kg FM of beet
tails is produced (Chouinard, 2021).
Pressed beet fibre
After washing, the sugar beets are cut into stripes, are pressed and sugar extraction is performed. After
sugar extraction, pressed beet fibre remains. In order to reduce transportation costs, as much of the
water needs to be pressed out from the beet. However, the cell structure and chemical composition
of the beet makes that challenging to realise (Harmsen et al., 2014). Harmsen et al. (2016), estimated
the amount of pressed beet fibres to be 250 kg FM per tonne of sugar beet. Smit & Janssens (2016)
estimated this to be 190 kg FM per tonne of sugar beet produced. For further calculations, the average
of these sources is taken. This means that per tonne of sugar beet, 220 kg FM of pressed beet fibre is
produced.
The pressed beet fibre can be either sold wet or dried. Dried pressed beet fibre is primarily sold as
cattle feed and holds a dry matter content of 90%. However, drying of the pressed beet fibre requires
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a lot of energy, so from an environmental point of view, it is better to produce biogas and digestate
from it via fermentation. However, fermentation is a lower tier utility of biomass according to the
circularity principles (De Boer & Van Ittersum, 2018). Currently, wet pressed beet fibre are mainly
fermented outside of the beet campaign and fermentation only takes place when there is no demand
for it in the feed industry (Sikken, 2020; Smit & Janssens, 2016). Pressed beet fibre holds quite some
nutrients, but it is unknown how much exactly. After sugar extraction, the concentration of these
constituents is significantly higher than before extraction (Sikken, 2020).
Betacal
This residual stream arises when lime is added to function as a filtration aid during sugar extraction.
After filtration, this lime precipitates together with organic matter as Betacal. It holds lime, phosphate
(P2O5) and N, in differing concentrations depending on the type of Betacal (IRS, 2019). It is currently
used as fertiliser (Sikken, 2020) and is obtainable in solid and liquid state. Betacal is the fastest acting
liming fertiliser that is currently on the market and contributes to the enhancement of soil structure
and pH-management. Lime increases the pH, so it can improve utility of acidic soils. Per tonne of
processed sugar beet, 60 kg FM Betacal is produced (50% dry matter content) (Smit & Janssens, 2016).
Data from Cosun Beet company (average of 2018 - 2020) tells that per tonne of sugar beet, 24 kg FM
Betacal is produced (Chouinard, 2021). As data from Cosun Beet Company is considered as most
accurate, this is taken for further calculations.
Molasses
This residual stream arises after the crystallised sugar is extracted from the concentrated sugar beet
juice. Molasses holds 22% of sucrose, 12% of glucose and 13% of fructose (Schoorl, 2018), which are
concentrations that are too low to make extraction economically attractive. In the past, most of the
molasses was used for ethanol production. Currently it is used for feed applications and as medium for
yeast, citric acid and bio-ethanol production. When it is used for ethanol production, an additional
residual streams arises, namely vinasse. However, ethanol is in a decreasingly fashion produced from
molasses, so vinasse is disregarded (Smit & Janssens, 2016). Molasses holds few nutrients but there is
a solid and established market for it (Sikken, 2020). In feed applications, molasses is used as thickener
for drying and pressing of pressed beet fibres. Furthermore, molasses is as conservator of ensilaged
grass when it has too low dry matter content and to improve taste of the grass. Per tonne of sugar
beet produced, 35 kg of molasses (dry matter content of 72%) is produced (Smit & Janssens, 2016).
Data from Cosun Beet company revealed that in on average from 2018 till 2020, 212 500 tonnes of
Molasses was produced in the Netherlands (Chouinard, 2021). To estimate the quantity of molasses
produced in the NN, the fraction of sugar beet produced compared to the national production is used.
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National production averaged over 10 years (2010-2019) is 6 090 298.7 tonnes of sugar beet. This
means the fraction of sugar beets produced in the NN compared to the national production is roughly
0.31. This means production of molasses in the NN is roughly 65 875.00 tonnes FM, which is similar to
the data from Smit & Janssens (2016). As data from Cosun Beet Company is likely to be more accurate,
this is taken for further calculations.

2.4 Nutrient content of residual streams
Nutrient data was mainly obtained from websites of suppliers of these residual streams. The data
from Duynie was taken as this company processes the residual streams of all three crops and works
together with the major processors of the Netherlands. Duynie does not provide the N content of
their products, but does provide the raw protein content. N content is derived from raw protein
content by dividing it by 6.25 (Eurofins Agro, 2014). When no data could be obtained from Duynie
regarding a certain residual streams, other sources were used to fill in the gap of missing
information. In table 5, an oversight regarding nutrient content of the residual streams is given.
Vermeulen et al. (2013) gives the percentages of N, P and K that end up in the different residual
streams of sugar beet, excluding tare (table 2). With use of nutrient data of whole sugar beets of FND
(2016), the nutrient streams of the residual streams of sugar beets are quantified (table 5).
Table 2: Percentages of nutrients of cleaned sugar beet that end up in the different residual streams (Vermeulen et al.,
2013).

BEET TAILS
PRESSED BEET FIBRES
BETACAL
MOLASSES
WASH AND PROCESSWATER

N (IN % FM)
2
43
9
31
15

P (IN % FM)
2
16
77
5
-

K (IN % FM)
1
15
3
81
-

2.5 Alternative biomass utilisation
To explore possible alternative biomass utilisations that would increase circularity, literature and
experts of the sector were consulted. In section 3.3, various alternative biomass utilisations are given
and the highest ranking alternative utilisations of residual streams are summarised in table 7. The
criterium for the selected alternative applications was that it should improve circularity, according to
the circularity principles of De Boer & Van Ittersum (2018). Economic, technical and social aspects
were not considered during the selection of alternative biomass applications, but were sometimes
given to give a sense of the practicality of the utilisation.
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2.6 Biomass circularity indicator
To quantify the circularity of residual biomass utilisation and compare different circular strategies with
each other, a method to quantify circularity of residual biomass utilisation is needed. Currently, there
is a circularity indicator for products of the technical cycle: the material circularity indicator (Ellen
MacArthur Foundation, 2015a). Such an indicator is not available for the biological cycle. Circular
quantification for the biological cycle is more complex than technical circularity quantification as
products from the technical cycle can follow much smaller loops than biomass to be recycled and
reused. The complexity that accompanies larger cycles makes it harder to quantify how circular the
uses of biomass are (Quik et al., 2016). Furthermore, circularity is a concept that is comprised out of
multiple aspects such as RUE, environmental impacts and socio-economic aspects (Quik et al., 2016).
This makes the quantification of circularity of biomass utilisation into a descriptive value difficult as
the concept spreads different disciplines. With a solid circularity quantification method, the evaluation
of potentially circular measures can be supported. Therefore, there is an increased interest in such a
method and work is being done regarding the subject. Currently there is no method that encapsulates
all the aspects of circularity (Elbersen, 2020; Quik et al., 2016), but assessing individual aspects is
possible. Therefore, the focus here is on RUE of residual biomass utilisations and form a Biomass
Circularity Indicator (BCI) with use of the order of circular biomass utilisation of De Boer & Van Ittersum
(2018) (see section 1.4).
For the formulation of the BCI, a relatively simple method of Elbersen (2020) to give an indication for
the circularity of biomass applications was used. Just like the order of circular biomass utilisation
formulated in De Boer & Van Ittersum (2018), a gradation on how biomass can be used best was
formulated (Spijker et al., 2020). The individual applications of the order are assigned in a decreasing
fashion, meaning that the highest biomass application is assigned the highest value and the lowest
biomass application the lowest value. InTable 3: Order of priority to enhance circularity is given
together with their assigned value for circular quantification. table 3, the order of circular biomass
utilisation of De Boer & Van Ittersum (2018) is given together with an assigned value. An extra
utilisation is added to the circular biomass utilisation, namely loss of nutrients out of the food system.
There was a need for this because there are utilisations that do not fall in the existing utilisation
options, e.g. deposition of tare in dikes. The assigned value is used to give an indication of the
circularity of biomass utilisation. This is done by multiplying the assigned value of the applications with
the fraction of the biomass that is used in this way. When you add these up you get an indication value
of biomass utilisation. In the case of the current situation of protamylasse, 40% is used for soil quality
management, 50% for feed and 10% for fermentation. This means the indication of circularity is (4 *
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0.40) + (3 * 0.50) + (2 * 0.10) = 3.3. In this framework, the highest possible result is obtained when
100% of the residual stream is used for food applications (5 * 1 = 5). This method is used to indicate
circularity of the current and proposed biomass utilisation and compare them.
Table 3: Order of priority to enhance circularity is given together with their assigned value for circular quantification.

Value Application
5

Food applications

4

Soil quality management

3

Feed applications

2

Technical applications

1

Soil sequestration

0

Loss of nutrients out of the food system

2.7 Study area
The study area includes the northern provinces of the Netherlands: Drenthe, Friesland and Groningen.
These provinces have a relatively large agricultural sector. The major cash crops, potato and sugar
beet, are grown on clay, sand and peat soils (WUR, 2019). These provinces of the NN are relatively
sparsely populated with roughly 100 000 people being involved in agriculture associated activities
(WUR, 2017)
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3 Results
3.1 Quantification of residual streams size
In table 4, an overview of all major crops with their residual streams and quantities can be found.
Table 4: Overview of the residual streams of the major crops on chronological order of appearance together with total crop
production in the NN, fraction processed, fraction residual stream and the total residual stream. Column D can be calculated
by multiplying column A, B and C. The numbers are rounded. The fraction of the residual streams that arise in the processing
facility are per tonne crop that is approved for further processing. All the other fractions of the residual streams are per tonne
harvested crop.
1: (Zwart et al., 2004), 2: (LEPP, 2020; Rus, 2020), 3: (LEPP, 2020), 4: (Janssens & Smit, 2016), 5: (AgriBioSource, 2020),
6: (Elbersen et al., 2011), 7: (Rus 2020), 8: (Sikken, 2020), 9: (Smit & Janssens, 2016), 10: (Chouinard, 2021).

Crop

A. Total crop
production in the
NN (tonnes FM y-1)

B. Fraction
processed
(kg FM processed
kg-1 FM produced)

Residual stream component

C. Fraction
residual
stream
(kg FM residue
kg-1 FM crop)

D. Total residual
stream (A*B*C)
(tonne FM
residue y-1)

Ware
&
starch
potato

1 908 778.00

1

Ware
potato

308 442.50

0.76953

Starch
potato

1 600 335.50

1

Sugar
beet

1 902 743.90

1

Potato haulm
Harvest residue
Cull potato
Tare
Sludge
Potato peels
Potato shreds
Pre-fried fries
Other potato products
Potato puree
Frying fat
Batter
Starch DA
Liquid starch
Solid starch
Pressed potato fibre
Potato protein
Protamylasse
Beet foliage and beet heads
Tare
Beet tails
Pressed beet fibre
Betacal
Molasses
Wash and process water

0.13391
0.03991
0.06641
0.06502
0.02404
0.12543
0.05263
0.02383
0.00053
0.00033
0.00374
0.00075
0.01653
0.01323
0.00843
0.15106
0.01406
0.03867
0.47821
0.08008
0.012010
0.22009
0.024010
0.034610
0.600010

255 628.24
76 095.05
126 672.92
124 070.57
44 104.32
29 763.02
12 484.33
5 648.80
118.67
71.20
870.72
166.14
3 916.19
3 132.95
1 993.70
241 650.66
22 404.70
61 831.14
909 971.16
152 219.51
22 832.93
418 603.66
45 665.85
65 875.00
1 141 646.34
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3.2 Quantification of nutrient content of the residual streams
In this section, an oversight is provided of the total residual stream quantities, corresponding dry matter and nutrient contents (table 5).
Table 5: Oversight of the residual streams, their dry matter content and nutrient content. In table 4, the sources are given for the calculation of fresh quantity of residual streams. The numbers
are rounded. 1: (Zwart et al., 2004), 2: (FND, 2016), 3: (Duynie, 2021b) 4: (Duynie, 2020a), 5: (Duynie, 2020b), 6: (AgriBioSource, 2020), 7: (Smit & Janssens, 2016), 8: (Vermeulen et al., 2013), 9:
(Eurofins Agro, 2021), 10: (Duynie, 2021c), 11: (Duynie, 2020c), 12: (Duynie, 2020e), 13: (Duynie, 2021a), 14: (Elbersen et al., 2011), 15: (Duynie, 2020f), 16: (Duynie, 2020d),
17: (Chouinard, 2021), 18: (Rus, 2020), 19: (Regelink & Ehlert, 2017), 20: (Tiekstra, 2021).

Crop

Residual stream

General
Potato
in
general

Tare
Potato haulm
Harvest residue
Cull potato
Sludge
Potato peels
Potato shreds
Pre-fried fries
Other potato products
Potato puree
Frying fat
Batter
Starch DA
Liquid starch
Solid starch
Pressed potato fibres
Potato protein
Protamylasse
Beet foliage and beet heads
Beet tails
Pressed beet fibre
Betacal
Molasses
Wash and process water

Ware
potato

Starch
potato
Sugar
beet

FM quantity
(tonnes)
276 290.08
255 628.24
76 095.05
126 672.92
44 104.32
29 763.02
12 484.33
5 648.80
118.67
71.20
870.72
166.14
3 916.19
3 132.95
1 993.70
241 650.66
22 404.70
61 831.14
909 971.16
22 832.93
418 603.66
45 665.85
65 875.00
1 141 646.34

Dry matter content
(%)
65.00 18
40.00 1
20.00 1
20.00 1
27.00 19
11.50 10
23.00 11
33.00 3
32.00 4
25.00 5
99.50 2
97.00 6
12.50 12
21.50 15
20.00 16
16.50 13, 14, 18
90.00 14
52.00 18
15.00 1
13.60 7
26.00 7
50.00 7
72.00 7
-

Dry matter
(tonnes)
179 588.55
102 251.30
15 219.01
25 334.58
11 908.17
3 422.75
2 871.40
1 864.10
37.98
17.80
866.37
161.16
489.52
673.58
398.74
39 872.36
20 164.23
32 152.19
136 495.67
3 105.28
108 836.95
22 832.93
47 430.00
-
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N g/kg DM

P g/kg DM

K g/kg DM

1.97 9
9.00 1
17.00 1
17.00 1
43.00 19
22.40 10
12.96 11
10.88 3
12.96 4
20.80 5
0.00 2
5.30 6
27.20 12
20.48 15
12.64 16
11.68 13
127.00 20
48.00 20
18.00 1
21.03
12.90
12.87
21.34
-

0.21 9
0.17 1
2.60 1
2.60 1
22.00 19
2.50 10
1.60 11
2.10 3
2.00 4
2.40 5
0.00 2
1.80 6
4.10 12
2.60 15
2.60 16
0.90 13
2.00 20
10.00 20
2.18 1
5.10
1.16
26.69
0.83
-

0.14 9
1.67 1
25.00 1
25.00 1
1.60 19
29.60 10
14.00 11
11.30 3
13.60 4
20.50 5
0.00 2
1.30 6
8.80 12
4.10 15
4.70 16
18.00 13
5.00 20
145.00 20
25.00 1
12.75
5.45
5.20
67.59
-

Total N
(tonnes)
354.51
920.26
258.72
430.69
512.05
76.67
37.21
20.28
0.49
0.37
0.00
0.85
13.32
13.80
5.04
465.71
2 560.86
1 543.31
2 456.92
65.30 2, 8
1 404.00 2, 8
293.86 2, 8
1 012.18 2, 8
489.77 2, 8

Total P
(tonnes)
38.46
17.38
39.57
65.87
261.98
8.56
4.59
3.91
0.08
0.04
0.00
0.29
2.01
1.75
1.04
35.89
40.33
321.52
297.56
15.83 2, 8
126.65 2, 8
609.49 2, 8
39.58 2, 8
- 2, 8

Total K
(tonnes)
24.58
170.76
380.48
633.36
19.05
101.31
40.20
21.06
0.52
0.36
0.00
0.21
4.31
2.76
1.87
717.70
100.82
4 662.07
3 412.39
39.58 2, 8
593.66 2, 8
118.73 2, 8
3 205.75 2, 8
- 2, 8

3.3 Alternative biomass utilisation
This section is devoted to alternative applications of residual streams from the major crops of the NN.
Not all described alternative utilisations benefit circularity, but are nevertheless given to show the
possibilities that exist. The highest ranking alternative utilisations of residual streams are summarised
in table 7. Alternative residual biomass utilisation could simply mean the displacement of the whole
stream from one utilisation to another, for instance using beet tails for feed instead of fermentation.
It could also mean the extraction of interesting compounds from the stream, like protein extraction
from beet leaves. When deciding upon compound extraction, one should take into account several
aspects. First, the functionality of the specific compound of interest should be assessed, as variants of
the same compound hold different properties. Then the residual stream should be screened in terms
of available compounds. If it is not sufficiently available, other sources are preferred. Then the
extraction methods should be evaluated in terms of efficiency and economic viability in relationship to
market value of the retrieved compounds (Dionne Irving, 2021).

3.3.1 Residual streams common for the major crops
Some residual streams are common for all the major crops of the NN. The residual streams common
for the major crops are tare and wash and process water and are discussed below.
Tare
Like mentioned before, tare is a residual stream that is undesirable and is responsible for unneeded
transportation costs. Therefore, efforts should be made to minimise the amounts of tare on potatoes
and sugar beets. This can be done by cleaning potatoes and sugar beets prior to transportation.
Cleaning can be either done wet or dry. There is a machine, called the Bietenmuis, that dry cleans sugar
beets prior to transport. Currently, this is only done on small scale but can reduce tare by 27% (Tönjes,
2014). The Bietenmuis can be modified to also clean potato (Tönjes, 2014). Willem Rus from Avebe
mentioned that after dry washing of starch potatoes, only 5% of the weight is still tare FM. The values
of Tönjes (2014) and Rus (2020) are similar. Dry cleaning of sugar beets is already normal practise on
sandy soils as sand is relatively easy to remove. However, dry cleaning of tubers and beets is not only
limited to sandy soils. Experiments of dry cleaning are also performed on clay soils, which are looking
promising (Van der Boom, 2020). In this way, tare, together with its nutrients, remains on the farm and
transportation costs are reduced. A reduction of 27% of tare would mean a reduction of 74 598.32
tonnes FM of tare. This is equivalent to roughly 1500 trucks hauling tare from the potato and sugar
beets fields, so dry washing the potato tubers prior to transport looks promising. However, Suikerunie
(predecessor of Cosun Beet company) showed washing at the farm in not economically viable (Sikken,
2020).
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Plant breeding for more smoother beets and tubers could reduce the tare percentage. For sugar beet
this could reduce tare percentage from 8% to 6% FM (Smit & Janssens, 2016). However, breeding for
reduced tare formation is not economically viable as the demand for such cultivars is relatively small.
Especially the Netherlands has problems with tare, while the international market is not interested in
such cultivars (Rus, 2020; Sikken, 2020).
Janssens & Smit (2016) mentioned the separation of organic and inorganic constituents of tare, as the
inorganic streams could be used in the concrete industry and the organic stream can be composted or
fermented. However, the separation should be low cost as the utility of the separated streams is of
low value. Additionally, the organic matter content of tare is low (Rus, 2020). Therefore, this
valorisation option is not very attractive.
Bringing tare together with its nutrients back to the field is a high utilisation of tare, as nutrients are
reused in a circular fashion but phytosanitary complications arise (Janssens & Smit, 2016). As
mentioned before, soil borne disease can spread via this strategy so sterilisation of tare is needed. If
tare is deposited back on the field it originated from, sterilisation is not needed as the disease was
readily there. However, this may form a logistic challenge in which tare should be tracked so it can be
deposited back to the same field it originated from.
In conclusion, the most circular application of tare would be a combination of reducing tare and putting
the tare back to field after phytosanitation, if needed. In this way, transport is reduced, the soil is
enriched for the coming crop cycle and nutrients do not leave the food system.
Wash and process water or sludge
The valuable nutrients that are present in wash and process water can be used as resource for the
production of aquatic vegetal biomass. Aquatic plants are highly productive and have a high nutrient
uptake (Meerburg et al., 2010). In this way, the nutrient contaminated water can be purified and
nutritional biomass can be produced, making circular use of the nutrients since nutrients would
otherwise be lost to its slower natural cycle. Furthermore, aquatic biomass can be produced in basins
on marginal lands, so it does not compete with fertile lands. It would be advised to produce the aquatic
biomass close to the processing facility, as transportation of watery products is expensive and has a
negative impact on the environment. As wash and process water is fresh water and not salty water,
only biomass capable of growing in the fresh water can be part of this circular solution. Several
candidate species for this application exist and some promising species are given in appendix 3. When
wash and process water is used for the production of aquatic biomass, the application of this residual
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stream is considered to be soil quality management in table 7, as nutrients are directly used for the
production of biomass.
The water that arises during processing of potato sugar beets already recycled at the processing
facility, which increases circularity. Since enormous amounts of water are produced during the
processing, eventually water needs to be disposed to WWTP’s. Alternatively, process water can be
purified and be reused to water crops in horticulture. This is already done at certain locations (Nieuw
Prinsenland, 2017), but this improved use of process water could be implemented throughout NN.
Struvite production from sludge would also be a circular solution for the current P losses that occur in
the system. The P can be obtained from the digested sludge by adding magnesium salts to the sludge.
In this way, the P precipitates, together with some ammonia, in the form of struvite (Kruk et al., 2014).
Struvite can be used as fertiliser and can thereby help close the phosphorus cycle. Potentially, between
3% and 8% of the P in sewage sludge can be recovered as struvite (Kooij et al., 2020). Currently, struvite
is still is considered as waste and can therefore not be used as fertiliser. Efforts are being made to
change its status to not being waste (Van der Grinten & Spijker, 2018).
Wash and process water can also be turned into sludge in WWTP’s and function as the feedstock for
biopolymer production. Polyhydroxyalkoanate (PHA) is a biodegradable polymer produced by
microorganisms with a carbon source as substrate. Examples of such a carbon source are fatty acids,
glucose, oils and starch, of which the latter can be abundantly found in wash and process water and
sludge of the potato processing industry. PHA is completely biodegradable and when it is produced
under sterile conditions, it can be used for biodegradable consumer products, biodegradable packing
material and medical products. However, when it is being produced from sludge, the applications of
the bioplastic cannot be as high grade as stated above. This is mainly due to Dutch legislation defining
sludge as waste and sludge composition being variable. This makes the PHA produced from sludge
more suitable to be used as a biodegradable agricultural plastic (foil) (de Hart et al., 2014). By
increasing biopolymer production, pressure on the use of virgin materials to be used in the
petrochemical industry is reduced. It is a form of cascading that supports circularity, but the utilisation
of the residual stream is not high ranking. Even though struvite and PHA production is generic for all
WWTP’s, it can be a relevant solution to improve circularity of the potato and sugar beet industry.
In conclusion, higher levels of circularity can be obtained by using the nutrients in wash and process
water or sludge as fertiliser to grow biomass. This can either be via aquatic biomass or struvite.
Legislation regarding the waste status of sludge and struvite should change before this is possible.
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3.3.2 Potato
As mentioned before, potato can be divided in different cultivar groups which all have their specific
residual streams. They also have some residual streams that are universal for all the cultivar groups.
These are first discussed and then the residual streams ware and starch potato differ in.
Potato haulm
Alternative biomass utilisation of potato haulm requires the collection of potato haulm. However,
collection of haulm is not economically viable when the use is of lower value. Therefore, the collection,
drying and burning of potato haulm for energy is not an attractive alternative (Didde, 2019; Tijmensen
et al., 2002). Furthermore, this would also not benefit circularity as this would be a lower grade
utilisation than soil quality management.
As potato haulm holds low nutritional value, it is not suitable as a feed or food (LEPP, 2020). However,
the cellulose and lignocellulose can serve as a feedstock for bioplastics. The company KNN cellulose
has been experimenting with producing bioplastics from potato haulm, but also from tomato and bell
pepper (Janssens & Smit, 2016). Additionally, the Natuurvezel Applicatie Centrum produces
biocomposites, paper and fibre-reinforced concrete from agricultural fibrous residual streams, such as
potato haulm. Other companies, such as Biondoil, are working on the biorefining of fibrous biomass
into bio-ethanol (Elbersen, 2020). These valorisation paths are sustainable as they relieve pressure of
the materials from petrochemical sources. However, due to the abundancy of other sources of
cellulose, like roadside cuttings and tertiary cellulose from WWTP’s (Keijsers et al., 2011), there is no
need to prioritise potato haulm for these valorisation methods.
Furthermore, potato haulm holds cancer mitigating compounds which can potentially hold great value
when extracted (Schieber & Aranda Saldaña, 2009). However, this approach would require a different
harvest approach as the haulm should be fresh for these innovative applications. Also, phytosanitary
implications of haulm makes valorisation unattractive.
Since management of soil quality of the soil is already a high value utility of biomass, it is unlikely that
the circularity for haulm utilisations can be improved, while maintaining potato quality and economic
viability. In conclusion, the current utilisation of potato haulm is the highest, especially when the
current agricultural practices are kept.
Harvest residues
The residual stream harvest residues is mainly comprised of potato roots and tubers that have fallen
out of the ridge or could not be harvested due to impracticalities. Zwart et al. (2004) looked into the
possibility to ferment harvest residues, but this would not increase circularity as soil quality
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management ranks higher according to the circularity principles. Further, this would increase the
amount of actions on the field and thus increase CO2 emissions.
A fraction of the harvest residues are tubers that fall through the sieves that are used to separate soil
clods from the harvested potatoes. Efforts could be made to also collect the small tubers that would
normally fall through the sieves and use them in food or feed applications. However, this stream is
small and soil quality management is readily a relatively high value biomass utilisation, so this
valorisation method does not seem to be promising. Furthermore, collection of harvest residues would
be expensive, so it is not likely that alternative uses of harvest residues are economically realistic.
Another strategy to improve circularity of this waste stream is to prevent tuber loss. Improved ridge
formation, sowing and harvest could reduce the number of tubers that cannot be harvested. Further
research is needed regarding reducing harvest residues.
In conclusion, the current utilisation of harvest residues is already high, especially when the current
agricultural practices are kept, so its utilisation cannot be improved in terms of circularity.
Cull potatoes
Alternative uses of cull potato may regard food applications. This is only possible for tubers that are
considered cull due to their small size. These small cull potatoes can be shredded to be used in potato
products or be used as chilled products. This has already been done since the 1980’s (Janssens & Smit,
2016). However, a lot of the cull potato do not meet the quality requirements to be used for human
consumption, so alternative biomass utilisations should be found. As cull potato is already used for
feed applications and fermentation and not the entire residual stream can be used for food
applications, the only other higher end biomass utilisation is to put it back on the field. Soil quality
management is especially relevant when the cull potatoes are already selected at the farm, so
transportation is reduced and risk of disease transfer limited. The cull potato can be shredded prior to
application to the field. When cull potatoes are selected at the processing facility, prioritising cull
potato to be used for feed applications over fermentation would be a circular improvement.
In conclusion, the utilisation of cull potato could be improved by using it exclusively for feed
applications when selection occurs at the processing facility. If selection takes place at the farm, soil
quality management would be the best circular solution.
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3.3.3 Ware potato
Potato peels
Currently, potato peels are mostly used for feed applications as it fits the diets of most livestock
(Janssens & Smit, 2016). Potato peels are an interesting residual stream as they hold both nutritionally
and pharmaceutically valuable compounds. The potato peels contain glycoalkaloids and phenolic
compounds that normally function as defence against biotic stresses. These compounds hold
properties of being antibacterial, antioxidant, apoptotic, chemo preventive and anti-inflammatory
properties, which can be used as natural oxidants or as precursors of steroid hormones. Furthermore,
it has been shown that α-chaconine and α-solanine present in potato peels can function in pest control
of snails (Schieber & Aranda Saldaña, 2009). The Valorisatielab Restromen Tuin en Akkerbouw (VARTA)
on the Green Chemistry Campus is specialised in researching potential for the valorisation of
interesting compounds from residual streams from agriculture and horticulture (Elbersen, 2020).
Institutions like VARTA could play an important role in the valorisation of residual streams such as
potato peels.
A useful tool to determine interesting alternative valorisation routes, is looking at the chemical
composition of raw potato peel in table 6. Starch, dietary fibres and protein are the three biggest
compounds in potato peels.
Table 6: The chemical composition of raw potato peel in percentages (Devrani et al., 2018)

Roughly half of the dry matter of potato peels is starch, making starch extraction a candidate for the
valorisation of potato peels. Starch extraction from potato peels can be done in the same way as starch
extraction from starch potato. This means starch granules need to be broken down and after multiple
separation techniques including sieves, hydro cyclones, decanters and filters, the potato starch can be
extracted (Grommers & Van Der Krogt, 2009).
Dietary fibre can be used to compensate for low dietary fibre intake. These interesting compounds are
present in low concentrations and need to be efficiently extracted in order make it economically viable.
Potential markets still need to be determined, but due to an increased trend of using natural
compounds, the future looks promising (Schieber & Aranda Saldaña, 2009).
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Protein production from potato peels is also a promising utilisation of the residual biomass. When
potatoes are peeled under cold conditions, during chips production for instance, the functionality of
the proteins is kept which increases their value and functionality. Protein extraction is done via
membrane extraction, which is an established and cost effective technique. The peels are grated and
centrifuged so layers are formed. Potato fruit juice is one of these layers and the protein can be
extracted from the potato fruit juice with use of membranes. The result is a potato protein concentrate
of 20%. This potato protein holds the same functionality as potato protein from starch potato industry.
Aeres Hogeschool Dronten has started a project to discover the possibilities of potato protein
production from potato peels (Dionne Irving, 2021). Correspondence with the project leader revealed
that protein extraction from potato peels is economically viable. This directly conflicts with the
correspondence with a leading European potato processor, which mentioned protein extraction from
residual streams of ware potato is not promising due to too low protein content (LEPP, 2020). The
upgrade from potato peels utilisation from feed to food would serve circularity better, but requires
further research.
Alternatively, potato peels could be utilised for technical applications such as for the production of
(bio)ethanol. Potato peels contain sufficient levels of cellulose, hemicellose, starch and fermentable
sugars to be the feedstock for ethanol production. Prior to fermentation, the potato peels need to be
hydrolysed with various enzymes. Even though, potato peels show high potential to be a feedstock for
(bio)ethanol production (Arapoglou et al., 2010), the utilisation of the residual biomass is not high
value considering the circularity principles. Yet, this strategy would be a step towards a more
sustainable future.
Trials of PepsiCo (a major global potato processor) have been conducted for the production of carbonpoor artificial fertiliser from potato peels via a novel process. These trials were promising which
resulted in the implementation of this process in their factory in 2021 (Pennings, 2020). This would be
a high ranking residual biomass utilisation of potato peels as nutrients are cycled back to the field.
Another utilisation of potato peels is to turn it into multifunctional cork. This cork can be used as
covering material in horticulture (Janssens & Smit, 2016). Duynie markets this potato cork covering
material as Biotop. This biobased solution can be used in biological horticulture and it reduces the
growth of mosses and weeds and some pests. Furthermore, potato cork is fire resistant so it can be
used as filling for construction and isolation (Food Valley Innovation insights, 2011).
In conclusion, circularity would increase when protein, starch or dietary fibre for human consumption
is extracted from potato peels.
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Potato shreds
Currently, roughly half of the potato shreds is used for feed applications and the other half for food
applications. Alternatively, all of the potato shreds can be used for food applications to increase
circularity of the utilisation of this residual stream. The potato shreds can be processed into a variety
of potato products such as puree and tater tots. Currently there is not enough demand for potato
shreds to be used in potato products. Therefore, starch extraction or development of novel potato
products can be a solution for the potato shreds. In conclusion, prioritising potato shreds for food
would be the best utilisation to increase circularity.
Rejected products
Rejected products are used for feed and fermentation. As these rejected products do not meet quality
standards for food, the utilisation of this residual stream cannot be upgraded to food usage. Using this
residual stream for soil quality management is also a possibility, but this requires an additional
transport step. Furthermore, due to its diverse composition, rejected products are not suitable for soil
quality management. In conclusion, it is not likely the utilisation of rejected products could be
increased in terms of circularity.
Frying fat
Currently, old frying fat serves as a feedstock of oleochemical products, biodiesel or as energy source.
This utilisation of old frying fat holds relatively low value in terms of circularity. The only valorisation
option of the use of this residual stream, is to use it for feed applications. However, in the past there
have been cases reported of frying fat being contaminated with dioxins. Dioxin contaminations have
likely arisen because numerous reheating of frying fat from households. Dioxins pose a health hazard
for animals and humans (European Parlement, 1999). Dioxin contamination of frying fat resulted in a
ban of using used frying fat from households in feed. Currently, only frying fat from the food industry
can be used for feed applications, as this is better regulated than frying fat from households. When old
frying fat is not toxic, it can be source of energy for livestock. However, using frying fat for biodiesel
generates more money (~550 euros per tonnes) than using it for feed applications (Verhoeven, 2021).
This means the utilisation of frying fat is currently based on economic factors, but could be altered to
support circularity.
In conclusion, the utilisation of frying fat could be upgraded to feed to enhance circularity.
Batter
Batter is currently used for feed. It is not likely other alternative residual biomass utilisations can be
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found that would serve circularity higher than feed does. In conclusion, it is not likely the utilisation of
batter can me improved in terms of circularity.
Potato starch
Currently, residual starch is mainly used for feed and sometimes for ethanol production via
fermentation. There are also other fermentation processes that also lead to other valuable
compounds. For instance, it could also be used to produce lactic acid, succinic acid, digestible and
indigestible biopolymers. Lactic and succinic acid can function in food, pharmaceutical, cosmetic and
chemical industries (Janssens & Smit, 2016; Rodrigues et al., 2016). Biopolymers can compete with
synthetic polymers produced from fossil sources. As biopolymers are produced from renewable
resources, increased biopolymer use increases circularity. The most known and used biopolymer is
polylactic acid (PLA). Biopolymers are used for a whole array of functions, ranging from bags to golf
balls. Biopolymers hold other properties than conventional synthetic polymers, so depending on the
function, biopolymers are suitable or not (Janssens & Smit, 2016). Furthermore, AVEBE has a big range
of products that are all starch derived. AVEBE’s products range from glue to industrial thickeners
(Avebe, 2017b). These biobased products offer a more circular option for products that are derived
from fossil sources. An additional advantage of potato starch from ware potato is that it is considered
as a residual stream and the price is therefore lower.
Novidon is a company that produces food, among other products, from residual solid starch (Food
Valley Innovation insights, 2011). Starch DA and liquid starch are not suitable for human consumption,
as they contain too much fibres and ash, but solid starch is suitable for food applications (Verhoeven,
2021). When residual solid starch is prioritised for food applications, circularity would increase.
Therefore, using solid starch for food should be stimulated.
In conclusion, circularity would increase when solid starch is used for food instead of feed. Starch DA
and liquid starch cannot be used for food applications (Verhoeven, 2021), and since their current
utilisation is already feed, it is unlikely an alternative utilisation would increase circularity of the
system.

3.3.4 Starch potato
Pressed potato fibres
Alternatively, pressed potato fibres can be used for food for human consumption or lactic acid
production. In some of the factories of Avebe in Germany, pressed potato fibre is already processed
to be used for food consumption. This product, among other potato fibre products, is called Paselli FP
and offers improved texturizing properties, high nutritional value and is allergen free (Avebe, 2015;
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Rus, 2020). However, it is unlikely that the demand for these potato fibres will match the supply of
pressed potato fibres. Other utilisations of pressed potato fibres should still be explored, like lactic acid
production.
The production of Black Soldier Fly Larvae (BSFL) could also be an intriguing option. BSFL are capable
of consuming nearly all biomass and converting it efficiently into valuable fats and protein efficiently
(Mintah et al., 2020). As they can consume nearly all biomass, this option is not only relevant for
pressed potato fibres, but for nearly all residual biomass. Legislatively, BSFL cannot be used for food,
but feed is allowed. This would not change the final utilisation of pressed potato fibres, but adds an
extra step in the process. However, BSFL can convert less valuable compounds e.g. cellulose into more
valuable compounds e.g. protein and fats (Bessa et al., 2020). This characteristic of the insect could
make it a promising supplement to the diet of livestock.
In conclusion, it is unlikely pressed potato fibres can be used in higher utilisation so its utilisation
remains in feed.
Potato protein
Food grade potato protein production from potato fruit juice via cold protein extraction already occurs
and is the highest utilisation of this residual stream, but it is now done on a smaller scale. To increase
circularity, all protein in potato fruit juice should be extracted via de cold process so all available
protein can be used for human consumption. Due to its favourable properties, there is enough demand
for more high quality potato protein, so production can be increased (Dionne Irving, 2021). Avebe
already started the shift of potato protein for feed to food, but this is big and gradual shift that requires
a step-by-step approach (Rus, 2020). Therefore, a lot of potato protein is still destined to be used in
feed applications and not for food. Potato protein for food would be the highest possible utilisation of
this residual stream in terms of circularity.
Potato protein is produced by drying of the watery residual stream potato fruit juice, which is a very
energy intensive process. Potato protein is available in the form of dry powder (90% DM). Water is
later added when it is going to be used for the production of food, like meat replacements. To reduce
energy use, the drying step could be less intensive, so the watery potato protein is concentrated (20%
protein content) and can be directly used for food production. Disadvantages of this strategy would be
that transport costs would be increased and the shelf life of the potato protein would decrease (Dionne
Irving, 2021). Transport costs of the potato protein concentrate can be minimised by producing and
processing more locally. Further research is needed to determine whether this strategy would increase
circularity.
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In conclusion, the circularity of the utilisation of pressed potato fibres would increase when the cold
protein extraction is used and scaled up. Potato protein can then be used for food applications, which
increases circularity of the system.
Protamylasse
Protamylasse provides a suitable medium for large-scale cyanophycin production (Elbahloul et al.,
2005). Furthermore, experiments were conducted to test whether protamylasse is a suitable medium
for algal growth, but results were inconclusive and further research is needed (Huurman & Van der
Weide, 2015). Currently, the application of protamylasse is quite circular, but it could be higher when
protamylasse use is prioritised on soil quality management. Additional benefits of prioritising
protamylasse on soil quality management is the activation of microorganisms to clean the soil, which
improves soil quality and fits circularity better (Rus, 2020). In conclusion, circularity would increase if
protamylasse is exclusively used for soil quality management.

3.3.5 Sugar beet
Beet foliage and beet heads
Currently, this residual streams is left on the field to improve soil quality, which is already a circular
utilisation. Beet foliage and beet heads used to be collected for feed applications, so the technology is
available to utilise it differently. Tijmensen et al., (2002) described the collection of beet foliage and
beet heads to be used for co-fermentation to be economically unviable, but higher tier utilisation could
change that. Alternative, higher tiering, applications for this waste stream could be for example protein
extraction for food purposes. Beet foliage holds a dry matter protein content of 18.75%. This results in
600 kg of protein production per hectare (Smit & Janssens, 2016). The type of protein is valuable as
these are RUBISCO protein, comparable to protein from potato fruit juice. RUBISCO protein hold
interesting properties as they are comparable to protein from eggs and hold all essential amino acids.
Protein production from beet foliage could decrease the dependency on protein from imported
soybean, which increases circularity. Furthermore, 2.3 tonnes of fibre and 400 kg of sugar can be found
in beet foliage per hectare. Fibres could be used for the production of bioplastics and the extraction of
sugar from the beet foliage can increase sugar yield per hectare. One of the greatest difficulties of
processing of beet foliage is that it contains relatively high levels of water. Transport and removal of
water is very costly (Smit & Janssens, 2016). Cosun beet company already conducted trials for protein
production from beet foliage (Sikken, 2020).
In conclusion, using beet foliage and beet heads for compound extraction (protein, fibre and sugar) for
food would increase circularity.
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Beet tails
The utilisation of beet tails in terms of circularity could be increased by going back to their former use,
namely feed. This is less profitable but this would increase circularity. Alternatively, a lower tiering
utilisation of beet tails would be to use it as a sustainable feedstock for bioethanol production
(Vorobiev et al., 2020). In conclusion, using beet tails exclusively for feed would increase circularity.
Pressed beet fibres
These are currently not suitable for feed for pigs as it is not pumpable which is needed for this purpose.
A business unit of Cosun called Duynie developed a technique that uses enzymes to make the pressed
beet fibres pumpable. In this way, it can be fed to pigs as well. However, this technique is currently too
costly. This could become economically interesting when the number of cattle is reduced and an
alternative faith for the pressed beet fibres needs to be found (Smit & Janssens, 2016).
Furthermore, Duynie Ingredients focuses on the production of ingredients for pet food from vegetal
residual streams, like pressed beet fibres. In this way, high value is generated as people are willing to
pay more money for pet food than for feed. Even though, value in terms of economy is increased, pets
do not fit the circular principles as pets are not part of the agricultural system. Therefore, using residual
streams for pet food does not support circularity (Duynie Ingredients, 2016).
Furthermore, compound extraction from pressed beet fibres seems promising. An example of this is
Betavib, a fibre from pressed beet fibres that can be used for non-feed applications like paper
production (Sikken, 2020). Furthermore, sugars, acids, fibres and oligosaccharides can be extracted.
The latter can be used for the production of detergents, cosmetics, coatings and composites (Smit &
Janssens, 2016).
In conclusion, it is unlikely pressed beet fibres can function in a higher utilisation than feed.
Betacal
Currently, Betacal is used as fertiliser and in this way, nutrient streams from and to the farm are
circular. Smit & Janssens (2016), suggested the isolation of minerals to sell them individually or to sell
fertiliser with specific nutrient compositions. In this way, nutrient applications can be tightly regulated
and Betacal can be better monetised. The utilisation of Betacal is readily circular as it is entirely used
for soil quality management. In conclusion, Betacal utilisation cannot improve in terms of circularity.
Molasses
This residual stream is already extensively used in the fermentation industry. As molasses contains
22% sucrose (Schoorl, 2018), sugar extraction from molasses, also referred to as molasses
desugarisation, could be an option to increase circularity. Molasses desugarisation, a chromatographic
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separation technique, proved to be effective and efficient in recovering up to 88% sucrose from
molasses, which means potentially up to 12 753.4 tonnes of sucrose can be recovered in the NN
(Kochergin et al., 2019). This would increase the sugar yield from 140 kg (Harmsen et al., 2014) to 146.7
kg per tonne of fresh sugar beet. As average yield of the NN averaged over 10 years is 76,53 tonnes
per hectare (CBS, 2021) this means sugar yield would increase by 512.64 kg. Potentially up to 1 189.6
hectares of farm land used for sugar production can be prevented via molasses desugarisation.
Molasses desugarisation is already done in the U.S.A. since 1988. Multicomponent separations is
possible via this method, allowing the separation of molasses in to sucrose, non-sucrose and betaine
(Kochergin et al., 2019).
Moreover, molasses can also function in food applications without molasses desugarisation. For
instance, it could be used for the production of cookies, like the famous Dutch stroopwafel.
Furthermore, it is already used in apple sirup. The development of new food products make use of the
sugar in molasses could form an interesting utilisation of the residual stream.
In conclusion, molasses should be used for food to serve circularity better.

3.4 Biomass circularity indicator
In this section, the circularity of the current and alternative utilisations are quantified. In table 7, an
overview is given of the current and alternative utilisations of residual streams together with their
BCI’s. In this table, only the most circular biomass utilisation is given as the alternative biomass
utilisation. In section 3.3 all the different alternative utilisations of the residual streams are given. For
some of the current utilisations of residual biomass, it is unclear what fraction is exactly used. When
this is the case, it is assumed the fraction is 50/50 so a BCI can be determined for the current use. In
table 8, the averaged BCI’s of the current and potential residual biomass utilisations of the major crops
are given. Furthermore, the difference between the averaged BCI’s of the current and potential
utilisation is given.
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Table 7: Overview of the current and potential utilisation of the different residual streams together with their biomass
circularity indications. The utilisations are Food applications (Food), Soil quality management (Soil), Feed application (Feed),
Technical Applications (T.A.), Soil sequestration (SS) and Loss of nutrients out of the food system (Loss). The BCI of the current
use and the proposed use are given a colour. Yellow means it is unlikely residual biomass utilisation could be improved in terms
of circularity. Red and green indicate circularity of the residual biomass utilisation could be increased.
1: (Janssens & Smit, 2016), 2: (Elbersen et al., 2011), 3: (Thielen, 2020), 4: (Rus, 2020), 5: (LEPP, 2020), 6: (Smit & Janssens,
2016), 7: (Sikken, 2020), 8: (Chouinard, 2021), 9: (Verhoeven, 2021).

Crop

Residual stream

Current utilisation

BCI

Potential utilisation

BCI

General
Potato
in
general

Tare
Potato haulm
Harvest residue
Cull potato
Sludge
Potato peels
Potato shreds
Pre-fried fries
Other potato products
Potato puree
Frying fat
Batter
Starch DA
Liquid starch
Solid starch
Pressed potato fibres
Potato protein
Protamylasse
Beet foliage and beet heads
Beet tails
Pressed beet fibre
Betacal
Molasses
Wash and process water

Soil/Loss 1, 4
Soil 1
Soil 5
Feed/T.A. 1
T.A./Loss 1, 4
Feed 5
Food (44%)/Feed (56%) 1, 2, 5
Feed 5
Feed 5
Feed 5
T.A. 1, 9
Feed 2, 5, 9
Feed 5
Feed 5
Feed 5
Feed4
Feed4
Soil (40%)/Feed (50%)/T.A.(10%)4
Soil 6
T.A. 2
Feed/T.A. 6, 7
Soil 2, 7
Feed / T.A. 6, 7
T.A./Loss 2, 7, 8

2.00
4.00
4.00
2.50
1.00
3.00
3.88
3.00
3.00
3.00
2.00
3.00
3.00
3.00
3.00
3.00
3.00
3.30
4.00
2.00
2.50
4.00
2.50
1.00

Soil
Soil
Soil
Feed/Soil
Soil
Food
Food
Feed
Feed
Feed
Feed
Feed
Feed
Feed
Food
Feed
Food
Soil
Food
Feed
Feed
Soil
Food
Soil

4.00
4.00
4.00
3.50
4.00
5.00
5.00
3.00
3.00
3.00
3.00
3.00
3.00
3.00
5.00
3.00
5.00
4.00
5.00
3.00
3.00
4.00
5.00
4.00

Ware
potato

Starch
potato
Sugar
beet

Table 8: An oversight that shows the averaged BCI’s of the current and potential residual biomass utilisations of the major
crops together with the difference between the current average BCI and the potential average BCI.

Crop

Current average BCI

Potential average BCI

Difference

Ware potato
Starch potato
Sugar beet

2.89
2.85
2.57

3.70
3.94
4.00

0.81
1.09
1.43
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4 Discussion
The utilisation of residual biomass streams from the potato and sugar beet processing industry were
evaluated on circularity. Furthermore, suggestions were made to improve circularity of residual
biomass utilisation. This resulted in the current situation and the suggested situation. A Biomass
Circularity Indicator (BCI) was formed to grade the utilisation of the residual biomass. The differences
in the BCI of the two scenarios indicate whether residual biomass utilisation can be improved or not,
in terms of circularity. First the findings of the individual research questions are discussed, then the
overall outcome is discussed.
1. How to quantify circularity of biomass utilisation of processing industries?
Currently, there is no quantification method for biomass utilisation as biomass cycles are complex and
spread out over multiple disciplines (Quik et al., 2016). Therefore, a simpler quantification method for
residual biomass was proposed using the order of circular biomass utilisation of De Boer & Van
Ittersum (2018) in combination with a basic quantification method of Elbersen (2020). The circular
biomass utilisation of De Boer & Van Ittersum (2018) is based on the definition of circularity from
Jurgilevich et al. (2016), which is RUE oriented. However, in reality also other aspects should play a role
in the determination of improvements to the system. Quik et al. (2016) for instance, takes socioeconomic and environmental aspects into account which is currently not taken up in the BCI.
Practicality is therefore not properly represented in the BCI. Furthermore, a basic quantification
method from Elbersen (2020) was used that ranks the biomass utilisations with steps of one. However,
it could be that a singular upgrade in the rank benefits circularity of the system more than another
singular upgrade, making the scaling of one incorrect. For instance, it could be that upgrading a residual
stream from soil quality management to food benefits the circularity much more than from feed to
soil quality management. This would mean the relative differences between circular biomass
utilisations are currently not properly represented in the method of Elbersen (2020) and it should be
investigated how the different biomass utilisations relate to each other. The BCI is incomplete and
merely functions in this research as a way to indicate whether suggested biomass utilisations benefit
circularity according to the circularity principles formulated by De Boer & Van Ittersum (2018). The
scientific community would benefit from a more comprehensive biomass circularity quantification
method that encapsulates all involved aspects, as discussed in Quik et al. (2016).
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2. What and how much residual and nutrient streams arise from the production and
processing of potato and sugar beet?
To explore possible circular improvements to the current system, first the current situation had to be
identified. The residual and nutrients streams from the production and processing of potato and sugar
beet are summarised in table 4 and table 5. The biggest residual stream in terms of fresh weight is
wash and process water. The biggest residual stream in terms of dry weight, is tare. In terms of total
N, P and K content, the most important residual streams are potato protein, Betacal and protamylasse,
respectively.
As no complete oversight existed for the biomass and nutrient streams that arise during production
and processing of the major crops of the NN, the overview created in this research is considered to be
a useful addition to existing literature. This oversight has bundled scattered information and can aid in
exploring sustainable solutions to approach a higher degree of circularity.
Filling-in missing data with values from similar crops caused some uncertainty. For instance, the
quantity of cull potato produced per hectare from ware potato was extrapolated to starch potato. Even
though these crops are very similar (Janssens & Smit, 2016), starch potato is grown on lighter soils and
has bigger potatoes so fewer cull potato can be expected. Overall, the error is expected to be rather
small, as the extrapolated data was from similar crops. Still, less extrapolation of data would benefit
the research. For tare, data about nutrient contents were not available and data from agricultural soil
was used. However, tare and agricultural soil differ in their characteristics as tare contains more clay
and is removed via washing, which may alter nutrient and dry matter content and could lead to
incorrect conclusions being drawn.
Furthermore, the data from the major processors regarding the amounts of residual streams produced
per tonne crop were taken for all the major crops produced in the NN. However, there are also other
processors that can have different residual streams or different amounts of residual streams produced
per tonne crop. Therefore, a more thorough determination would better describe the current
situation. Potato scrapings and vinasse are examples of residual streams that were disregarded
because the major processors did not produce them or in too low quantities to focus on (Rus, 2020;
LEPP, 2020; Sikken, 2020; Smit & Janssens, 2016). However, these residual streams do arise during the
processing of the major crops and should be included in the assessment of circular biomass utilisation
(Janssens & Smit, 2016; Smit & Janssens, 2016).
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3. How are these residual biomass and nutrient streams currently used or recycled back into
the system?
In the literature, information regarding residual biomass utilisation of potato and sugar beet was
incomplete or scattered. In table 7, a complete oversight of the current residual biomass streams of
the major crops of NN was generated. This oversight can provide a starting point to effectuate the
vision of the Dutch ministry of Agriculture, Nature and Food for more circularity in Dutch agriculture
(Vijn, 2019).
Noticeably, all residual streams, except for cull potato, that arise at the farm are kept at the farm and
are utilised for soil quality management. Furthermore, for most residual streams fermentation is
preferred over other applications when the processor owns a fermenter, as this generates more
revenue (Smit & Janssens, 2016; Sikken, 2020). Otherwise, other residual biomass utilisations are
preferred (LEPP, 2020). Currently, the residual streams with losses of nutrients to the environment are
tare and wash and process water/sludge. Alternative utilisations were suggested which valorise these
residual streams and prevent losses to the environment. However, one should realise that nutrient
losses to the environment are inevitable. There will always be nutrient losses out of the system
whether it is via leaching, denitrification or export.
For the residual streams with unknown utilisation volumes, an equal proportion of volumes was
assumed. In this way a BCI could be formed for the current situation and since the BCI is merely a
simple tool to assess whether circular improvements are possible, the 50/50 approach suffices.
However, this assumption may paint a distorted picture of current utilisation of residual biomass and
nutrients streams from the potato and sugar beet industry. It could affect the conclusions drawn on
which crops residual streams hold the highest valorisation potential. However, the majority of the
residual streams is used for just one utilisation, so the uncertainty described above is considered to be
minor.
4. How can the current uses of the residual biomass and nutrient streams be improved in
terms of circularity?
The suggested residual biomass utilisations of section 3.3 offer a broad summary of what is possible
with the available waste streams, which could function as a great starting position to implement more
circular solutions. In table 7, the utilisations are given that improve circularity of the system the most.
The suggested residual stream utilisations are not a complete list of alternative utilisations, but more
a grasp of the relevant possibilities. Therefore, further research could lead to more interesting
alternative utilisations.
61

During the search for more circular residual and nutrients streams utilisation, an approach was
followed that focused on increasing circularity. This approach results in strategies that improve RUE
and focuses on food production, while disregarding economic, social, legislative and technical aspects.
These aspects cannot be simply neglected, so the feasibility of the suggested residual stream utilisation
is debatable. For instance, it is suggested that beet tails should be used for feed instead of
fermentation. However, the reason why the use of beet tails shifted from feed to fermentation in first
place was economical (Smit & Janssens, 2016). As money is still a bigger drive than sustainability, it is
unlikely that the suggestion is followed without any governmental incentives. Therefore, not all of the
suggested residual biomass utilisations are currently realistically applicable. Subsidies may offer a
solution for the application of the suggested residual stream utilisation.
Furthermore, not only the circular biomass utilisation of De Boer & van Ittersum (2018) should play a
role in determining the utilisation of the residual biomass stream, but also the situation. For instance,
when the soil already contains sufficient nutrients and SOM, residual streams could better be used for
a utilisation other than soil quality management. The potential residual biomass utilisation shows the
highest possible utilisation in terms of circularity and should not be followed blindly, but rather
evaluated for each individual case. Also, potentially negative effects of circular changes should be
evaluated, as sometimes measures intended to increase circularity have an adverse effect on the
system (Vijn, 2019).
Are the residual biomass and nutrient streams that arise during production and processing of the
major crops of the NN used to their highest possible utility according to the principles of circularity?
The majority of residual biomass of the major crops can be utilised in a more circular manner, according
to the circularity principles of De Boer & Van Ittersum (2018). This means actions can be undertaken
in the potato and sugar beet processing industry to increase circularity of the system, and thus allow
a more sustainable way of life. The reasons for the established residual stream utilisation are mainly
economical (LEPP, 2020; Tijmensen et al., 2002). Further, social, legislative and technical aspects also
play a role in the current system (Bessa et al., 2020; Harmsen et al., 2014).
The results of this report regard the construction of a BCI, an assessment of the amount of residual
biomass and nutrients streams that arise during the processing of sugar beet, ware and starch potato
and a circularity assessment of the current and potential utilisation of residual streams. As no complete
oversight existed for the biomass and nutrient streams that arise during processing of the major crops
of the NN, this result is an addition to existing literature. The quantification of these streams, together
with the suggested residual stream utilisation, forms a solid basis to explore sustainable possibilities
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and implement circular measures. Alterations of crop input are possible, as the fraction residual
streams per crop and nutrient content are given. This forms a useful starting point for further research
regarding improved utilisation of residual streams in the potato and sugar beet industry, to support
higher levels of circularity.
In table 8, the differences between the averaged BCI’s of the current and potential situation are given.
This difference suffices as an indication which crops residual streams hold the most potential to be
utilised in a more circular fashion. The crop with the biggest difference is sugar beet, followed by starch
potato and then ware potato. This, together with the highest potential BCI, means sugar beet holds
the most potential to increase its residual biomass utilisations in terms of circularity. The biggest
potential win of an individual residual stream can be obtained with wash and process water/sludge,
which is currently partially lost and is used for fermentation and is suggested to be used in soil quality
management. No improved utilisation of potato haulm, harvest residues, rejected products, liquid and
solid starch and Betacal were found. This means that these residual streams are already utilised in the
most circular way possible. The reason behind this circular utilisation is often also economical (LEPP,
2020). Ware potato is the major crop that fits circularity best, as the residual streams of ware potato
are currently used most circular. Furthermore, 23.05% of the produced ware potato is consumed
without processing, and 75.85% (LEPP, 2020) of the processed ware potato is used for food
applications, which means at least 81.42% of ware potato ends up in food. The case of ware potato
shows the complication of fitting this processing industry in circular systems; it does not fit circularity
as it reduces to amount of edible food and should not compete with food or feed production. However,
this would greatly conflict consumer choice and is not realistic. Therefore, options to improve
circularity of the agricultural system of the NN are given in this research. Only 24% (Elbersen et al.,
2011) and 14% (Harmsen et al., 2014) of starch potato and sugar beet could potentially end up in food
applications, respectively. The relatively small fractions of starch potato and sugar beet that end up as
food raise the question whether we should abandon these crops and focus on food crops. However,
starch and sugar are important products and ingredients in food for the Dutch society and reduces the
need for petrochemical products.
A point of discussion is the manner this study was set up. As the focus area is the provinces of the NN,
the boundaries of the NN were taken strictly. This resulted in that import and export of crops, residual
streams and processed products were not taken up in the results, but given as a sidenote when
available. Furthermore, processors often could not give exact volumes of import and export. As a
consequence, only crops were considered that were grown in the NN, the resulting processed products
and the residual streams were assumed to be deposited in the NN and major nutrient streams entering
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the system like soybean and artificial fertiliser were disregarded. However in reality, there is import of
crops and export of processed products and residual streams in and out of the NN. The scale of the
import and export affects the circularity of residual biomass utilisation, as circularity is focussed on
local cycles (De Boer & Van Ittersum, 2018). Therefore, it is debatable whether it is useful to the system
to assign improved utilisations to residual streams that should not even be in the NN, if circularity
principles are followed. However, following the small wins concept described in De Boer & Van
Ittersum (2018), small wins like improved residual biomass utilisations may lead to a circular system
shift, especially as the volumes of Dutch residual streams are significant (Bastein et al., 2013).
The circularity of the residual stream utilisation of potato and sugar beet industry is also debatable.
On the one hand, there is import of crops which is not circular, but the fraction of imported crops is
marginal. On the other hand, most of the residual streams are utilised either in the NN or in the
Netherlands, which fits circularity. Processed products and some of the residual streams are exported
to the European Union and even globally, which does not support circularity (Rus, 2020; LEPP, 2020).
Furthermore, import of ware, starch and sugar beet affects the quantification of produced residual
streams of the NN. Therefore, results of residual stream quantities and total nutrient content do not
represent total stream volumes, but only the streams proportional to the production of ware and
starch potato and sugar beet crops in NN. However, this research resulted in a framework that allows
fluctuations in the amount of crops that are processed. Fractions of residual stream per crop and
accompanying nutrient content can thus be used for other regions or systems.
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5 Conclusion
This research was conducted to explore whether residual streams of the potato and sugar beet
industry could be utilised more circular. The Biomass Circularity Indicator (BCI) was constructed by
combining the order of circular biomass utilisation of De Boer & van Ittersum (2018) and a basic
quantification method of Elbersen (2020). The size of the residual biomass and nutrient streams from
the major crops of the NN are summarised in table 4 and table 5. With use of table 7 and table 8, the
current and potential biomass utilisations were compared and conclusions were made regarding the
circularity of the residual biomass and nutrient utilisation. The hypothesis is accepted as a majority of
residual biomass and nutrient streams can be utilised in more circular fashion, according to the
circularity principles of De Boer & Van Ittersum (2018). Aspects that counteract more circular
applications of residual biomass are most often economical and, to a lesser extent, social, technical
and legislative. With use of the BCI, it was concluded that the residual streams of sugar beet hold the
highest potential to increase circularity of the system. Ware potato is the major crop that fits circularity
best, as, proportionally, most of the crop is used for food applications and its current BCI is the highest.
The circularity assessment of the major crops will only be complete when import and export of crops,
all products and residual streams and the RUE of the major crops are evaluated. The role of the
processing industry in circular systems will never be a perfect fit, as processing often reduces the
amount of edible food. However, the processing of food is embedded in our society and daily diet and
thus cannot be simply abandoned. Therefore, options are provided to improve the fit of the processing
industry in circular systems.

6 Recommendations
A recommendation for further research would be the development of a circularity indicator for
residual biomass utilisations that encapsulates all components of circularity. The paper of Quik et al.
(2016) is recommended as a useful guideline for the formulation of a circularity indicator for residual
biomass utilisations. Another recommendation would be to relate the fraction of the crop that ends in
food to the RUE of the crop, to better evaluate the circularity of the crops. In this way, decisions could
be made which crop fits circular systems best.
For further research, it is recommended to focus more on import and export, as this allows a more
complete reflection of reality and is a determinator on how circular systems and residual biomass
utilisations are (De Boer & Van Ittersum, 2018). Furthermore, it is advised to not only ask how major
processors utilise their residual streams, but look at the entire system and to track all residual streams
of sugar beet, ware and starch potato in the NN. In this way, a complete picture can be formed and
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the potentially biggest wins can be better identified. Additionally, it would be recommended to do an
own analysis of the nutrient and dry matter content of the residual streams, so the data is not from
different sources and a consistent result can be obtained.
Moreover, it is recommended to do a feasibility analysis (economical, legislative, social, etc.) of the
proposed residual stream utilisation. This will show whether more circular biomass utilisations are
viable. Furthermore, instead of focussing on improving the utilisation of residual streams, one should
also focus on the functionality or reduction of residual streams. Breeding efforts on the major crops to
have more functional residual streams should be assessed, as currently less focus has been put on the
quality of residual streams (Trindade et al., 2010). Furthermore, breeding for less tare formation and
increased harvest index would also benefit circularity, as the residual streams are smaller to begin
with. Focussing on improved industrial processes would increase circularity as well. Moreover, it would
be advised to further research what the possibilities are regarding improved residual biomass
utilisation, e.g. compound extraction. Lastly, it is advised to look into or develop novel food products
so the excess potato shreds and molasses could also function in food applications.
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Appendix
Appendix 1: Schematic overviews of the processing of the major crops
Appendixoverview
1.1: Schematic
overviewof
ofware
the processing
of ware potato
Appendix 1.1: Schematic
of the processing
potato
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Appendix 1.2: Schematic overview of the processing of starch potato
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Appendix 1.3: Schematic overview of the processing of sugar beet

78

Appendix 2: Nutrients
Appendix 2.1: Organic and artificial fertilisers
Organic fertilisers are biomass and biomass derived products that decompose on the field which
mineralises the organically bound nutrients and makes it available to be taken up by the plant. Artificial
fertilisers are often readily in mineral form which means can be taken up more quickly. Artificial
fertilisers are either mined (P and K) or produced out of the atmosphere (N). The advantages of organic
fertilisers over artificial fertilisers is that the nutrients are released more gradually and contains, next
to macronutrients, essential micronutrients. The advantage of artificial fertilisers is that the farmer
knows how much nutrients is going to be applied to the field as nutrient concentration is known, in
contrast to the varying nutrient concentration of biomass. Furthermore, as the nutrients of artificial
fertilisers are readily in mineral form, the farmer can more easily synchronise nutrient application with
the plant’s needs. Application of artificial fertiliser, in the form of pellets, is relatively easy compared
to organic fertilisers in the form of manure, biomass or biomass derived fertiliser. The main drawback
of artificial fertilisers is that they either are finite (P and K) or require a lot energy to be produced (N).
P mineral deposits are estimated to run out in the coming 50 - 100 years (Cordell et al., 2009) and the
Netherlands directly and indirectly relies on these deposits, as the Netherlands imports artificial
fertiliser and vast quantities of feed that is grown with use of artificial fertilisers (Cordonnier, 2018;
NOS, 2019). K can be more abundantly found (Johnston, 1997), so the finiteness of K is of less urgence.
N production from the atmosphere is energy intensive (De Boer & Van Ittersum, 2018). However, when
the energy used for N fixation is renewable, N production is also renewable.

Appendix 2.2: Nutrient losses
Per definition, farms are not circular; nutrients are exported to the city and are not returned to the
farm. The nutrients mainly end up as excreta in the sewer and remain unused, resulting in nutrient
cycles that are not closed (De Boer & Van Ittersum, 2018). Just like other crops, potato and sugar beet
require nutrient input to ensure proper growth. After harvest, these nutrients are transported to
processing facilities, where different biomass streams arise holding nutrients. These nutrient streams
are predominantly used for food, but other streams are also used for feed, soil quality management
and industrial applications (Janssens & Smit, 2016; Smit & Janssens, 2016). Part of the nutrients are
lost to the environment as nutrient losses are inevitable.
With both organic and artificial fertilisers leaching of nutrients occurs; nutrients are not taken up by
the plants and end up in the soil, ground water and surface waters. Roughly 70% of the nutrients
supplemented to soils is not taken up by the plant (Ellen MacArthur Foundation, 2015b). This results
in disturbances to the ecosystem, loss of biodiversity due to eutrophication and P accumulation in the
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soil. When P ends up in the sea via surface water, it will end up in the natural cycle of P which makes
it practically lost as this cycle takes millions of years (Kipp & Stüeken, 2017).
Not only leaching leads to losses of nutrients. When nitrate (NO3-) is not taken up, it can denitrify under
anaerobic conditions into nitrous oxide (N2O) and nitrogen gas (N2) via several reactions. The N in
manure or in ammonium fertiliser can volatilise into the atmosphere as ammonia (NH3), precipitate
and disturb ecosystems somewhere else (RIVM, 2019). Furthermore, 60% of P waste has been
accredited to waste of P in human excreta (Van Kernebeek et al., 2018). Due to current health
legislation, it is not allowed to use human excreta as fertilisers as this could cause diseases. Struvite
may offer a solution for these P losses, as the P is obtained but the contaminants are minimalised (De
Boer & Van Ittersum, 2018). Other major sectors of P loss include P loss along the crop and animal
production chain and P waste in industrial process water (Van Kernebeek et al., 2018). These nutrient
losses need to be minimised in order to pursue a circular agriculture.
In order to meet the climate goals the Netherlands set out for itself in the Paris agreements (Ellen
MacArthur Foundation, 2019), climate change mitigating measures should be taken in all GHGs
producing sectors. Reducing GHG emissions contributes to circularity, as these emissions are losses of
the system that could be used for other purposes. The Dutch agriculture emitted 26,3 megaton of CO2equivalent in 2019, which accounts for roughly 14% of total Dutch emissions (Centraal Bureau van
Statistiek, 2020). The GHGs that mostly contribute to the CO2-equivalent emissions of the Dutch
agriculture are methane (CH4), nitrous oxide (N2O) and, of course, carbon dioxide (CO2). Roughly half
of the CO2-equivalent emissions of the Dutch agriculture can be contributed to methane and roughly
a quarter to both nitrous oxide and carbon dioxide. In the Netherlands, methane is mostly emitted by
livestock, when their manure is applied to the field as organic fertiliser and when dried peat lands are
rewetted (Günther et al., 2020). Nitrous oxide is mainly released when the groundwater table of
peatlands is lowered and when N (in the form of NO3-) is applied to the field and is denitrified by
bacteria into N2O, which is emitted to the atmosphere (Takaya et al., 2003). Carbon dioxide is mainly
released due to lowered groundwater table of peatlands and energy production out of fossil fuels
needed for agricultural practices (RVO, 2016). Especially the negative effects of lowering groundwater
tables of peatlands should not be underestimated, as its estimated annual CO2-emissions are
comparable to the annual CO2-emissions of 2 million cars (Kwakernaak et al., 2010). Furthermore, the
Dutch agriculture also negatively affects nutrient management due to the major P and N losses. In
order to tackle the abovementioned problems, a system shift is needed. The concept of circular
agriculture endeavours to accomplish this.
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Appendix 3: Potential candidate species for aquatic biomass growth on wash and
process water
Azolla filiculoides is a promising candidate for the uptake of nutrients and biomass production as it
grows best on nutrient rich waters. Azolla is not indigenous to the Netherlands but it is already present
in the Dutch ecosystem. Azolla can quickly grow and take up P2O5, CO2 and bind atmospheric N. In this
way, circularity of nutrients and carbon is increased while also producing biomass and purifying waste
waters. The ability of Azolla to take up N from the air is due to the symbiosis it has with the
cyanobacterium Anabaena azolla. This symbiosis allows yield to be between 30 to 40 tonnes of dry
matter per hectare, without any need of N fertiliser. The immense residual streams of CO 2 that are
formed during various industrial processes can be recycled by Azolla, as it grows even better under
elevated concentrations of CO2. Under CO2 concentrations of 800 PPM, Azolla can even yield 48.3
tonnes of dry weight per hectare per year, which is several times higher than some arable crops
(Brouwer et al., 2018). Specialised harvest practices readily exist for Azolla (Smolders & Van Kempen,
2015). Azolla is not only fast producing and a mitigator of eutrophication, it is also protein rich and oil
rich. Dry matter protein content of Azolla is roughly 20% and it holds more essential amino acids than
soybean. This means Azolla could compete against soybean and other crops utilised in feed
applications. However, Azolla also holds up to 5% (poly)phenolic compounds, of which especially the
condensed tannins decrease digestibility. Further research has to be done on the effect of these (poly)
phenols on animals (Brouwer et al., 2018). On average, Azolla has beneficial N, P and K ratio for feed
applications (Smolders & Van Kempen, 2015). Furthermore, crude oil content of Azolla can reach up
to roughly 8% of the dry weight. The crude oil from Azolla can be used for biodiesel production, but
only after a fractionation step, as it contains too high levels of lignoceric acid and mid chain (di)hydroxy
compounds. This fractionating step also creates a residual stream of long-chain alcohols and
(di)hydroxy fatty acids that can be used in the chemical industry and nutrition (Brouwer et al., 2016).
Azolla is currently not classified as food, so food applications are currently not possible, but the
possibilities of Azolla as food have been explored (Sjödin, 2012). Furthermore, Azolla could play an
important role in restoring nature from agricultural lands. As nutrient levels in agricultural lands are
artificially high, nutrients need to be removed from the soil before nature can restore. This can be done
by indentation of the agricultural field and let Azolla grow on it. In this way, Azolla can remove up to
70 kg of P2O5 per hectare per year (Smolders & Van Kempen, 2015).
Another fresh water candidate for the valorisation of wash and process water is Lemna or duckweed.
This is the smallest flowering plant on earth and grows very quick. It holds up to 25% of protein and 1
hectare of duckweed produces as much of protein as 10 hectares of soybean. The suitability of
duckweed for food, feed and industrial applications is still being researched, but it looks promising
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(WUR, 2012b). Currently, the European Union does not qualify duckweed as a food, but this could
change in the future (Compeer, 2017).
Even though is does not necessarily close local loops and is only indirectly involved with wash and
process water, salt water aquatic biomass could also be a solution to increase circularity of the NN.
Nutrient rich surface water originating, among others, from agriculture and industry ends up in the sea
via streams and rivers. When the nutrients reach the sea, they are lost. So in order to recapture these
nutrients to get them back in the food cycle, seaweed could be a solution. There are several candidate
such as Ulva lactuca, that could be cultivated off-shore. Seaweed is protein rich and can function as
food, feed or function in industrial applications. Next to the circular aspect, aquatic biomass contains
some additional advantages. Seaweed does not compete with other crops for land, as it can be
cultivated on sea. Furthermore, Kinley et al. (2016) showed that when cows were supplemented with
red macroalgae Asparagopsis taxiformis (5% of their diet), they emitted significantly less methane
without any effect on in vitro digestibility. Seaweed also holds antimicrobial properties which could
reduce the need for antibiotics in animal farming (De Boer & Van Ittersum, 2018).
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