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Abstract. This mini-review examines cereal-based feed systems in swine production, with particular 
emphasis on the integration of primary grains and agro-industrial by-products within a circular bioeconomy 
framework. Major cereal grains such as corn, wheat, and rice remain fundamental energy sources in pig 
nutrition, yet their processing generates substantial co-products that can be effectively valorised. The 
paper synthesizes current knowledge on the nutritional characteristics of cereal fractions and by-products, 
including wheat bran, middlings, and distillers dried grains with solubles (DDGS), highlighting their roles 
in maintaining growth performance and feed efficiency when properly formulated. Additionally, the review 
explores technological interventions such as enzymatic supplementation and microbial fermentation that 
enhance nutrient digestibility and reduce anti-nutritional factors. The potential of incorporating food-
industry residues, including bakery waste, into swine diets is discussed in the context of reducing agri-
food losses and improving resource efficiency. Life cycle assessment (LCA) studies are analyzed to evaluate 
the environmental implications of feed reformulation strategies, demonstrating that feed production 
remains the primary contributor to the environmental footprint of pork. The inclusion of alternative feed 
ingredients and by-products can significantly reduce land use, greenhouse gas emissions, and other 
environmental impacts. Overall, the integration of cereal by-products into swine feeding systems 
represents a viable pathway toward more sustainable and resource-efficient livestock production. 
Keywords: agro-industrial by-products, cereal grains, circular bioeconomy, DDGS, feed efficiency, 
fermentation, food waste valorisation, life cycle assessment, sustainability, swine nutrition. 

 

 

Introduction. Cereal grains and their processing by-products are central to pig feeding 

and to the environmental footprint of pork. Integrating primary grains, milling co-products 

and food-industry residues into swine diets links nutrition, feed efficiency, food-waste 

reduction and life cycle impacts within a circular bioeconomy. 

The aim of this study is to critically evaluate the role of cereal-based feed systems 

in modern swine production, with a focus on the integration of primary grains and their 

processing by-products within a circular bioeconomy framework. Specifically, the paper 

seeks to (i) assess the nutritional value and functional limitations of major cereal fractions 

and co-products used in pig diets, (ii) analyze their effects on feed conversion efficiency 

and nutrient utilization, (iii) examine the potential of agro-food waste valorisation 

strategies for reducing resource losses, and (iv) evaluate the environmental impacts of 

these feeding systems through life cycle assessment approaches. By synthesizing recent 

scientific evidence, the study aims to identify sustainable feeding strategies that balance 

animal performance, economic viability, and environmental responsibility.  
 

Utilization of Cereal Fractions and Processing By-Products. Corn, wheat, rice and 

generally cereals remain core energy sources for domestic animals and human population 

(Tiwari et al 2011; Pandey & Tiwari 2012; Syafruddin, 2017; Aedin et al., 2019; Guta & 

Marin, 2020; Pandey et al., 2026), providing high digestible and metabolizable energy, 
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though their amino acid digestibility and anti-nutritional risks differ (Rosenfelder et al., 

2013; McAuliffe et al., 2016; Pan et al., 2017; Stas et al., 2024). Wheat co-products (bran, 

middlings, shorts, red dog) are increasingly used; they are richer in fiber and protein but 

reduce diet energy density, requiring careful formulation (Rosenfelder et al., 2013; Stas et 

al., 2024). Distillers dried grains with solubles (DDGS) from corn and wheat concentrate 

protein, phosphorus and fiber; corn DDGS tends to have higher digestible and 

metabolizable energy and amino acid digestibility than other DDGS sources (Widyaratne & 

Zijlstra, 2007; Rothmund et al., 2026). Bakery meal and other food-industry residues can 

replace cereals and soybean meal while maintaining pig growth when nutritionally balanced 

(Melas et al., 2023; Kum et al., 2025). Microbial and solid-state fermentation, including 

co-fermentation of DDGS with lignocellulosic feedstocks, is promoted to upgrade low-value 

residues (wheat bran, corn stover, fruit–vegetable discards) into more digestible, protein-

enriched feeds (Pan & An, 2020; Fan et al., 2023; Yafetto et al., 2023) (Table 1, Figure 1). 
 

Table 1 
Illustrative cereal by-products and circular feed roles 

 

By-product/ 
residue 

Main nutritional 
features/issues 

Role in circular systems 
and constraints 

References 

Corn DDGS High CP, fiber, P; 
high DE/ME, good 

AA digestibility 

Displaces grain; limits: 
fiber, PUFA, carcass and 

FCR effects 

Widyaratne & Zijlstra, 2007; 
Wu et al., 2016; Pan & An, 
2020; Wang et al., 2025; 

Rothmund et al., 2026 

Wheat bran and 
middlings 

Higher fiber, 
moderate CP, NSP 

enrichment 

Valorises flour-milling 
streams; may depress 

energy without enzymes 

Rosenfelder et al., 2013; 
Aderibigbe et al., 2024; Stas et 

al., 2024 

Bakery meal Mixed 
cereal/fat/sugar 

residues 

20% inclusion reduced 
land use and toxicity 

impacts 

Melas et al., 2023 

Mixed agro-food 
wastes (bran, 
peels, hulls) 

Low initial value, 
anti-nutritional 

factors 

Fermentation upgrades 
protein, digestibility, 

safety 

Fan et al., 2023; Malenica et 
al., 2023; Nath et al., 2023; 

Yafetto et al., 2023 
 

Feed Conversion Efficiency and Nutrient Utilization. Cereal choice and processing 

strongly influence growth and feed conversion. Corn-, wheat- and sorghum-based diets 

can support similar average daily gain, but sorghum may reduce protein digestibility and 

increase nitrogen excretion unless inclusion is limited or protease is added (McAuliffe et al., 

2016; Pan et al., 2017). In grow-finish pigs, high DDGS or wheat middlings levels can 

slightly reduce early growth and carcass yield, though overall gain:feed can be maintained 

when diets are formulated on a net energy basis (Widyaratne & Zijlstra, 2007; Wu et al., 

2016). Enzyme complexes targeting non-starch polysaccharides in wheat-, barley- and 

middlings-rich diets improve digestibility of dry matter, energy and fiber, enhancing 

gain:feed without major microbiome disruption (Rosenfelder et al., 2013; Aderibigbe et al., 

2024). Systematic databases of DDGS energy and amino acid digestibility improve 

predictability in diet formulation, helping to maintain performance when conventional 

cereals are partially displaced (Pan & An, 2020; Wang et al., 2025; Rothmund et al., 2026). 
  
Reduction of Agri-Food Losses and Waste Through Feed. Valorising agro-industrial 

and food-system by-products as animal feed is highlighted as a key strategy to reduce food 

waste, conserve resources and close nutrient loops (Fan et al., 2023; Malenica et al., 2023; 

Nath et al., 2023; Yafetto et al., 2023). Bakery by-products converted to meal and 

incorporated into pig diets directly divert human food-chain waste from disposal (Melas et 

al., 2023). Reviews of food-waste-to-feed systems emphasize that biofuel co-products 

(DDGS), oilseed meals, cereal brans, fruit and vegetable discards and crop residues can be 

upgraded by bioprocessing (fermentation, enzymatic treatments) to improve protein 

quality, fiber utilization and phosphorus digestibility, while lowering mycotoxins and other 

anti-nutritional factors (Pan & An, 2020; Fan et al., 2023; Nath et al., 2023; Yafetto et al., 

2023). These practices support EU-style circular-economy and green-biorefinery concepts 

by transforming low-value streams into nutritious, lower-cost feeds for pigs and other 

livestock (Fan et al., 2023; Malenica et al., 2023).  
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Figure 1. Cereal-based feed system in swine production, from primary grains to by-product valorisation in a circular bioeconomy.  
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LCA-Based Evaluation of Cereal-Based and By-Product Feed Systems. Life cycle 

assessment shows feed production as the dominant environmental hotspot in pig systems, 

often contributing 60-70% of impacts per kg of live weight or product (McAuliffe et al., 

2016; Santos et al., 2025; Treml et al., 2025). Reformulating feeds toward alternative 

ingredients and by-products (e.g. bakery by-product, peas) can reduce environmental 

burdens, especially land occupation and climate change potential, while sometimes also 

reducing feed cost (Melas et al., 2023; Kum et al., 2025). In a Greek case study, including 

20% bakery meal in pig diets decreased land occupation by about 30% and reduced marine 

eutrophication, freshwater ecotoxicity and human carcinogenic toxicity by 20-25%, mainly 

through lower wheat and soybean cultivation (Melas et al., 2023). Multi-objective LCA 

optimisation of pig feeds found bakery by-products could lower environmental impacts by 

up to 9% and peas could cut costs by up to 28%, illustrating trade-offs and synergies 

among impact categories and economics (Kum et al., 2025). Broader reviews of pig-

production LCAs underline that improving feed efficiency, lowering crude-protein levels, 

and using more sustainable ingredients are key levers for reducing greenhouse-gas 

emissions, eutrophication and toxicity, particularly when combined with improved manure 

management and bioenergy recovery (McAuliffe et al., 2016; Sun et al., 2024; Santos et 

al., 2025; Treml et al., 2025). 

 

Conclusions. Cereal-based feed systems remain a cornerstone of swine production, yet 

their sustainability increasingly depends on the efficient utilization of by-products and 

residues generated along the agri-food chain. The incorporation of cereal processing co-

products such as DDGS, wheat bran, and food-industry residues can partially replace 

conventional feed ingredients without compromising animal performance, provided that 

diets are precisely formulated to account for variability in nutrient composition and 

digestibility. Advances in feed processing technologies, including enzyme supplementation 

and microbial fermentation, further enhance the nutritional value of low-quality biomass 

and mitigate anti-nutritional constraints. 

From an environmental perspective, feed production constitutes the dominant 

hotspot in pig production systems, making feed reformulation a critical lever for reducing 

overall impacts. Evidence from life cycle assessment studies indicates that substituting 

conventional cereals with alternative ingredients and by-products can significantly lower 

land use, greenhouse gas emissions, and ecotoxicity indicators, while also contributing to 

cost efficiency. Moreover, the valorisation of agro-industrial and food-system wastes as 

animal feed aligns with circular bioeconomy principles by closing nutrient loops and 

minimizing waste streams. 

Finally, the transition toward more sustainable swine production systems requires 

an integrated approach that combines nutritional optimization, technological innovation, 

and environmental assessment. Cereal by-product valorisation represents a key strategy 

in this transition, offering tangible benefits for both production efficiency and ecological 

sustainability. 
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