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Abstract

The production of bio-based products for different purposes has become an increasingly
common strategy over the last few decades, both in Europe and worldwide. This trend seeks
to contribute to mitigating the impacts associated with climate change and to cope with the
ambitious objectives established at European level. Over recent decades, agro-industries
have shown significant potential as biomass suppliers, triggering the development of
robust logistical supply chains and the valorization of by-products to obtain bio-based
products that can be marketed at competitive prices. However, this transformation may, in
some cases, involve restructuring traditional business model to incorporate the biorefinery
concept. In this sense, the first step in developing a bio-based value chain involves assess-
ing the resource’s availability and characterizing the feedstock to select the valorization
pathway and the bio-application with the greatest potential. The paper incorporates inputs
from a case study on PATURPAT, a company commercializing a wide range of ready-
prepared potato products, which has commissioned a starch extraction facility to process
the rejected pieces of potatoes and water from the process to obtain starch that can be
further valorized for different bio-applications. This study aims to comprehensively review
current trends and frameworks for potatoes processing agro-industries and define the most
suitable bio-applications to target, as well as identify opportunities and challenges.

Keywords: potato agro-industry; by-product; valorization; starch; bio-application;
bio-based products

1. Introduction
The production of bio-based products has emerged as a key strategy to transition

away from reliance on fossil fuels and toward more sustainable and environmentally
friendly alternatives. Bio-based products, derived from renewable biological resources,
offer a promising resource to contribute to greenhouse gas emissions reduction, resource
depletion minimization, and the development of a more resilient and sustainable economy
among other factors [1–4]. In this sense, exploiting the potential of by-products from
agro-industries for instance for the production of bio-based products can significantly con-
tribute to decarbonization and support the transition towards a more circular and resource-
efficient economy.

Sustainability 2025, 17, 6808 https://doi.org/10.3390/su17156808

https://doi.org/10.3390/su17156808
https://doi.org/10.3390/su17156808
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0003-4902-5375
https://orcid.org/0000-0002-8194-303X
https://orcid.org/0000-0003-4202-9437
https://orcid.org/0000-0003-4631-6994
https://doi.org/10.3390/su17156808
https://www.mdpi.com/article/10.3390/su17156808?type=check_update&version=1


Sustainability 2025, 17, 6808 2 of 17

In Europe, there has been a joint effort to promote the production and consumption
of bio-based products as part of a broader strategy to transition towards low-carbon
and climate-resilient alternatives. Through initiatives such as the European Green Deal
and the Circular Economy Action Plan, the European Union has set ambitious targets
for reducing greenhouse gas emissions, increasing the share of renewable energies, and
promoting sustainable resource management practices. In this context, bio-based products
play a key role in achieving these ambitious objectives, offering innovative solutions across
various sectors.

More specifically for the agrifood sector, the valorization of side streams and by-
products is crucial to increase the sustainability of the related production processes [5].
Moreover, this approach contributes to diversifying the product portfolio and income of
primary producers, enabling them to reduce the risk while creating new jobs in rural areas.
These waste/by-product materials are often discarded due to not reaching the required
standards or characteristics for further processing or commercialization. Nonetheless,
they have high intrinsic value and can be used to generate high value-added products [5].
Various industries, such as the vegetable processing industry [6], woody manufacture, and
the seafood industry [7], generate large amounts of by-products that can be recovered
and used to create bio-products with a high potential to replace fossil-based alternatives.
These by-products contain valuable compounds such as fiber, essential oils, proteins,
lipids, carbohydrates, and bioactive compounds, which have interesting properties for
different applications such as fertilizers, biostimulants, bioplastics, cosmetics, animal feed,
biolubricants, and bioadhesives, among others. The present paper specifically addressesthe
potato processing agro-industry focusing on the PATURPAT company as a case study. This
company commercializes a wide range of ready-prepared potato products and obtains side
streams (potato rejections and water used in processing) that can be valorized to obtain
starch for different bio-application, such as bioplastic.

Using a comprehensive review of current trends and a framework for potato agro-
industry’ side streams, this paper seeks to explore relevant potential bio-applications
and identify opportunities and challenges. The literature review is combined with and
supported by information collected from PATURPAT.

2. Current Status of Potato Production and Cultivation
The potato is recognized as one of the most significant food crops worldwide, culti-

vated across different climates and geographical areas. It ranks as the fourth most relevant
crop for human dietary needs and has been key in enhancing food security. Accord-
ing to potato production statistics in FAO’s FAOSTAT database, in 2022, approximately
375 million tons of potatoes were produced globally, with China (95.5 million tons) and In-
dia (56 million tons) being the main producers. In Europe, Germany produced 10.6 million
tons, France 8 million tons, the Netherlands 6.9 million tons, the UK 4.8 million tons and
Belgium 3.6 million tons [8].

In 2023, the total potato harvested area in EU27 was 1304 thousand hectares according
to EUROSTAT [6]. Most of the area devoted to potato cultivation in the EU is located in
Germany, France, Poland, the Netherlands, Belgium and Spain. The percentage of farmland
in Europe occupied by potato crops is depicted in Figure 1 [9].

Farms engaged in potato production within the EU are typically characterized by
their dimensions, which are notably reduced compared to the one occupied for this aim in
India and China. Nearly 90% of these farms devoted their efforts to cultivating potatoes
on plots of land spanning less than 1 hectare. In contrast, certain Member States focused
on the cultivation of potatoes on a larger scale. Consequently, although they represent a



Sustainability 2025, 17, 6808 3 of 17

relatively small percentage in terms of quantity, these larger-scale potato farms contributed
significantly to the total potato production area within the EU [6].
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Figure 1. Share of EU potato area cultivated (Source: Eurostat [9]).

In addition to being consumed directly or traded, potatoes are transformed into
four primary product categories: frozen potatoes, dried potatoes, prepared or preserved
potatoes, and potato starch. The total value of processed potato production in the European
Union achieved EUR 9.1 billion in 2019, which represents up to 1.6% of the overall value of
food production in the European food industry. Of these products, frozen chips and crisps
are the most relevant in terms of production value.

Potato loss during processing can vary significantly depending on the desired end
product, processing method and initial quality of the potato [10–12]. Generally, losses are
linked to the peeling, cutting, cooking processes, and the amount of rejected potatoes when
they do not comply with the required quality standards. Table 1 depicts the average losses
expected in the potato processing industry and the average losses measured in PATURPAT.

Table 1. Average losses according to the potato processing stage in the agro-industry.

Processing Stage Average Loss (%)
Average Losses

Considered in the Case of
PATURPAT (%)

Peeling 15–25% 5%
Cutting 5% neglectable

Discarding 5% 0–30%
Cooking 2–5% 5%

Overall losses 20–40% 15%

As shown in Table 1, the larger losses at a general bases are linked to the peeling system
and depend on the final product targeted (pre-fried frozen potato, chips or pasteurized
potato for instance). Therefore, the overall average loss when processing potatoes to
produce elaborated products can range from 20 to 40%.

In the case of PATURPAT, losses associated with the peeling process is significantly
lower due to the steam peeler used. During the sieving process after cutting, losses can
ranges from practically zero in the case of the omelet products to almost 30% in the case
of potato cubes. The discarded portion is also linked to the quality of the potato. During
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cooking, a 5% loss can be estimated due to it the steaming process, but this figure increases
when the potatoes are fried instead. PATURPAT has estimated losses of 15%.

In Europe, more than 2000 companies are active in the potato products sector [13].
This market includes a variety of players, from companies involved in the production
and processing of potatoes to those focusing on marketing and export. In Spain, around
1444 companies are involved in the commercialization of potato products [14]. This sector
includes companies operating in different areas, from the production of fresh potatoes
and processed products to the distribution and export of potatoes to other European
markets. Moreover, this sector has experienced an increase in the production of value-
added products, including pre-cooked and seasoned potatoes, which better aligns with
current consumers’ preferences.

3. Starch Valorization
Starch is a key polysaccharide due to its high abundance, lowcost, and absence of toxic

properties. In principle two types of starch exist, storage starch and transitory starch [15],
which are synthesized in differently and under different conditions. In general, there is a
higher content of storage starch.

When analyzing the starch obtained from potato to evaluate its potential as raw
material for different applications, several factors can influence the quantity of starch
as well as its characteristics. Some of the characteristics that can differ are the Amylose
(AMS)/Amylopectin (AMP) ratio, starch granule size or phosphorus content.

Firstly, the quantity of starch can be influenced by the potato variety used, growth
conditions, meteorological conditions during the growing season, location characteristics,
and fertilization applied [16]. Different studies have analysed different varieties and
conditions, obtaining a wide range of results [17–19]. Table 2 presents the variation in
starch content across different potato varieties, along with the average starch content of the
varieties used by PATURPAT [20].

Table 2. Variation in starch content across different potato varieties [20].

Potato Variety Starch Content (%)

Red Lady 14.5–16.8%

Bellarosa 12.6–15.7%

Arizona 13–16%

Santé 10–12.5%

Varieties processed in PATURPAT: Jazzy,
Monalisa, Lucinda, Colomba, Soprano

and Agria

13–20%
Average considering the amount of each

variety: 13–15%

Some studies have concluded that significant differences are derived from from dif-
ferences between potato varieties [21]. It can be estimated that the effect can be as high as
66% [22], while others have concluded that the variety does not have a significant effect on
the starch content of potatoes. The harvest moment also affects the starch content in fresh
tuber, reaching the highest content at 2 months of growth [16]. Other aspects such as the
temperature during the tuber growth, the latitude where the potato is cultivated and the
conditions during the production season also impact the starch quality [22]. With respect
to additional attributes, the size of starch granules, climatic and cultivar or field conditions
contribute to variability in granule size [16]. Nonetheless, a research investigation assessing
the influence of the cultivar, geographical location, and annual variations on the physico-
chemical properties of starch revealed that amylose content, phosphorus levels, and granule
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size are parameters differ according to the variety. Additionally, this study concluded that
these parameters are influenced by the location as well [22]. Furthermore, the growth
moment is another factor that affects the granular size, which increases as the growth time
increases and after reaching the largest size, the size decreases [21]. Phosphorous content
is influenced by growth time [21]. Variety also affects this parameter [21]. Moreover, a
correlation between levels of amylose and phosphorous has also been established showing
higher content of phosphorous content alongside lower amylose content [22]. Finally,
studies have concluded that location has an effect on the total starch, amylose, phosphorus
content and starch granular size [22].

Furthermore, logistics aspects are also relevant and can significantly impact on the
overall suitability of the value chain as well as the quality of the product marketed. In this
sense, for starch obtained in PATURPAT, the most relevant parameters to consider are inked
to the storage of this by-product. Some parameters that can be controlled at the storage site
greatly impact the stability, quality and properties of the starch include the surrounding
temperature which can cause degradation and the humidity of the environment which
can contribute to reduce the moisture content of the material or increase it. Additionally,
exposure to light can cause oxidation and degradation. Furthermore, the type of packaging
used can help to preserve the starch properties over time, facilitate handling and contribute
to avoid the microbial contamination associated with the hygienic conditions in which the
starch might be stored (Figure 2).

Figure 2. Parameters influencing potato degradation associated with the feedstock logistic.

Apart from the starch that can be extracted from potato rejections, it is also relevant to
consider potential starch recovery from the wastewater generated by potato industries. The
amount of water required in the washing process is quite significant. But water is also used
in other processes such as peeling, cutting or slicing. The wastewater generated during the
processing contains high concentrations of starch, present in the form of free suspended
solids as well as high content of gelling or bioactive fractions [23,24].

In the case of PATURPAT the water required in the process is around 80,000 m3 per year.
Due to the high Biological Oxygen Demand (BOD) and Chemical Oxygen Demand (COD)
the water must be treated before disposal or even recirculated in the process. The Chemical
Oxygen Demand (COD) refers to the total amount of oxygen required to chemically oxidize
all organic and inorganic matter present in a water sample. It is a measure of the potential
for water to consume oxygen through chemical reactions captures both biodegradable
and non-biodegradable substances. The Biological Oxygen Demand (BOD), on the other
hand, measures the amount of oxygen required by aerobic microorganisms to biologically
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decompose the organic matter in water over a specified period, usually 5 days at 20 ◦C
(BOD5). Both COD and BOD are critical for assessing the organic pollution load in water
used or discharged by industrial operations. High levels of COD or BOD indicate significant
presence of organic matter, which, if untreated, can deplete dissolved oxygen in receiving
water bodies, leading to environmental degradation such as eutrophication and harm to
aquatic life. For agro-industries monitoring these parameters it is key to ensure compliance
with environmental discharge regulations, select the most suitable wastewater treatment
systems (e.g., biological reactors or anaerobic digesters for example) and evaluate the
efficiency of resource recovery. In the case of PATURPAT the strategy to reduce these
parameters has focused on the installation of a starch extraction plant. The data depicted in
Table 3 shows recent data analyzed by PATURPAT from the water at different points of the
processing line and downstream the extraction plant. The values will likely be improved
once the operation of the extraction plant is optimized.

Table 3. DBO, DQO and suspended solids determined by analysising of the water used in the process
at PATURPAT.

BOD5 (mg/L) COD (mg/L) SS * (mg/L)

Measure of the BOD and CDO parameters after the cutting
process in production line 1 3.730 7.190 10.623

After cutting process in the production line 2 2.950 5.060 3.212
After starch recovery system 1.256 1.296 451

Overall BOD and COD reduction achieved in line 1 (%) −66.33 −81.97 −95.75
Overall DBO and DQO reduction achieved in line 2 (%) −57.42 −74.39 −85.96

* In the context of water quality, total solids include all the solid materials, suspended and dissolved, present in a
water sample. SS refers to suspended solids.

4. Potato Processing Side-Streams and the Starch Biorefinery Concept
The substantial quantity of waste biomass generated has been recognized as a poten-

tially valuable and environmentally friendly alternative to producing energy, materials and
biofuel [25]. In line with existing regulations, some countries are adopting good practices to
mitigate food waste; nevertheless, challenges to achieve this goal remain [5]. In addition to
food loss and waste, there is also a loss of nutrient density as food progresses through the
supply chain [5]. Effective food supply chain management plays a pivotal role in achieving
food waste decrease. The adoption of new technologies can have a significant impact in this
regard [26]. In this sense, stakeholders engaged in the potato value chain are developing
different strategies seeking to reduce food waste; however, significant challenges must still
be overcome [5].

In many cases, the by-products generated by food-industries have been mainly val-
orized as animal-feed; however, there are other valorization pathways that should be
explored when considering the biorefinery concept, which in fact, could be associated with
higher value-added products [27]. Indeed, the biorefinery approach facilitate residues
valorization while increasing their value and transitioning towards a circular economy.
In this regard, several pathways could be considered such as biofuel, fertilizer, cosmetics
or biomaterial production [28]. In particular, the potato industry generates a significant
amount of waste and by-products during the production process, such as pulp, processed
water, peels, and mash [29].

In PATURPAT, the potatoes are chopped and washed generating water with high starch
content that must be treated due to their high COD and BOD content as well as potato
pieces rejected. In Spain, discharging this process water is not possible above the BOD and
COD values set in the relevant regulations [30,31]. Alternatives include the installation of a
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water treatment plant or other type of treatment to reduce these BOD and COD parameters
below the stated requirements. This latter option would allow the recovery of the starch
which can then be valorized for different bio-applications as previously mentioned.

The extraction facility installed in the case study company includes two flume system
for transporting slurry and pieces of potato from the potato processing lines to the starch
recovery system. This system includes one parabolic screen, screw press, one refining sieve,
one recirculation water tank, two hydro cyclone units, two pumps, one vacuum filter, two
screw conveyor and one tank for feeding the hydro cyclone units (Figure 3).

 

Figure 3. Layout of the starch recovery system installed in PATURPAT company.

As previously mentioned, the starch is extracted from the rejected fragments and water
used in the potato processing lines to produce pasteurized potatoes. These lines include
peeling, cutting, packaging, and cooking processes. The rejected pieces of potato will be
transported by recirculating flumes to the starch recovery system.

5. Starch Valorization Funded Research
To improve the functional characteristics of extracted starch, modifications can be

carried, thereby making the starchsuitable for many foods and industrial applications.
During the modification treatment, starch properties can be altered, including the solution
viscosity, gelatinization properties, pasting properties, retrogradation behaviour, association
behaviour, and shelf-life stability in the final products [32]. In general, modifications can
be categorized into two groups. The first group encompasses in planta modifications,
which can be carried out through genetic manipulation via breeding and molecular biology
technologies. The second group encompasses all modifications that occur outside the
plant or facility system and can be obtained through physical, chemical, and/or enzymatic
methods [15]. Physical methods such as heat-moisture treatment, extrusion, and microwave
or ultrasound application could help to improve stability and processability. Additionally,
these methods are suitable for biodegradable applications since they do not leave chemical



Sustainability 2025, 17, 6808 8 of 17

residues, something which is very relevant for certain bio-applications. However, their
effectiveness in improving certain performance parameters may be limited compared to
that of chemical approaches. Chemical treatments contribute to improving parameters
such as flexibility, strength and compatibility with other polymers, for example, which is
key for the production of bioplastics production for example. Lastly, enzymatic methods
can help reduce crystallinity or produce linear chains, which are relevant for gelling
and film formation. The valorization of starch waste from the food processing industry
has already been investigated to generate value-added products, platform chemicals,
and biofuels, thereby contributing to sustainability and reducing waste management
costs [33–36]. Overall, the valorization of starch presents opportunities for the deployment
of innovative and sustainable materials and products that will be described in the following
sections [37].

5.1. Food Systems

Starch is widely used in the food industry, accounting for around 60% of global
production. Starch used as a thickening agent, stabilizer, and texturizer in various food
products [38] in the manufacture of snack foods [25]. Additionally, incorporating modified
starch enables the production of high-quality snack foods fortified with fiber [39]. The
quality of baked products can also be enhanced by the significant properties of starch,
including gelatinization, water absorption, and retrogradation [40,41]. The food industry
has also explored the use of starch as thickener and stabilizer for gravies, soups and sauces
as well as mayonnaise and salad dressing [39]. Additionally, the food industry has shown
an increasing interest in finding materials suitable for three-dimensional (3D) printing
due to this technology’s potential capacity to fabricate tailored products in accordance
with customer needs or nutritional requirements. Nonetheless, this application requires
edible bio-inks possessing which in turn requires appropriate physicochemical and sen-
sory characteristics of the material. Starch is among the substances that have undergone
experimentation to developing food-grade bio-inks [42].

5.2. Textile Industry

Starch has also been employed as a conventional finishing agent for cotton and other
textiles despite its lack of durability. Here, the primary purpose of starch is to enhance
fabric appearance. Moreover, starch can act as a binding agent for various fillers and helps
to increase fabric rigidity [43]. Although synthetic alternatives with superior durability and
resistance to washing have been developed, starch remains the preferred choice in some
cases due to its biodegradability, low cost, non-toxicity, and compatibility with natural
fibers. Starch is especially relevant in eco-friendly textile processing or fabric samples,
fashion prototypes, or recyclable garments. Potato starch is especially valued in warp
sizing due to its high viscosity, good film-forming ability, and excellent adhesive properties
which helps reduce yarn breakage, improve weaving efficiency, and enhances the surface
smoothness of fabrics. It is also used in fabric finishing to create a stiffening effect thereby
enhancing the overall appearance of the fabric [43,44].

5.3. Pharmaceutical Industry

Starch is employed in the pharmaceutical sector as a binder in tablet formulations,
thereby facilitating the bonding of active ingredients. In this sense, tablets continue to
be one of the most commonly prescribed forms of medicines due to their stability and
ease of handling [45,46]. Currently, starch is listed as one of the most commonly used
excipients in tablet formulation. Starches are used for this application due to their versa-
tility and multifunctional characteristics such as their inert nature and cost-effectiveness
among others [32,47]. Potato starch, however, can present significant limitations that re-
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strict its widespread use for tablet formulation [45,48]. One of the primary concerns is
the variable quality and composition of the starch, which can lead to inconsistencies in
tablet performance and drug release. Additionally, its relatively high moisture content
makes potato starch susceptible to microbial contamination and reduces the stability of
moisture-sensitive active pharmaceutical ingredients. Furthermore, potato starch may may
suffer from compatibility issues with certain excipients leading to undesirable chemical
interactions. Overall, compared to synthetic or chemically modified binders, potato starch
generally provides weaker binding strength, which can compromise tablet hardness and
increase friability. Regulatory limitations may also constrain its use depending on the thera-
peutic application. In conclusion, considering the quality of the starch required for medical,
this application does not seem adequate for the starch currently produced by PATURPAT.

5.4. Paper Industry

Due to its aforementioned binding property, starch can also be used in papermaking
and paper coating as surface sizing agent and binder contributing to improve the strength
and printability of the paper [32]. Its natural film-forming properties make it useful
for coating applications, particularly in packaging papers, to enhance ink adhesion and
reduce porosity. However, the amount of starch absorbed is limited by the absorption of
cellulose substrates. Other problems might can arise at the operational level due to the
high viscosity of the starch paste after cooking. Additionally, its cost variability can make it
less suitable compared to corn or tapioca starches that are also used for this aim depending
on local availability. Moreover, as previously mentioned, the storage of potato starch can
be challenging as it can affect the quality of this raw material for the paper production
application. Furthermore, its viscosity and gelatinization behavior would require careful
control during application. Therefore, this application does not show a significant potential
for the product obtained in the case study.

5.5. Feed for Animal

The organic by-products of potato processing are usually valorized as feedstock,
especially in cattle and dairy farms. Such by-product can also be used to feed pigs, but
only if cooked; otherwise the material is indigestible. Thus, by-products include on the one
hand, potato rejections (potato pieces rejected from the production process or unable to
meet the commercialization standards) as well as by-products from the starch extraction
plant. This type of valorization is feasible but the by-product logistics play a key role as
the moisture content of these materials is very high (around 50%). Therefore, this value
chain will most likely be economically feasible only when the farm and the agro-industry
are close to each other (less than 30–50 km) [49].

5.6. Starch for Ethanol Production

Starch is awidely utilized primary substance to produce ethanol [50,51]. Conse-
quently, several techniques and technologies have been developed to transform starch
into ethanol [52]. Among them, the method that entails the pretreatment of starch to break
down larger starch molecules into smaller ones prior to fermentation is one of the more
attractive [53]. Investigations have also been conducted on the creation of yeast capable of
converting raw starch into ethanol without the need for external enzymes, which highly
contributes to reducing the investment required [54]. Nevertheless, the use of potato starch
for ethanol production faces several constraints that hinder its large-scale deployment
such as the high production cost compared to corn or sugarcane for instance, as men-
tioned for other applications. Additionally, the initial steps of the process in some cases
(gelatinization and enzymatic hydrolysis) are energy-intensive and require specialized
enzymes which hinder the economic feasibility of the process. Additionally, as presented
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in Section 3, the composition of potato rejections can significantly vary which makes chal-
lenging the process optimization. Finally, the same constraint as previously mentioned for
other bio-applications linked to logistics in terms of storage of the feedstock apply in this
case. Therefore, logistics needs to be carefully considered to avoid the deterioration of the
potato starch.

5.7. Packaging Applications

Over the past few decades, there has been growing interest in utilizing biodegradable
polymers derived from renewable resources for specific agricultural purposes such as
mulching. This interest is the outcome of the very challenging and ambitious environmen-
tal objectives established at the European and national levels seeking to reduce the use of
fossil-based materials. In this sense, starch is characterized by its availability worldwide,
competitive price but also biodegradability as a key characteristic for this specific appli-
cation. Furthermore, the starch also possesses thermoplastic characteristics essential for
this application [55]. Moreover, starch has the potential to serve as a versatile additive that
can play different roles as a filler, a constituent in composites, a plasticizer, or an effective
carrier for the targeted delivery of biocides, among others [56]. Furthermore, the overall
framework foresees that the global production capacity for bioplastics by 2026 is expected
to grow to 7.6 million tons, with Europe accounting for a substantial share of the market at
43.5% [57–59].

Considering the above factors, the characteristics of the starch produced by PATURPAT
and the market potential of this product, efforts should focus on determining the potential
for stretching film and mulching bio-applications. This last bio-application is especially
interesting due to the potential use that the agro-industry could make of this bio-products
at field sites. The mulching film produced with the potato starch obtained could be used as
mulching at field sites therefore increasing the circularity of the value chain and expanding
the company’s current business model. The valorization scheme of the PATURPAT case
study is summarized in Figure 4.

Figure 4. Valorization scheme of PATURPAT case study.

Furthermore, produced biomaterialsmust comply with existing regulations and certifi-
cation standards, which vary depending on the intended use and market. In the European
Union, biomaterials used in packaging or agriculture must adhere to regulations such as
REACH (Registration, Evaluation, Authorisation and Restriction of Chemicals) [60]. Addi-
tionally, certification schemes such EN 13432 [61] for compostability and the OK Bio-based
label seek to ensure compliance and market acceptance [62]. The process to comply with the
regulatory framework can be challenging for agro-industries as it can be time-consuming
and resource-intensive process, especially for small or medium-sized agro-processors not
familiar with these regulations. Additionally, extensive laboratory testing and documen-
tation is required for certification which can be financially and technically demanding.
Lastly, many clients and retailers now require eco-labels to prove the renewable origin of
materials and the traceability of the value chain which again requires additional exper-
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tise (collaboration with external entities) and consumes resources. Therefore, resources
and actions necessary to comply with these regulations should be considered from the
preliminary stage.

6. Commercialization of Starch for Targeted Bio-Applications
The current environmental context of natural resources depletion, excessive plastic

pollution and climate change has led to thesignificant development of bioplastics in recent
decades. Different directives and regulations have contributed to this aim focusing on
reducing the impact of certain plastic products [63]. Recent years have witnessed increasing
pressure to seek alternatives to single-use plastics. In this sense, challenging objectives
have been established to replace to a certain extent single-use plastics and regular plastic
with bioplastics and biodegradable plastics. However, in 2021, 90.2% of global plastics
production was of fossil origin while recycled plastics and bio-based plastics accounted for
8.3% and 1.5% of global plastics production, respectively [64].

Nevertheless, in recent years these types of plastic have increased from 0.8 tons in
2018 to 1.3 million tons in 2022. It is expected that the production of bioplastics will reach
7.43 million tons in 2028 [65]. Ultimately, bioplastics are used in an increasing number of
applications such as packaging, consumers goods, automative and transport materials,
agriculture, electronic, coating and adhesives and construction.

Mulching films are made from plastics that offer durability, flexibility, and resistance to
UV degradation, mainly low-density polyethylene (LDPE), linear low-density polyethylene
(LLDPE), polypropylene (PP) as the ones currently used in the agro-industry targeted but
also oxo degradable plastics and biodegradable plastics (PLA or Starch-Based). The choice
of plastic depends on the type of crop, climate and environmental conditions, duration
required by the application but also the availability and price. Figure 5 presents the
increasing capacity of PP and PLA over the short-term given that the global production
capacity of bioplastics reached 2.18 million tons in 2023 and is expected to increase to
7.43 million tonnes in 2028.
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Figure 5. Evolution of the global production capacities of bioplastics.

Similarly, bioplastics produced from by-products generated in agriculture or the agro-
industry could represent a sustainable option to increase the rate of bio-based plastics
adoption. Here, consumer preferences play a key role as alongside existing regulation.
Despite these encouraging trends and supporting measures, there remain issues to be
resolved, including cost-effectiveness, technological constraints, and the scalability of
biomaterial production [66].

Starch based materials are being widely used in the development of food packaging
due to their lower environmental impacts. This type of packaging must also comply
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with the standards of sustainability and food safety regulations to be considered suitable
for commercial applications [66]. Some studies have explored various modifications to
improve relevant properties such as modifying native starch in resistant starch to improves
the film-forming capacity and extends the feasible applications [67], and improving the
water resistance of starch [68]. Starch-based films can also be modified or blended with
other polymers to improve their mechanical strength [69]. Other improvements analyzed
are related to including antioxidant or antibacterial substances, extending food shelf-life [5].
It is worth highlighting that more research is needed to create starch-based films with
mechanical and barrier properties similar to those of traditional plastic packaging [69].

7. Challenges and Future Perspectives
Starch can be used as raw material for different bio-applications in key markets.

However, in many countries the current agricultural systems is increasingly deteriorating
due to environmental impacts and depletion of arable land for instance. Investigating and
documenting of alternative sources of starch, beyond conventional sources such as maize,
potato, rice, and wheat, are key to decreasing the pressure over biomaterials development
and better pursue the environmental objectives established at the European level. The
price fluctuation due to the high demand for these crops in the production of starch for
industrial purposes could hinder the deployment of bio-based value chains to exploit
starch’s potential [70].

As reported in Section 2, the demand for processed meals has also experienced a
significant increase due to the new patterns of consumption linked with a reduced time
allocated to food preparation which in turn is associated with risen prosperity level in some
countries. On the other hand, the telematic work has also helped to balance this trend. No-
tably, consumer trends can vary greatly over a short period of time, but existing information
indeed reveals an increasing demand for such products. Nevertheless, potential changes
in consumption trends entails a significant risk when considering potential investments
that could hinder the implementation of potential value chains in agro-industries based
on side streams valorization like starch which could help expand the existing production
of bioplastics.

Within food preparation enterprises, the most common source of environmental
pollution arises from the decomposition of organic waste [71]. As previously mentioned,
the handling of starch is key to preserving the quality of the product when considering
potential application requirements but must be balanced with the economic costs associated
with improving the storage conditions.

Additionally, each agro-industry and therefore each potato processing company has a
different business model and thus produce different kinds of products and obtain different
by-products and side steams. This variety represents a challenge to overcome when
designing the most suitable strategy for managing the by-products obtained in a sustainable
and cost-effective way. Potato waste management using different techniques has been
reported, but the effectiveness of such techniques is limited and depends on the selecting
appropriate valorization schemes [72]. Nevertheless, the valorization scheme presented
in PATURPAT case study is highly replicable considering on the one hand the maturity of
the technology used (starch extraction technology that is already widely commercialized
and proven in industrial settings). On the other hand, the targeted agro-industries across
Europe typically have well-developed processing lines, facilitating integration of these
complementary processes. Furthermore, the agro-industry sector is generally open to
innovation and actively seeks to improve environmental sustainability of their processes
which is a growing priority in many sectors. Finally, the replication of this valorization
initiative would be particularly interesting in countries such as Germany, France, the
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Netherlands, Poland, and Belgium which are major potato producers with well-developed
processing sectors.

As previously mentioned, there is a considerable demand for biodegradable materi-
als. Unfortunately, while some bio-products have gained commercial acceptance, natural
bio-based materials are still slowly transitioning from the laboratory to industrial applica-
tion [73].

Forthcoming regulation could also play a crucial role in enhancing the path towards
the valorization of by-products obtained in agro-industries, such as the use of starch in
the targeted agro-industry. Indeed, a provisional agreement regarding the Packaging and
Packaging Waste Regulation (PPWR) was adopted in April 2024. The text of this regulation
is expected to enter into force in the coming year. This regulation could affect potato
commercialization. Therefore, the associated impacts will need to be considered to update
potential business models as needed thus addressing the valorization of potato rejections
and process water by such companies.

8. Conclusions
The use of potato starch to produce biomaterials is strongly aligned with the European

Union’s overarching sustainability goals and legislative frameworks which support the
transition to a circular economy (Bioeconomy Strategy, Circular Economy Action Plan,
EU 2019/904 [63], related to the single use of plastics and the broader Green Deal). The
valorization of potato starch also supports the Waste Framework Directive which aligns
with the recovery and reuse of organic materials. To reach the ambitious environmental
objectives established at European level, the pursuit of suitable materials should seek
to enhance the production of alternatives to fossil-based goods and support measures
designed to boost replication of valorization schemes with improved sustainability and
competitive prices.

Considering the current scenario alongside the short and medium-term forecasts
for the potato industry, assessing valorization alternatives to recover the by-products
generated in the industrial process, such as starch, have an important role. The constant
evolution of consumer trends or regulations, among others, requires the adaptation of
current business models in the coming years. These business models will necessarily should
consider aspects such as the process’ environmental sustainability and the social innovation
based on the economic feasibility. Enlarging the agro-industries’ current business model
to valorize by-products such as the starch can significantly help to boost bioeconomy and
circularity in rural areas while contributing to explore additional the sources of incomes for
agro-industries.

Based on the data provided, starch from the extraction plant that processes both potato
rejections and processing water is suitable for various applications, but the manufacture of
thermoplastics with agricultural applications is of particular relevance. On the one hand,
it can contributes to enhancing the circularity of the process through its use as mulching
material on site for crop cultivation. On the other hand, the quality standards required
for this material’s use in food applications would entail a more significant investment to
further process the starch obtained. Thus, it is key to find a balance that allow companies
to update their business model to improve the sustainability and circularity of the process
while maintaining economic profitability.

Exploring the generated starch’s potentialas mulching product for use in fields brings
these circularity and sustainability objectives closer to the primary sector actors, farmers,
who are key stakeholders involved in the value chain and to the rural environment. The
involvement of these actors is fundamental and collaboration between these agents and the
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agro-industry is key to the successful deployment of the bioeconomy and the proposed
valorization scheme.

Furthermore, business model for a potato processing agro-industry such as PATURPAT
that integrates a starch extraction plant to valorize side streams has strong replication
potential across Europe considering the significant number of agro-industrial facilities
devoted to this aim and the large surface area used for potato cultivation. The benefits
for agro-industries currently discarding the by-products obtained in their process include
avoiding of disposal costs associated with waste management and could also contribute to
minimizing the environmental impacts and enhancing resource efficiency. Additionally,
starch represents a high-demand market due to its different bio applications. Overall, the
model exemplifies the principles of circular economy and aligns with the objectives of the
EU Green Deal, strategically aligning this concept with policy drivers and increasing its
attractiveness for replication.
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