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Livestock manure appears as a potential resource to increase the amount of organic matter on the soil and as a source of
nutrients for agriculture that can reduce dependence on conventional fertilisers. However, antibiotics (AB) used to treat
farm animals end up polluting manure. The most common treatment for this kind of waste — anaerobic digestion (AD) -
is not reliable in terms of their removal. Such an inadequate treatment allows these compounds to reach the environment,
where they contribute to the rise of antibiotic-resistant genes and bacteria.

To address this issue, the FUNZYbio project aims to develop and test a novel technology based on fungi able to
digest AB by means of enzymes, to safely use livestock manure in agriculture. Moreover, after fungal and/or enzymatic
bioreactors have removed such pollutants, a membrane system regenerates water for irrigation and recovery of nutrients.
This system is designed to be added to anaerobic digestors, complementing them and maximising resource recovery and
valorisation.

In this context, Life Cycle Assessment (LCA) is used as a tool to evaluate the environmental benefits of such
approach, allowing to introduce eco-design as an integrated environmental point of view within the technology
development. To achieve so, the first goal was to complete a review of scientific bibliography aimed at better
characterising AB pollution within LCA, considering both ecotoxicity and AB resistance (ABR) enrichment as harmful
impacts. The second goal was defined as identifying the main environmental hotspots and then proposing suitable changes
to further reduce the environmental footprint of the overall manure treatment.

The scope of the study considered the system composed by the anaerobic digestor, the fungal or enzymatic
bioreactor (antibiotic digesters or ABD) which complements the AB digestor and the membrane system. The main
function of this system was assumed as treating the livestock manure, thus setting 1 m® of input matter treated as functional
unit. A cradle-to-grave approach was selected, assuming the livestock manure as a waste with no previous environmental
burden assigned and including the overall construction, operation and end-of-life of the plant. The recovered resources
(biogas as fuel for energy generation, water, fertilisers) have been accounted for as avoided products. The Environmental
Footprints 3.1 impacts calculation method was applied, but also adding to the impact categories another specific method
focused on ABR characterisation. The assessment was based on an upscaled model of the system proposed, built from
primary data in collaboration with project partners with technical expertise in designing and testing the technologies, in
order to obtain more comparable results. Additionally, adequate sensitivity analyses were applied on the main impact
drivers identified to check their influence on the results.
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Figure 1. Diagram of FUNZYbio system and different technology options; the sequence order may be variable.

The commonly available methods to characterise ecotoxicity impacts — e.g., ReCiPe and USEtox — have shown limited
representation of AB release effects. Indeed, only 11 AB are characterised in the former, while the latter increases the
number to merely 15. Noteworthy for the case study is that usual AB families in food production (Chow, 2021) are
underrepresented: only 2 tetracyclines, 1 fluoroguinolone and 1 sulphonamide appear. Following this same USEtox
framework, up to 27 new characterisation factors (CF) for AB ecotoxicity have been compiled by the authors. Although
few research has been published addressing the rise of ABR and its integration into LCA, a clear trend has been detected
regarding to utilise the USEtox framework as fundament to estimate CF as a product of fate factor (FF), exposure factor
(XF) and effect factor (EF) (Equation 1), thus allowing to keep the first two and focus on determining the last one. Doing
so, Nyberg (2010) has estimated EFs that correlate AB concentrations to the development of ABR and, using Equation 1
for 14 AB already integrated into the USEtox model - so that FF and XF are already known —, they calculated CF for
ABR enrichment. This way, the impact of AB pollution into the rise of ABR can be integrated within LCA as a new
impact category.
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CF = FF X XF X EF Equation 1

Furthermore, the question of how much environmental footprint may increase if adding the FUNZYbio ABD reactor and
membranes, the impacts assessment was done without accounting for avoided products. In such scenario, the largest
impact source is the anaerobic digestor (Figure 2). Conversely, it is concluded that the addition of the FUNZYbio system
results in little added environmental impact; hence, the potential benefits from recovered resources with increased quality
thanks to the AB removal make this solution attractive in environmental terms, contributing to a deepened integration of
circular economy principles into a strategic industry like food production for both agriculture and husbandry sectors.
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Figure 2. Relative impacts from AD coupled with FUNZYbio system.

Finally, the economic feasibility of the solutions in development has been addressed using Life Cycle Costing (LCC).
Particular focus has been put in first identifying potential constraints of the system concerning expenses, noting that the
selection of the ABD is relevant for both capital and operational expenses, while the membrane system cost is expected
to be lower - although not negligible. Moreover, for the potential benefits of each resource recovered — energy from
biogas in AD, fertilisers and water in the membrane system — have been evaluated with a sensitivity analysis, to properly
evaluate the effect that the optimisation of these flows has on the cost structure. As current conclusion, the LCC shows
that the costs related to the implementation of the system seem to be reasonable, compared with the potential benefits of
the products obtained.
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