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Abstract 1 

The use of renewable resources is becoming increasingly important if we are to address the negative 2 

impacts of petroleum-based polymers. Utilising renewable resources, such as agri-food wastes 3 

(AFWs), for biopolymer production offers the advantages of lower dependence on fossil fuels, 4 

resource recovery (generating added value), and waste management. AFWs are generated as by-5 

products or residues at every stage of the food supply chain: harvest, processing, and post-6 

consumption. AFWs are a significant societal challenge but their full potential as renewable resources 7 

remain unexploited. Hence, this study aimed to identify feedstocks that can provide a continuous 8 

supply of raw materials for the manufacture of biopolymers. 9 

Harvest and process wastes from major crops were assessed using information from published reports 10 

and government departments over the period 2013‐2017. The analysis was based on criteria focusing 11 

on the availability, characteristics, and market value of the identified AFWs. The analysis was 12 

conducted for the crops: wheat, barley, oats, rapeseed, sugar beet, carrots, and onions. Total AFW 13 

production in the UK over the reference period was estimated at 15 Mt dry matter/yr, to which wheat 14 

is the major contributor (≈7 Mt).  15 

The results show that harvest residues, e.g., straw, have medium to high theoretical availability and 16 

competing uses, whereas process residues, e.g., onion peels, have low theoretical availability and cost 17 

but are well suited for biopolymer production. These findings provide valuable information about 18 

resources that will enable potential investors to conduct studies to accurately assess the practicality 19 

of valorising AFWs into biopolymers.  20 

KEYWORDS: Biopolymer; Waste; Multi-criteria analysis, Feedstock, Biomass  21 
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1. Introduction 22 

The unprecedented demand for petroleum-based resources, coupled with diminishing reserves and 23 

the threat of climate change are key factors that render the petrochemical, and by association 24 

polymer, industry unsustainable. Increasing awareness of this issue has led to renewed interest in 25 

sustainable resources. Resources like agri-food wastes (AFWs) are generated in large quantities due 26 

to the rapidly increasing world population and the rising trend of industrialisation and agricultural 27 

activities (Toop et al., 2017). These wastes typically consist of considerable amounts of organic matter 28 

leading to issues surrounding disposal, environmental pollution, and sustainability (Russ and Meyer-29 

Pittroff, 2004). An approach to sustainability is to convert low-value by-products, residues, or wastes 30 

into high value-added products in an attempt to stimulate the transition towards a Circular Economy 31 

(Zabaniotou and Kamaterou, 2019; Mehta et al., 2021). AFWs are expected to play an important role 32 

in the production of bio-based materials as an alternative solution to petroleum-based materials (Tang 33 

and Ryu, 2017) in mitigating the effects of climate change. However, these resources are at present 34 

underutilised. 35 

The major food industries of the world include cereals, dairy, fruit, vegetables, meat, poultry, and 36 

seafood. Emanating from these, AFWs can be in the form of solids, liquids, or slurries, depending on 37 

the nature of agricultural activities, and have considerable potential as raw materials for various 38 

industrial applications, including biopolymer production, due to their low cost, biodegradability, non-39 

toxic content, and abundance. AFWs are generated throughout the entire food supply chain, yielding 40 

by-products or residues at every stage: harvest, processing, and post-consumption. Adopting a circular 41 

economy mindset, AFWs such as sugar beet processing residues (Tomaszewska et al., 2018), fruit and 42 

vegetable pomaces (Szymańska-Chargot et al., 2017), and straw (Cesário et al., 2014), warrant 43 

continued investigation as practical options to reduce the dependency on petroleum resources (Hatti-44 

Kaul et al., 2020). 45 

Two global problems require immediate attention: 1) the generation and misuse of abundant wastes; 46 

and 2) the need for alternatives to petroleum polymers. Recovery and utilisation of AFWs for the 47 

development of new materials can mitigate the impending depletion of natural resources (Tang and 48 

Ryu, 2017; Hatti-Kaul et al., 2020). These bio-based resources, posing the industry a commercial and 49 

environmental challenge regarding their effective disposal, contain building blocks (e.g., cellulose, 50 

starch, chitin, etc.) for the development of natural polymers. Their availability across the globe is in 51 

stark contrast with the enormous disparities, and resulting turmoil, associated with the worldwide 52 

distribution of petroleum resources.  53 

The global agricultural residue production from six key crops (barley, wheat, maize, soybean, rice, and 54 

sugar cane) was estimated as 3.7 Gt dry matter (DM) per year for the period 2006-2008 (Bentsen et 55 

al., 2014). Other studies reported global generation rates of 4.5-4.7 Gt DM/yr from 13 crops in 2014 56 

(Dionisi et al., 2018) and 5 Gt DM/yr from 26 crops in 2013 (Cherubin et al., 2018). Kim and Dale (2004) 57 

estimated that 1.5 Gt of crop residue is available for conversion to bioethanol from seven crops 58 

comprising of corn, barley, oat, rice, wheat, sorghum, and sugar cane. Smil (1999) estimated that  3.75 59 

Gt of crop residue was produced annually in the mid-1990s. Lal (2005) reported a global crop residue 60 

production of 9.7 Gt, constituting cereal crops (2.8 Gt),  17 cereals and legumes (3.1 Gt), and 27 food 61 

crops (3.8 Gt). Scarlat et al. (2019) estimated the annual theoretical crop residue generation in Europe 62 

at 367 Mt DM. France was reported to have the highest annual generation of 61 Mt DM, followed by 63 

Ukraine with 60 Mt DM and Germany with 42 Mt DM. 64 

Despite the availability of AFW resources and the extensive research on biopolymer development over 65 

the last few decades (Väisänen et al., 2016), there are still economic and technological challenges to 66 
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the establishment of operational industrial‐scale production capacity, and hence a mature biopolymer 67 

economy. The production of biopolymers is still very small, representing only about one per cent of 68 

all the plastics produced annually (European Bioplastics, 2020). The use of AFW biopolymers requires 69 

accurate data not only on composition and availability but also on regional and annual variability. Such 70 

data would enable suitable feedstocks to be identified, but previous estimates on the potential of 71 

residues in a biobased economy vary from study to study  (Dionisi et al., 2018; Forster-Carneiro et al., 72 

2013; Kemausuor et al., 2014; Präger et al., 2019; Cardoen et al., 2015; Bentsen et al., 2014; Monforti 73 

et al., 2013), so it is difficult to draw reliable conclusions.  74 

The different estimates are due to different assumptions and approaches, such as geographical area 75 

considered, crop yield, type of crop, timeframe considered, and type of potential studied (theoretical, 76 

technical, economic, sustainable, etc.) (Feiz and Ammenberg, 2017). The selection of the most 77 

sustainable source for biopolymer production is a major issue, due to the variation of biomass sources 78 

in different countries. There is also a lack of relevant literature on a systematic approach for identifying 79 

sustainable feedstocks for biopolymer production, concerning feedstock characteristics. 80 

Several factors determine whether a feedstock is suitable for biopolymer production. Feedstocks can 81 

be characterised by chemical composition, annual production, current demand, etc. Traditionally, 82 

AFWs has been used for low‐value purposes such as livestock feeding, mulch, and animal bedding. 83 

Selecting the most sustainable AFW for any application is a multi-criteria decision-making problem 84 

involving various criteria. It involves evaluating a wide range of selected resources and analysing their 85 

characteristics on different aspects  (e.g., technical, economic, and environmental).  86 

The composition of the feedstock impacts technical processing, transportation, and storage 87 

efficiencies. To address the technical aspect of the feedstock selection, factors such as availability and 88 

chemical composition should be included in the decision-making process, particularly to avoid 89 

conflicts between the current uses of these resources. For the economic aspect,  financial implications 90 

such as the value of the feedstock and chemical composition should be considered. Other economic 91 

factors such as conversion technology, seasonality, transportation, and storage costs may be included 92 

in the decision-making process.  93 

The multi-criteria decision analysis (MCDA) approach used for bioenergy assessment can serve as a 94 

template for studies into the suitability of feedstocks for biopolymer production, as the same 95 

feedstocks are used for the production of bioenergy and biopolymers. MCDA is used for decision 96 

making and typically involves the evaluation of several alternatives based on different criteria (Wang 97 

et al., 2009). They can also provide an evidence-based decision-making support tool that allows 98 

justifying choices in the biobased sector. MCDA generally relies on the opinions of stakeholders or 99 

industry experts on a clear definition of the significant criteria and ranking of best feedstock options. 100 

More specifically, in this study, feedstocks are evaluated and ranked by decision-makers with respect 101 

to quantity, composition, seasonality, current demand, and market value.  102 

Previous bioenergy MCDA studies by Tan and Promentilla (2013) assessed sugarcane, corn, cassava, 103 

and sweet sorghum bagasse for bioethanol production, in the Philippines, based on agricultural land 104 

footprint, supply readiness, life-cycle net energy, rural development co-benefits, and water footprint. 105 

Cobuloglu and Büyüktahtakin (2015) assessed Miscanthus, switchgrass, wheat, sugarcane, and corn 106 

as feedstocks for biofuel production in Kansas. Economic, environmental, and social aspects were the 107 

main criteria in their study. Similarly, Ammenberg and Feiz (2017) assessed four feedstocks for biogas 108 

production in Sweden.  109 



 

2 
 

Given that different geographical areas have conditions that favour specific types of crops, it is 110 

important to assess the suitability of feedstocks on a national scale. Compared to previous studies 111 

that focused on feedstocks (including food crops) for biofuel or bioenergy production, this paper 112 

provides another perspective on the potential of AFWs for biopolymer production. No studies were 113 

found in the literature investigating feedstock suitability for biopolymers, either in the UK or 114 

elsewhere. This forms the research goal of the present study. 115 

Drawing on the lessons learned from the bioenergy feedstock assessment, this paper aims to inform 116 

the implementation of food waste valorisation as a key circular economy strategy. This is done through 117 

the systematic identification of the resources with the highest potential for the biopolymer industry. 118 

The composition of AFWs varies depending on the particular residue and is generally 32-60% cellulose, 119 

19-33% hemicellulose, and 12-23% lignin (Kopania et al., 2012).  120 

Preference is given to cellulose in this study, as it is the most abundant natural polymer on earth and 121 

one of the most promising uses of cellulose is the development of biodegradable materials 122 

(Ebnesajjad, 2012). This study focuses on harvest and processing residues only, rather than on post-123 

consumption wastes which are usually heterogeneous and geographically dispersed. The study is 124 

centred on AFWs in the UK, which has an agricultural system typical of temperate climates. The results 125 

are therefore relevant not just to the UK, but also to other countries with a similar climate throughout 126 

Europe and elsewhere.  127 

To resolve the above-mentioned research gap, this work aims to map the potential supply of biomass 128 

feedstocks for biopolymer production and identify the most promising feedstocks to produce 129 

sustainable biopolymers from agri-food wastes, using multi-criteria decision analysis. Also, biopolymer 130 

synthesis routes will be briefly discussed. This study will encourage the replacement of existing 131 

petroleum based polymers with sustainable cellulosic materials for a range of applications to meet 132 

the demands of a circular economy 133 

 134 

2. Methodology 135 

 Overview 136 

The analysis consisted of three main steps: (i) identification, description and quantification of the 137 

major agricultural outputs in the UK agri-food supply chain; (ii) selection of criteria for assessing the 138 

potential feedstocks; and (iii) multi-criteria decision analysis and feedstock 139 

selection/recommendation. 140 

 Feedstock identification and description  141 

The first step in a waste valorisation project is the identification and description of potential 142 

feedstocks. The most significant opportunities for AFW valorisation exist in the harvest and processing 143 

stages of the food supply chain because the wastes generated during these operations are 144 

homogeneous and concentrated in a relatively small number of locations. On the other hand, wastes 145 

generated in the distribution and consumer stages are often mixed with other food and packaging 146 

materials and more geographically dispersed. The harvest and processing residues of seven main crops 147 

in the UK were considered, namely wheat, barley, oats, rapeseed, sugar beet, carrots, and onions 148 

(DEFRA, 2020), on a national and regional level. The identification was followed by an initial screening 149 
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to eliminate feedstocks of insufficient quantity for substantial potential biopolymer production 150 

capacity.Criteria for identifying suitable feedstock for biopolymer production 151 

Waste quantity, generation location and characteristics, transportability, particle size, periodic 152 

variations, and potential contamination are key factors in choosing a feedstock. For example, moisture 153 

and organic matter content will impact material handling, transportability, and other processing costs. 154 

To decide on a suitable feedstock for biopolymer production, multi-criteria decision analysis was 155 

carried out to identify the most abundant and readily available waste streams based on the issues the 156 

stakeholders (packaging consultant, supermarket consultant, academics, and postdoctoral 157 

researchers) deemed important (see Table S.1 in supplementary information). The following criteria 158 

were developed through reference to the literature and consultation with stakeholders.  159 

2.3.1. Quantity  160 

Agri-food residue production depends on several factors including the type of crop, crop rotation, and 161 

agricultural practices. The amount of residue generated is related to crop production and depends on 162 

the yield and cultivated area. Annual crops can vary in yield from one year to another, depending on 163 

factors such as soil fertility, water, and temperature, which lead to variability in the crop residues 164 

produced (Scarlat et al., 2010). The use of AFWs for biopolymer production requires accurate data on 165 

availability by waste type and regional and annual variability. The estimation of residue potentials can 166 

be done in several ways, including theoretical, technical, economic, and sustainable potentials 167 

(Bentsen and Felby, 2012; Singlitico et al., 2018). The theoretical potential estimation, which was used 168 

in this study, is the least complicated approach since it takes into consideration the total residue 169 

generation and can be based on the available crop production statistics (Bentsen et al., 2014; Scarlat 170 

et al., 2019; Kemausuor et al., 2014).  171 

Due to the lack of precise statistics on the quantity of crop residues produced and the complexity in 172 

obtaining data directly from farmers and food processors, residue to product ratios (RPR) obtained 173 

from recent literature sources (FAO, 2013; Nigam, 2017; Agrocycle, 2016) were used to estimate the 174 

annual production of the feedstocks. RPR is defined as the ratio of residues generated to the total crop 175 

production. RPR values are more variable than crop yields and depend on crop variety, crop yield, 176 

harvesting techniques, processing methods, weather conditions, etc. (Scarlat et al., 2010). Therefore, 177 

in order not to overestimate residue availability, the minimum RPR values from the literature were 178 

used in the estimation and the estimated potential is a conservative estimate.  179 

The estimation of annual AFW production was done through a mass balance using the RPR and crop 180 

production data (Equation 1). Crop production (P) data for the considered crops were collected from 181 

FAO (FAO, 2019) and Eurostat (EUROSTAT, 2019), at national (NUTS 0) and subnational (NUTS 1) level, 182 

where available, averaged over 5 years (2013–2017). For consistency, the production data were 183 

transformed to dry matter basis using UK specific reference moisture content values from the 184 

literature (see Table S.3 in supplementary information). 185 

𝐴𝑛𝑛𝑢𝑎𝑙 𝐴𝐹𝑊 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 (𝑡 𝐷𝑀/𝑦)  =  𝑅𝑃𝑅𝑐  𝑥  𝑐𝑟𝑜𝑝 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 (𝑃)𝑐 (1) 186 

where subscript c represents the crop type.   187 

2.3.2. Composition (cellulose, lignin, and moisture)  188 

Accurate compositional analysis of feedstocks enables the evaluation of yields and process economics 189 

(Sluiter et al., 2010), specifically for polymer extraction processes. The chosen assessment criteria 190 

were moisture content (measured in %), and cellulose and lignin content (both measured in % of DM). 191 
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Feedstock quality is identified by high cellulose and low moisture and lignin content; this is because a 192 

higher cellulose content results in a higher yield, a lower moisture content means lower energy 193 

requirements for drying, and a lower lignin content results in easier processing. It is desirable to have 194 

feedstocks that will result in high yield (t cellulose/t feedstock) and require less energy for processing. 195 

The other important criterion is the composition of the feedstock (i.e., cellulose, moisture, and lignin 196 

content). Different crops and geographical locations have diverse characteristics that could be 197 

considered critical; thus, it is important to examine the compositional features on a local basis. Hence, 198 

the UK reference values (where available) were used in the scoring assessment; where these values 199 

were unavailable the average of the generic reference values was used. The reported UK reference 200 

values of all the different feedstocks are close to the generic reference values except for the lignin 201 

content of rapeseed cake which has a significant variation.  202 

Moisture content is usually reported on an "as-is" or wet basis where the moisture content is given as 203 

a fraction of the total weight. To some extent, moisture content can have a considerable economic 204 

impact by requiring more material to be processed and consequently larger storage capacity. Utilising 205 

feedstocks with low lignin content would be more cost-effective, specifically in terms of the processing 206 

conditions required to isolate cellulose (e.g., temperature and chemical concentration). For that 207 

reason, knowledge of feedstock composition is significant in selecting a pre-treatment method for the 208 

feedstocks (Sluiter et al., 2010). 209 

2.3.3. Availability  210 

Competing uses for the same feedstocks were considered to assess the long-term feasibility of using 211 

these feedstocks to produce biopolymers. Three categories were considered: feedstocks that are used 212 

for feed or food; feedstocks used for feed or energy production; and lastly, feedstocks with no 213 

competing uses. 214 

2.3.4. Seasonality  215 

This considers the regularity of supply (as waste generation depends on the production season, 216 

climate, market reliance, etc.). Seasonal availability is based on the number of possible harvests in a 217 

year for harvest residues and on the number of months of operation of a typical processing plant in a 218 

year for processing residues. The frequency of feedstock generation is significant as this affects the 219 

storage requirements. Seasonal materials need to be available in large amounts to be considered as 220 

feedstocks for biopolymer production. 221 

2.3.5. Cost  222 

The cost of feedstock used to produce biopolymers is a key consideration as it directly affects the cost 223 

of the product. Utilising low-cost and underutilised AFWs for biopolymer production is an ideal 224 

alternative for bio-based processes to increase profit margins, considering the competition with 225 

inexpensive petroleum resources. Cost-effective processing methods are key elements in biopolymer 226 

development to foster competitive technologies (Zabaniotou and Kamaterou, 2019; Moretto et al., 227 

2020). However, process development is beyond the scope of this study; hence we only considered 228 

the market value of the feedstocks themselves (£/DM). Feedstocks with either low or negative values 229 

are considered excellent, in terms of the score rating applied in the analysis (Section 2.4). The market 230 

values of sugar beet tops, carrot tops, carrot pomace, and onion peels have not been reported in any 231 

study to our knowledge, hence we assumed a market value of zero. 232 
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 Multi-criteria decision analysis 233 

The weighted sum method is the most widely used in multicriteria decision analysis (Smyth et al., 234 

2011). Two options were used in this assessment: i) all criteria were weighted equally, where the 235 

criteria were assumed to have the same importance, and ii) weights derived from pairwise 236 

comparisons were applied to the criteria. Stakeholders (packaging consultant, supermarket 237 

consultant, academics, and postdoctoral researchers) performed pairwise comparisons between all 238 

criteria to determine the relative importance of each criterion, from which criterion weights were 239 

derived (Martinkus et al., 2018). Examples of the pairwise comparison matrix are presented in the 240 

supplementary information (Table S.1). The score of each feedstock was calculated by multiplying the 241 

respective criterion weighting by the score rating, and the resulting products summed to give a total 242 

score, Fj, for each feedstock (Equation 2). The ranking of the different alternatives was based on the 243 

total score. The highest Fj value indicates the feedstock with the highest potential.  244 

𝐹𝑗 =  ∑ 𝑤𝑖𝑥𝑖𝑗
𝑛
𝑖=1    (2) 245 

where Fj is the sum of the weighted scores for feedstock j, n is the number of criteria, wi is the 246 

weighting for criterion i, and xij is the score rating for feedstock j under criterion i. 247 

The criteria were scored using an ordinal scale between 1 and 5, where 1 denotes poor potential and 248 

5 high potential (Table 1). A fixed interval scale could not be used for the ratings since all criteria have 249 

a different range of values and some criteria are qualitative. A realistic score rating for the different 250 

criteria was achieved by splitting the data into equal-sized groups, where possible. Availability is 251 

considered as qualitative criteria in this study and ratings were applied based on the importance of 252 

the current uses. The description summary of each criterion is presented in the supplementary 253 

information (Tables S.9 and S.10). 254 

Table 1 Score ratings for criteria assessment  255 

               Score                                   

Criteria 

1 2 3 4 5 Scale definition 

Quantity <999 1000-1999 2000-3999 4000-4999 >5000 1000 tonne DM/yr 

Moisture >50 30-49 20-29 10-19 <10 % 

Cellulose <10 10-19 20-34 35-44 >45 wt% of total DM 

Lignin >30 25-29 20-24 10-19 <10 wt% of total DM 

Cost >150 100-149 50-99 10-49 NAa £/tonne DM 

Availabilityb Food/feed Feed/energy None Current use 

Seasonalityc <4 5-7 >8 number of harvesting 

or processing 

months/yr. 

aNA – Not available due to no competing uses 256 
bAssigned values to availability: Food/feed (1); Food/energy (3); None (5) 257 
cAssigned values to seasonality: <4 (1); 5-7 (3); >8 (5)  258 
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3. Results  259 

 Feedstock identification and description  260 

3.1.1. Wheat  261 

The EU produced 138 Mt of wheat in 2018 (EUROSTAT, 2019). Wheat is the most widely grown arable 262 

crop in the UK with annual production in the range of 11 – 18 Mt (Nabim, 2019). The annual crop 263 

production varies significantly depending on the weather conditions. Wastes from wheat processing 264 

are produced during the harvesting period (wheat straw), post-harvesting, and the production period 265 

(wheat bran, shorts, and middling). The largest components (straw and bran) are considered in this 266 

study. Presently, these residues are used as animal bedding or feed. The chemical composition of 267 

wheat residues varies due to differences in the variety of the wheat being processed, environmental 268 

factors, and differences in the processing techniques. About 50% of the produced wheat straw is 269 

chopped and incorporated into the soil after grain harvest (Copeland and Turley, 2008; Lokesh et al., 270 

2019). 271 

3.1.2. Barley 272 

57 Mt of barley was produced in the EU in 2018 (EUROSTAT, 2019). Barley production in the UK is 273 

about 6 Mt per year according to the Food and Agriculture Organization of the United Nations (FAO, 274 

2019). There are no milling residues for barley in the UK as virtually all the produced barley is used in 275 

the brewing industry and for animal feed (AHDB, 2014). Brewer’s spent grain (BSG) is the most 276 

abundant residue of the brewing industry, which represents approximately 85% of the total residues 277 

generated during beer brewing (Fillaudeau et al., 2006). BSG accounts for 31% of the original malt 278 

weight (Nigam, 2017). It is highly biodegradable and has gained increased interest in applications such 279 

as energy production (Nigam, 2017) and chemical and biotechnological processes. The high moisture 280 

content of BSG (70 - 80%), as well as its high susceptibility to microbial growth, limits its use beyond 281 

the local area due to the high cost of transporting wet BSG (Lynch et al., 2016). However, drying 282 

enables the distribution of brewer’s grains beyond their area of production, as dried brewer’s grains 283 

are less bulky and less expensive to transport, but this must be weighed against the resources needed 284 

for drying. 285 

3.1.3. Oats  286 

Production of oats in the UK is low in comparison to wheat, with an annual production of about 500 287 

tonnes (FAO, 2019). 8 Mt was produced in the EU in 2018 (EUROSTAT, 2019). Oat production and 288 

processing produce several streams of residues, including straw, bran, and hull. Oat straw and hull are 289 

cellulosic materials that comprise up to 40% of the residue by mass. Current uses of oat straw include 290 

animal bedding, bioenergy (via combustion), and biofuel production, while the most common use for 291 

oat hull is animal feed. 292 

3.1.4. Rapeseed 293 

Rapeseed is a widely cultivated oilseed crop to produce animal feed, vegetable oil for human 294 

consumption, and biodiesel. The EU Directive 2003/30/EC (European Parliament, 2003) promoting the 295 

use of biofuels resulted in a rapid increase in rapeseed production in the EU, increasing from 11 Mt in 296 

2003 to 20 Mt in 2018 (EUROSTAT, 2019). The straw generated during harvesting is mostly left to 297 

decompose on the field or burned (Tofanica et al., 2011). Rapeseed is processed in two stages: 298 
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mechanical pressing and chemical extraction. Processing of rapeseed for oil production produces 299 

rapeseed cake as a residue after mechanical pressing, and rapeseed meal after solvent extraction. 300 

Rapeseed cake/meal is mainly used for cattle feeding due to the high protein content. However, the 301 

high levels of glucosinolates and erucic acid, which are antinutritional factors detrimental to animal 302 

performance, present in these residues limit their use as animal feed (Paciorek-Sadowska et al., 2019).  303 

3.1.5. Sugar beet 304 

Sugar beet production in the EU accounts for about one half of global production. In 2018, 120 Mt was 305 

produced in the EU (EUROSTAT, 2019). The UK is the fifth-largest producer of sugar beet in the EU 306 

with an annual production of 8 Mt (Cárdenas-Fernández et al., 2017). When sugar beet is harvested 307 

for sugar production, the tops and leaves are cut off. The estimated production of pulp from each 308 

tonne of sugar beet is 500 kg, which is roughly equal to a total amount of 400 thousand tonnes of 309 

sugar beet pulp per year. The antioxidant capacity of ferulic acid present in beet pulp can be used to 310 

improve the shelf life of food (Martínez et al., 2006) and is an excellent strategy for bioactive 311 

packaging. Beet tops have feed value but are most often left in the field at harvest and are also being 312 

researched for biofuel production (Panella, 2010; Larsen et al., 2017). It is evident from the lack of 313 

data that beet tops have not received attention either as a fertiliser or for other valuable products 314 

(materials, chemicals, energy). 315 

3.1.6. Carrots  316 

5 Mt of carrots was produced in the EU in 2018 (EUROSTAT, 2019). Annually, 93% of carrots are 317 

produced for fresh purposes and 7% for processing purposes (Anal, 2018).  The main residues of carrot 318 

processing are carrot pomace and tops/leaves (Chantaro et al., 2008). Tops/leaves account for 12% of 319 

the fresh carrot weight and comprise several valuable compounds such as fibres and natural 320 

antioxidants; the tops are either discarded or used as animal feed (Yoon et al., 2005). Approximately 321 

30 – 50% of carrot pomace is produced after juice extraction (Bao and Chang, 1994). Because of their 322 

high organic matter content, carrot pomace poses an environmental problem if not disposed of 323 

appropriately.  324 

3.1.7. Onions 325 

More than 500,000 tonnes of onion waste are produced annually in the EU, mainly in Spain, the UK, 326 

and the Netherlands (Choi et al., 2015). The major wastes generated during onion processing are 327 

peelings, two outer fleshy scales, and roots (Benítez et al., 2011). Onion wastes pose a serious threat 328 

to the environment as they are not suitable for fodder because of their odour, as fertilisers due to the 329 

fast development of phylogenetic agents, or as feed because they contribute to toxicity in animals 330 

during digestion (Waldron, 2001).  331 

 Feedstock quantification under selected criteria  332 

3.2.1. Quantity 333 

The annual production of AFWs from major crops in the UK was estimated at 15.6 – 49.1 Mt of dry 334 

matter for the crop categories considered (wheat, barley, oats, rapeseed, sugar beet, carrots,  and 335 

onions), during the reference period 2013–2017 (Table 1). Wheat straw is the major contributor (6.6 336 

Mt) to the most likely total of 15.6 Mt (Figure 1). About 72% of the total residue generation originates 337 

from cereal straw (wheat, barley, and oats), whereas rapeseed contributes 2 Mt (13% of total), and 338 

processing residues from sugar beet, carrots, and onions constitute only a minor fraction, 1.9% (0.3 339 
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Mt) of the UK production. The results show that both wheat and barley straw are produced in large 340 

quantities and could, therefore, play an important role in biopolymer production. The differences 341 

between the lower and upper RPR values can be attributed to regional and ecological variations.  342 

Table 1 Estimate of the feedstock produced in the UK for the reference period 2013–2017 (crop production data from FAO, 343 
2019) 344 

 Quantity (Mt DM/y) 

Feedstock Lower production Upper production Average  production 

Wheat straw 6.62 26.50 16.56 

Wheat bran 0.78 1.20 0.99 

Barley straw 4.09 10.54 7.32 

Barley spent grain 0.12 0.12 0.12 

Oat straw 0.52 1.40 0.96 

Oat hull 0.12 0.15 0.14 

Rapeseed straw 1.96 5.88 3.92 

Rapeseed cake/meal 1.11 1.29 1.20 

Sugar beet tops 0.14 0.91 0.53 

Sugar beet pulp 0.11 1.07 0.59 

Carrot tops 0.03 0.03 0.03 

Carrot pomace 0.001 0.001 0.001 

Onion peel 0.01 0.01 0.01 

Total 15.63 49.10 32.33 

 345 
Figure 1 Estimates of the theoretical available feedstocks (in kt dry matter per year) in the UK showing the lower, upper, and 346 
average feedstock production calculated for the reference period 2013–2017. 347 
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3.2.2. Composition 348 

The percentage of moisture, cellulose, and lignin ranged from 7-87%, 10-42%, and 2-39% respectively 349 

(Figure 2). Oat straw and onion peels are observed to have the highest cellulose content (43% and 350 

41% respectively) and rapeseed cake and wheat bran, the lowest (10% and 11% respectively). With 351 

regards to the lignin content, sugar beet pulp and tops are found to contain less than 5% lignin. 352 

Surprisingly, onion peels were observed to have the highest lignin content (39%). There is limited 353 

information on the composition of onion peels in the literature and the considerable variation 354 

between the minimum and maximum values may be attributed to the characteristics of the studied 355 

material and analytical methods used. Vegetable wastes are found to have extremely high moisture 356 

content, between 77 and 87%, compared to the cereal residues which have a value of less than 20%.  357 

 358 

Figure 2 Compositional features of the AFWs showing the minimum and maximum moisture, cellulose, and lignin content 359 
obtained from literature studies (see Tables S.3, S.4, and S.5 in supplementary information). 360 

3.2.3. Availability 361 

Some of the selected feedstocks are currently used for different purposes, e.g., straw is generally left 362 

in the field for soil conditioning or used as animal feed, animal bedding, or bioenergy. It is difficult to 363 

assess how much of these feedstocks are used for other purposes due to insufficient data, as few 364 

countries collect data on AFW production and use. However, estimates from DEFRA (2019) suggest 365 

that there is around 2-3 Mt of surplus straw for other applications besides animal feed, animal 366 

bedding, bioenergy, export, and carrot and mushroom farming in the UK. There was no information 367 

on the current use of sugar beet tops, carrot tops, and onion peels which indicates that a significant 368 

share of these residues remains unutilised.  369 

3.2.4. Seasonality 370 

Cereals (wheat, barley, and oat) are typically harvested twice a year but stored for later processing. 371 

Hence the processing residues have higher availability in terms of seasonality compared to the straw 372 
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generated during harvest. Carrot and onion processing residues also have high availability (seasonality 373 

wise) compared to the other feedstocks (Figure 3). 374 

 375 

Figure 3 Feedstock seasonality (see supplementary information, Table S.9) 376 

3.2.5. Cost 377 

Feedstock cost tends to be influenced by its market supply/demand ratio, and it typically increases 378 

with an increase in demand. Other factors that determine the cost of the feedstock include quantity, 379 

weather fluctuations, transport distance, and moisture content. The cost of feedstock varies according 380 

to geographical location, the period of the year, and availability (NNFCC, 2014). For instance, costs of 381 

wheat straw are generally lower in the Eastern regions while Wales and Western regions tend to have 382 

higher costs due to limited availability (Figure 5). The values of the feedstocks used in the assessment 383 

are reported in the supplementary information (Table S.10). The low demand for vegetable processing 384 

wastes such as carrot tops and onion peels reduce their costs. The costs of processing these wastes 385 

were not available, and this indicates the lack of market for these feedstocks.  386 

 Multi-criteria decision analysis for selection of feedstock suitable for biopolymer 387 

production 388 

The preliminary list of 13 AFWs was selected based on their availability and significance to the UK food 389 

supply chain in addition to their potential to address key environmental, techno-economic, and 390 

environmental challenges.  391 

The contribution of each criterion to the total scores for both weighted and unweighted analysis is 392 

shown in Figure 4.  The amount of available residue, the distance between production and processing 393 

locations, seasonality, and competing uses are critical factors that determine the optimal full supply 394 

of AFWs to the biopolymer industry. It can be observed that wheat straw ranked first under both 395 

weighted and unweighted options. This was mainly due to the high availability and quality of the 396 

feedstock. Both analyses revealed wheat straw, carrot tops, oat hull, and barley straw as the best 397 

options for biopolymer production. Sugar beet was ranked in the lowest position, with barley spent 398 

grain in the second last position.  399 
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Oat hull, despite its low availability and high costs, was ranked highly because of its low moisture and 400 

lignin content and high cellulose content as well as seasonal availability. Similarly, carrot tops and 401 

onion peels were also ranked highly due to their low value, and little or no competing uses. Although 402 

these feedstocks may be the cheapest resources in the UK, they still need to be collected, transported, 403 

and stored.  404 

  405 

 406 

Figure 4 Total scores obtained from the analysis showing the relative contribution of each factor for the two analyses a) 407 
without weights and b) with weights. 408 
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4. Discussion, limitations and, future research 409 

 Impact of geographic distribution 410 

The accurate estimation of the availability of feedstocks for their use in biopolymer production is 411 

particularly important to ensure a constant supply. However, we should be cautious in estimating the 412 

available feedstocks. This is because of farmers' attitudes towards supply (Glithero et al., 2013) and 413 

because of competing uses which can impact the total supply chain. The supply potential of these 414 

feedstocks will be vulnerable to these factors. This study provides a conservative estimate of the 415 

available AFW. The outcomes of the MCDA can provide insight into the regional distribution of 416 

available resources and can therefore serve as an indication to identify promising regions. Note that 417 

the regional feedstock distribution presented in Figure 5 does not necessarily reflect the potential 418 

feedstock supply but rather to highlight the location of these resources. Concerning industry logistics, 419 

which typically involves the collection, transportation and storage costs, this study considered the 420 

regional feedstock generation in the UK to assess the scale of resources and the prospective regions 421 

for the location of a commercial manufacturing site. There are 12 first-level regions within the UK, 422 

nine regions in England (North East, North West, Yorkshire and the Humber, West Midlands, East 423 

Midlands, South West, East of England, South East, and London), together with Scotland, Wales, and 424 

Northern Ireland.  425 

The regional distribution of the identified resources (Figure 5) was mapped using the available regional 426 

data from EUROSTAT. A link to the digital maps of all the considered feedstocks is provided in the 427 

supplementary information. The results show a variation in the estimated theoretical potential of the 428 

crop residues between the regions, due to different geographic conditions and type of farming 429 

activities. A large amount of cereal straw is derived from wheat in nearly all regions apart from 430 

Scotland where barley and oats prevail (26% and 21% of the total UK production). Wheat straw 431 

production is concentrated in Eastern England and East Midlands (45% of total UK wheat straw 432 

production). Both regions also have the highest availability of sugar beet residues accounting for 65% 433 

and 23% of the total beet residue production, respectively. Among the regions, North East, North 434 

West, and Merseyside, Wales and Northern Ireland have low residue generation due to the prevalence 435 

of livestock farming. 436 
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437 

 438 
Figure 5 Regional distribution of selected AFW resources in the UK (in kt dry weight per year) (average of years 2013–2017). 439 

The distance a feedstock can be economically transported depends on its value, in that the higher the 440 

value, the further the feedstock can be transported. To keep transportation costs and associated 441 

greenhouse gas emissions low, feedstocks should be sourced near the production plant, typically 442 

within a 30-50 km radius  (Hempel et al., 2005; Scott and Legge, 1999) for high DM feedstocks (≈70%)  443 

and a 10 km radius for low DM feedstocks (<10%) (Dagnall et al., 2000). The distribution of available 444 

residues could restrict the practicability of facilities proposing to use locally available feedstocks 445 

considering the cost of transporting residues to processing facilities (Herr and Dunlop, 2011). Based 446 

on using wheat straw as feedstock, the regional distribution data suggest that Eastern England, East 447 

Midlands, Yorkshire and the Humber, and South East England would be the best locations for a 448 

biopolymer manufacturing site. Wales, Scotland, and Northern Ireland are likely to be seen as last 449 

resort.  450 

 Potential of the residues for biopolymer production  451 

Currently, much research has been focused on sustainable and environmentally friendly materials 452 

from biomass to replace conventional fossil fuels. In 2020, the global production capacity of 453 

biopolymers was 2.11 Mt, which represents about 1% of the total 368 Mt plastic market. This is 454 

projected to reach 2.87 Mt in 2025 (European bioplastics, 2020) due to the rising demand for 455 

bioplastics, particularly for biodegradable packaging materials.  456 

Biopolymers can be classified into three main groups based on their base material (Fig. 6): polymers 457 

produced from natural resources such as polysaccharides (cellulose, starch, and protein); polymers 458 

produced by traditional chemical synthesis from sustainable monomers, such as polylactic acid and 459 
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lastly, polymers produced by microorganisms or genetically modified bacteria, such as 460 

polyhydroxyalkanoates (Koutinas et al., 2014). Biopolymers can also be characterised by their 461 

biodegradability, synthesis route, applications, and properties. 462 

Biopolymers

Polymers from natural 
resources

Polymers synthesised 
from bio-derived 

monomers

Polymers produced by 
microorganisms or 

bacteria

Polysaccharides
Cellulose derivative

Starch derivative
Lignin derivative

Chitosan
Pectins

Polylactic acid
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Bacterial cellulose

Proteins
Animal protein
Plant proteins

 463 

Figure 1 Main routes for the production of biopolymers. 464 

Different biomass feedstocks including sugarcane bagasse (Yaradoddi et al., 2020), oil palm (Haafiz et 465 

al, 2014), soybean hulls (Merci et al., 2015) and red algae (Chen et al., 2016) have been investigated 466 

as potential cellulose sources using different extraction methods. Also, chemicals that can be easily 467 

synthesised from biomass are specifically investigated for sustainable polymer production. For 468 

instance, it has been recognised that raw biomass can be transformed into platform molecules such 469 

as lactic acid, succinic acid, 1,3-Propanediol, itaconic acid, sorbitol, etc. (Koutinas et al., 2014) by the 470 

concept of biorefinery and used directly as monomers or precursors for biopolymer production. 471 

Here we would like to focus attention on natural cellulose fibres. Cellulose can be processed into 472 

various forms of biopolymeric materials through three major routes. The first route involves the 473 

conversion of cellulose to C5 and C6 sugar monomers, by acid hydrolysis or by combined chemical and 474 

enzymatic treatment (Davis et al., 2013; Gasser et al., 2014). The other two routes involve the 475 

incorporation of different forms of cellulose, including natural fibres (Lopez et al., 2012), cellulose 476 

derivatives (Biswas et al., 2006), and nanocellulose (Martelli-Tosi et al., 2018), as reinforcing fillers in 477 

polymer composites (Trache et al., 2016; Shaghaleh et al., 2018) 478 

The data published by European Bioplastics (www.european-bioplastics.org/market) showed that 5 479 

Mt of biomass is needed for the global production of 3.6 Mt of biobased polymers with cellulose 480 

accounting for 9% of the required biomass. Cellulose-based polymers, comprising regenerated 481 

cellulose (compostable hydrated cellulose foils) and cellulose esters, currently represent around 1.4% 482 

of the bioplastics market (European bioplastics, 2020). The major groups of cellulose-based polymers 483 

are cellulose esters with the main producers being Eastman Chemical (USA), Innovia Films Ltd (UK), 484 

and FKuR (Germany). 485 

Based on the analysis presented in this study, the most suitable feedstock for biopolymer production 486 

in the UK appears to be cereal straw. While it was not possible to quantify the surplus amount of 487 

wheat straw in this study, DEFRA (2019) reports a surplus of 2-3 Mt per year. If all the surplus wheat 488 

straw generated in the UK were used as feedstock for biopolymer production and assuming a 90% 489 



 

2 
 

cellulose recovery efficiency, wheat straw could potentially yield 0.7 – 1 Mt of cellulose per year. Even 490 

if a significant proportion of the surplus straw were used for applications other than biopolymers or 491 

should its availability decrease or costs increase, alternative feedstocks such as carrot tops and onion 492 

peels which have no competing uses are available and could potentially yield 9 kt and 4 kt of cellulose, 493 

respectively. Moreover, the bioactive compounds present in these two feedstocks could play a key 494 

role in producing food packaging with antioxidant and/or antimicrobial properties (Lorenzo et al., 495 

2014; da Cruz, 2019). 496 

Although the utilisation of AFWs offers substantial potential in replacing a fraction of petroleum-based 497 

plastics, estimates of replacement potential will depend on the technology (which are currently under 498 

development) and intended material to be replaced. The appropriate technology depends on the form 499 

of cellulose being used. Cellulose is mainly used to produce paperboard, paper, and cellophane. The 500 

commercial sources of cellulose are cotton and wood which contains about 88-99% (Martins et al., 501 

2011) and 40-50% (Pettersen, 1984) cellulose, respectively.  Current extraction technologies may be 502 

classified as physical and/or chemical and biochemical treatments. Chemical pulping is the most 503 

common commercial technology used to extract cellulose from its sources. This is normally followed 504 

by a bleaching process to remove the colour pigments and increase the pulp brightness.  505 

Other extraction technologies include hydrothermal, acidic, wet oxidation, organosolv, and ionic liquid 506 

treatment methods. Generally, the ideal cellulose extraction technology should be economical, avoid 507 

the loss of cellulose and have minimal environmental impacts. Extraction methods such as ionic liquid 508 

treatment have limited commercial utility due to the high costs. However, emerging technologies such 509 

as the biomass fractionation process using low-cost ionic liquids developed by Lixea 510 

(https://www.lixea.co/) suggest that the extraction methods would be enhanced by the development 511 

of new routes.   512 

 Comparison with other studies 513 

The estimations reported in this study, as they are based on theoretical estimations, refer to the total 514 

residues generated which, implicitly, include a proportion of residues that are not available for 515 

biopolymer production due to competing uses and other factors. The estimates obtained in this study 516 

are comparable to previously published studies. Using RPR values, Scarlat et al. (2019), based on six 517 

crop types (wheat, barley, rye, oats, maize, and rapeseed), estimated the theoretical potential of crop 518 

residues in the UK between 17 and 24 Mt DM/yr, for the period 2000-2015. Dionisi et al. (2018) 519 

estimated the total amount of crop residues between 25 and 36 Mt DM/yr, based on 13 crop types. 520 

The higher estimate in their study can be attributed to the number of residues considered, the RPR 521 

for each crop type used in their estimation, and other assumptions made in their study. In contrast to 522 

the RPR method, García‐Condado et al. (2019), used empirical models to predict residue yields for 14 523 

crop types (wheat, rye, barley, oats, grain maize, triticale, sorghum, rice, rapeseed, sunflower, soya, 524 

sugar beet, and potato). Their study estimated the residue production in the UK at 26 Mt DM/yr, for 525 

the period 2011 – 2015.  526 

Quantitative studies on the sustainable use of crop residues for biopolymer production must consider, 527 

among other factors, the fraction of uncollected residues that is, unavoidably, left in the soil. The study 528 

by Scarlat et al. (2019) estimated the average sustainable potential, considering both technical and 529 

environmental constraints, in the UK at 10 Mt DM/yr. These studies could facilitate an understanding 530 

of the significant role the agri-food industry can play in the bioeconomy context by identifying where 531 

the most prominent agri-food residues are generated, according to location, types, and volumes. Our 532 

findings in comparison to literature studies highlight the limitations of estimating global residue 533 

availability since variations are observed between the studies due to various reasons including crop 534 
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types and yield. This paper has presented information on residue production in the UK and unlike 535 

previous studies, it evaluated the potential of these residues for biopolymer production using MCDA.  536 

 Future research/Limitations of the research 537 

Logistical considerations, technological and infrastructural constraints determine the practicability of 538 

utilising AFWs for the commercial production of biopolymers. According to Scarlat et al. (2019), the 539 

supply of residues also depends on individual farmers’ decisions considering the economic aspects 540 

and existing policies. An important area for further research is the viewpoints of farmers and food 541 

processors on providing feedstocks for biopolymer production. 542 

It is important to note that the assessment provided in this study adopts a quantitative scoring method 543 

and the criterion weights are inherently biased due to the relative importance of the criteria as 544 

determined qualitatively by the stakeholders. The approach used in this study has limitations as the 545 

ratios of residue to product used to estimate residue generation were based on previous studies that 546 

are not entirely specific to the UK and therefore cannot be considered fully representative. 547 

Additionally, the sustainable potential, i.e., the amount of residue that can be removed from the field, 548 

considering technical and environmental constraints, was not considered in this study. Projects that 549 

aim to utilise AFWs as primary resources must ensure the feedstock is sustainable and reliable for 550 

long-term practicality.  551 

For a comprehensive estimation of the potential of AFWs in the UK, the drawbacks that should be 552 

addressed in future research are summarised as follows: 553 

• Account for the technical, environmental, and economic constraints in the material flow 554 

analysis. 555 

• Quantify the different competing uses. This could be achieved by adopting a survey 556 

questionnaire method, which would ultimately allow the robust capture of data relating to 557 

surplus residues that are available for other purposes. 558 

5. Conclusions 559 

Based on the residues and by-products generated from seven crops, the results suggest that around 560 

15 Mt of cellulosic feedstocks are generated annually in the UK. Combining the estimated total 561 

feedstock production with the cellulose composition of the feedstocks, based on 90% efficiency, 562 

around 4.8 Mt of cellulose can be potentially produced. The use of agricultural wastes as a resource 563 

in biopolymer production can play a pivotal role in reducing the environmental impact of petroleum-564 

based polymers. However, the quantity of petroleum-based feedstocks that can be replaced with 565 

cellulose, to meet the demand of bioplastics, will depend on the intended material to be replaced.  566 

It is concluded that cereal straw, carrot tops, onion peels, and oat hull could serve as excellent 567 

resources for biopolymer development. The principal selection criteria for a feedstock to produce 568 

biopolymers are the quantity and chemical composition, with the latter properties influencing the 569 

operational process efficiency. The other potential issue of utilising agri-food waste resources as 570 

biopolymer feedstock is the possible competition for other uses that could be in some cases associated 571 

with benefits, such as soil conditioning or animal feed. The feedstocks considered in this study, 572 

particularly the harvest residues (cereal straws), have medium to high theoretical availability and 573 

competing uses. Food processing residues (e.g., onion peels) have low theoretical availability and 574 

value but are well suited for biopolymer production. A significant fraction of these resources is not 575 
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currently used for other purposes and thus can be acquired for biopolymer production without 576 

competition.  577 
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