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• Life cycle assessment of three biobased 
fertilisers and their application 
performed.

• Replacing mineral with biobased fertil
isers can provide environmental 
benefits.

• Two biobased fertilisers reduce global 
warming potential and resource use.

• One biobased fertiliser shows overall 
high environmental impacts.
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A B S T R A C T

The replacement of mineral fertilisers by biobased fertilisers (BBFs) produced from organic waste streams is 
promoted by the European Union to reduce political dependencies and nutrient excess. Life cycle assessment 
(LCA) studies have so far been mainly conducted on BBFs produced from municipal biowaste, sewage sludge and 
animal manures, primarily considering their production phase. This LCA study compares for the first time 
environmental impacts of three BBFs produced from fishery side-streams against those of mineral fertilisers 
assessing both BBF production (per kg N) and application (per kg broccoli), assuming burden-free side-streams. 
Compared to mineral fertilisers, two BBFs (one from fish sludge, the other from fish frames and heads) had a 3- 
62% (per kg N) and 11% (per kg broccoli) lower global warming potential and a 1-12% (per kg N) and 7-13% 
(per kg broccoli) lower mineral resources use. However, the third BBF from fish viscera showed overall higher 
impacts than the mineral fertiliser highlighting the importance of optimising the production of BBFs and their 
agronomic performance. Levers for optimisation include establishing the BBF production close to the location of 
the side-stream, implementing energy-efficient drying technologies and appropriate BBF application techniques. 
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Methodological challenges such as modelling field emissions of BBFs and lacking harmonization of LCA meth
odology for the assessment of BBFs are discussed. By considering both production and application of BBFs, this 
study shows that BBFs from fishery side-streams can provide environmental benefits when used as a substitute for 
mineral fertilisers and identifies optimisation potential along the life cycle.

1. Introduction

Commercial fertilisers have been shown to contribute substantially 
to crop yields and thus to satisfying the needs of a growing world pop
ulation (Stewart et al., 2005). However, the production and application 
of mineral fertilisers is connected to several sustainability issues. For 
example, the Haber–Bosch process to manufacture nitrogen fertilisers 
requires a high energy input (Chojnacka et al., 2020). So far, production 
relies mostly on natural gas thus contributing to global warming. 
Furthermore, nitrogen fertiliser prices can fluctuate substantially (e.g. 
increase by 300% in 2021) with variations in natural gas prices 
(Chojnacka et al., 2024) posing an economic risk for farmers. On the 
other hand, phosphorus fertilisers are produced from a finite source of 
phosphate rock (Hernandez-Mora et al., 2024). The widespread appli
cation of nitrogen and phosphorus fertilisers strongly contributes to 
transgressing planetary boundaries (te Wierik et al., 2025). 
Fertiliser-related emissions lead to eutrophication, global warming, air 
pollution as well as acidification of terrestrial and aquatic habitat (de 
Vries, 2021; Richardson et al., 2023; Shukla et al., 2019; Ti et al., 2019).

To reduce the dependence on non-renewable resources in agriculture 
and mitigate the nutrient excess within Europe, nutrient recovery from 
organic waste streams is increasingly seen as an alternative to mineral 
fertiliser production. The European Updated Bioeconomy Strategy 
(European Commission, 2018) identified nutrient recycling as one of the 
levers for future proofing of the European food and farming systems. The 
European Union therefore aims to stimulate markets for recovered nu
trients (European Commission, 2022), boost research in this field 
(European Commission, 2018) and regulate (Regulation (EU) 
2019/1009, 2019) market access of biobased fertilisers (BBFs; Cucina 
et al., 2021). However, also BBFs require energy and material inputs 
during production and cause emissions of greenhouse gases and pol
lutants when being applied on the field. To understand the environ
mental performance of BBFs, life cycle assessment (LCA) is a typically 
applied methodology.

In the past, LCA studies on organic waste analysed ways to reduce 
environmental impacts of waste management (e.g. composting vs. 
incineration or landfilling) or of energy production, considering nutrient 
recovery as a secondary function of biorefineries (Egas et al., 2023; Lam 
et al., 2020). In recent years, LCA studies on BBF production from 
important organic waste streams, such as municipal biowaste, sewage 
sludge and animal manures, have been conducted (Egas et al., 2023; 
Tanzer et al., 2021). For other relevant organic waste streams, studies 
are scarce. For example, to our knowledge, no LCA studies have been 
conducted so far on side-streams from the fish industry. In addition, LCA 
studies on BBFs often do not consider the main function of fertilisers, i.e. 
crop production, but only compare environmental impacts related to the 
production, but not the application of the BBFs (Egas et al., 2023).

Globally, discards from large-scale fisheries and on-shore fish pro
cessing side-streams (from both large-scale capture fisheries and aqua
culture) amounted to a total of 11.7 million tons of non-edible loss in 
2021 (excluding aquaculture production loss and valorised side-streams; 
WEF, 2024). In the EU, the non-edible discards were around 1.2 million 
tons for the same year (WEF, 2024). The side-streams from aquaculture 
and capture fisheries (hereinafter defined as fishery) shows high 
nutrient contents and fertilisers produced from them showed a similar or 
better agronomic performance compared to mineral fertilisers (Zhang 
et al., 2023).

These potential advantages of nutrient recovery from fishery side- 
streams can be leveraged by novel processing approaches that go 

beyond the traditional processing technologies such as composting by 
fractionating side-streams and concentrating nutrients. This study 
therefore aims to address the question whether the resulting BBFs from 
such valorisation can be an environmentally friendly alternative to 
mineral fertilisers. In a first step, the environmental impacts of pro
ducing three novel BBFs from aquaculture side-streams are assessed as 
an example for novel processing pathways that valorise the untapped 
potential of fishery side-streams. In a second step, data from an agro
nomic field trial are integrated into an agricultural LCA model to analyse 
and compare the environmental performance of broccoli grown with 
BBFs or with mineral fertilisers.

2. Materials and methods

Goal and Scope. The goal of the study was to compare the envi
ronmental impacts of three BBFs produced in Norway (industrial scale), 
France and Spain (both pilot scale) from fishery side-streams with those 
of mineral fertiliser. The LCA was conducted in two steps and included 
both the production of fertilisers (1st step of LCA) and their application 
(2nd step of LCA) during one growing season. Impacts from upstream 
fishery (incl. Fish processing) were excluded, assuming their outputs as 
burden-free because of their low economic value (cut-off approach). The 
life cycle inventory (LCI) of the production of BBFs covered the pre- 
processing of raw material, its transport to the factory, the production 
infrastructure (buildings and main materials for machinery), energy 
input, consumables and waste generated (see Fig. 1). The application of 
BBFs (broccoli cultivation in Estonia, 2023) included the transport of 
BBFs to the farm, necessary inputs for crop management (e.g. sowing, 
soil management, fertilisation, crop protection, and harvesting), the 
related machinery and field emissions of ammonia (NH3), nitrous oxide 
(N2O), nitrate (NO3

− ), nitrogen oxides (NOx), and phosphorus. For other 
inputs than fertilisers, no specific transport was considered in the fore
ground data.

Functional unit. To be able to compare against mineral fertilisers, 
1 kg of total nitrogen (TN) was chosen as a functional unit for the first 
step of the LCA covering the production. For the second step of the LCA, 
the functional unit was 1 kg of broccoli fresh weight (hereafter referred 
to as 1 kg of broccoli). In addition, impacts per were calculated per ha 
(see supplementary materials). While the first step enables a technology- 
focused comparison, the second step integrates crop yield effects and 
field emissions to compare the overall environmental performance of 
fertilisers.

Overview of fertilisers. The three BBFs assessed in the study (BBF 
Pellets, Solid BBF, Liquid BBF) are produced from different materials 
(see Fig. 2): fish sludge (in case of the BBF Pellets), fish frames and heads 
(Solid BBF), and fish viscera (Liquid BBF), all derived from aquaculture 
side-streams. They represent different types of fertilisers (see Table 1) 
and production processes (see Fig. 2).

The BBF Pellets have a high dry matter content (DMC) of 94.4% and 
are biobased only. They were produced at industrial level (technology 
readiness level 9) without co-products by first drying fish sludge (disk 
dryer) and then mixing, grinding, and pelleting it (Fig. 2). The Solid BBF 
also has a high DMC of 98.1% and is biobased only. It was produced at 
pilot scale by first freezing and grinding fish frames and heads before 
extruding and drying them. Fish oil resulted as a co-product. The Liquid 
BBF has a low DMC of 34.5% and is an organo-mineral fertiliser 
(enriched with conventional mineral fertiliser). It was produced in a 
pilot plant, by first grinding fish viscera and separating the oil, followed 
by an acid autolysis of 12 days, membrane filtration and then mixing it 
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with mineral 0-40-40 NPK fertiliser. Fish oil and solids resulted as co- 
products.

As a reference for the comparison of environmental impacts of BBF 
production and application, mineral fertiliser in the form of ammonium 
nitrate (AN) was selected. AN, alongside its formulated form, calcium 
ammonium nitrate (CAN) and urea, constitutes the predominant mineral 
nitrogen fertiliser types in Europe, representing 18%, 23%, and 37% of 
the N supplied in 2023, respectively (IFA, 2026). The LCI data for the 
mineral reference fertilisers originated from the ecoinvent activities and 
are further detailed in the supplementary materials, Table S1. In the 
field trial, AN was the source of N in the mineral fertiliser treatment 
(MFT, see Table 3).

Inventory of BBF production. The inventory was created based on 
specific primary data collected from the BBF producers, as well as 
ecoinvent version 3.9.1 (Wernet et al., 2016; system model allocation, 
cut-off by classification) for background data. Economic allocation was 
applied to the co-products of the Liquid and Solid BBF (fish oil and 
solids; see supplementary materials, Table S2, for used prices). In case of 
the Liquid BBF and Solid BBF, the foreground data of the current pilot 
production was upscaled to a potential future industrial scale using the 
conceptual framework of van der Hulst et al. (2020). In a 
semi-structured exchange with the chemical engineers of the pilot pro
duction, (A) process changes, (B) size scaling effects and (C) potential 
ways of minimizing waste and processing input were explored. The 
resulting processes changes are displayed in Fig. 2. They included the 
omission of the mechanical pre-processing (freezing and grinding) in 
case of the Solid BBF, the introduction of an industrial decanter centri
fuge for oil separation in case of the Liquid BBF (instead of passive oil 
separation) and four 16′000 L silos for the autolysis for the new batch 
system that replaced the pilot-scale multipurpose bioreactor. The ca
pacity of the remaining machinery was generally increased. The 
resulting BBF production inputs are summarised in Table 2. Detailed 
inventories can be found on Zenodo (see Data availability). Inventories 
were compiled using SimaPro 9.6.0.1 software.

Inventory of BBF application. The environmental impacts of BBF 
application were assessed for broccoli production, based on data from a 
field trial with the three BBFs conducted in Jõgeva (Estonia) on Endo
gleyic Luvisol soil (Zhang et al., 2025). Estonia has a humid continental 
climate. The trial was conducted during one growing season in three 
replicates per treatment (for more information on the field trial see 
Zhang et al., 2025). The inventory for the application of BBFs was 
compiled and modelled using the FarmLCA tool (Moakes et al., 2026). 
The tool allows for the creation of an inventory for crop and/or livestock 
production using background data from ecoinvent (Wernet et al., 2016; 
version 3.9.1) and includes models for field emissions. The calculation of 
N2O emissions to air was based on IPCC methodology (IPCC, 2019). For 
the BBFs, the emission factor for “other N inputs in wet climates” was 
used, for mineral N fertiliser, the emission factor for “Synthetic fertiliser 
inputs in wet climates”. Ammonia (NH3) and nitrogen oxides (NOx) 

emissions to air were calculated following the EMEP/EEA guidelines 
(EMEP/EEA, 2023; NH3 at Tier 1, NOx at Tier 1). Nitrate (NO3

− ) leaching 
to water was estimated using the SQCB method (Faist Emmenegger 
et al., 2009) assuming one third of the crop area drained into surface 
waters and two third of water emissions transported to groundwater. 
Phosphorous exports in solid and dissolved form were modelled based 
on Prasuhn (2006; general model) and Oberholzer et al. (2006; erosion 
quantification). For the modelling of phosphate leaching, all BBFs were 
categorized as solid organic fertilisers according to the IPCC threshold of 
>15% DMC (Gavrilova et al., 2019). The resulting fertilising-related 
field emissions are displayed in Table 3.

The FarmLCA tool was parametrized with environmental impacts 
calculated in step 1 per produced kg of BBF and agronomic data from the 
field trial. The amounts of fertiliser in the field experiment corresponded 
to 120 kg TN-equivalents per ha applied for both BBFs and mineral 
fertiliser. The application rate was thus 1939 kg/ha for the BBF Pellets, 
1575 kg/ha for Solid BBF, 2260 kg/ha for Liquid BBF, and 775 kg/ha of 
mineral fertilisers (see Table 3). The MFT received 95 kg N/ha from 
N34.5 and 25 kg N/ha from an N-P2O5-K2O + S fertiliser. The broccoli 
output in the FarmLCA tool was parametrized with the actual yields 
from the field experiment (assuming 10% residues of total above-ground 
biomass). The yield-related uncertainty derived from the standard de
viation of the three field trial replicates (see Table 3) was accounted for 
in calculation of the overall environmental impacts per kg of broccoli. 
For the emission modelling, data on chemical properties of BBFs 
measured by Zhang et al. (2025; dry matter content and nutrient 
composition) was used. Tillage, weed management, crop protection, and 
yield-scaled harvesting was the same for all fertilisers with the data 
taken from the field trial and complemented with the ecoinvent in
ventory for global broccoli production (without CO2 emissions from land 
transformation).

Impact assessment (LCIA). Five midpoint indicators covering the 
most relevant environmental impacts of BBF production and application 
were calculated with the ImpactWorld+ 2.0 method (Bulle et al., 2019): 
Climate change, short term (GWP 100; kg CO2 eq; referred to as global 
warming in the following), terrestrial acidification (kg SO2 eq), marine 
eutrophication (kg N N-lim eq), freshwater eutrophication (kg PO4 P-lim 
eq), mineral resources use (kg deprived). The environmental impacts of 
BBF production were calculated in Brightway 2.5 open-source software 
(Mutel, 2017; packages bw2calc 2.0.1, bw2data 4.4.2 and bw2io 0.9.6) 
using the inventories compiled in SimaPro, the impacts of BBF appli
cation were calculated with FarmLCA 4.1.3.2 (Moakes et al., 2026).

Sensitivity analysis. To understand how uncertainties of the in
ventory influence results, several sensitivity analysis scenarios were 
explored. Since BBFs are still a niche market but aim to replace mineral 
fertilisers in Europe in the future, the uncertainties related to future BBF 
production were covered by scenarios (1) increasing the transport dis
tance from the source of BBFs to the factory by 150 km, (2) increasing 
the share to 50% of renewable electricity or heat (used for steam 

Fig. 1. LCA system boundary (FU = functional unit).
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generation) for BBF production (if current renewable energy mixes in a 
country are below 50%), (3) increasing fish oil price by 50% (alloca
tion), and (4) reducing the use of multi-storey office buildings by 50%. 
Uncertainties related to the future BBF market were assessed by (5) 
increasing the transport distance to the farm from 10 km to 500 km. 
Finally, uncertainties related to the modelling of field emissions of BBFs 
were explored by (6) using the lower range instead of the average of the 
IPCC emission factor for N2O (IPCC, 2019) and (7) selecting a different 
source for the NH3 emission factor for BBFs (van der Zee T. et al., 2021), 
which assumes for “other organic fertilisers applied to soils” 46% of the 
total ammoniacal nitrogen content (TAN = NH3-N + NH4

+-N) volatilised 
as NH3-N after application (in contrast to the default NH3 emission 
factor of 0.08 kg NH3 per kg of total N applied). For better readability, 
the environmental impacts of the scenarios were normalised to the 
default impacts without any of the scenarios applied (referred to as 
baseline).

3. Results

The environmental impacts of the production of BBFs per kg of N 
were lower, similar, or higher compared to mineral fertiliser (ammo
nium nitrate; see Fig. 3). The Liquid BBF showed higher impacts for all 
environmental impacts (up to 26-fold in the case of freshwater eutro
phication). While also the Solid BBF showed higher impacts for fresh
water eutrophication and terrestrial acidification (78% and 30% higher, 
respectively), it exhibited slightly lower impacts for global warming (3% 
lower) and mineral resources use (1% lower). For marine eutrophica
tion, its impact was 81% lower compared to mineral fertiliser. The BBF 
Pellets performed best with lower overall impacts than mineral fertiliser 
ranging from 91% lower impacts (marine eutrophication) to 12% lower 
impacts (mineral resources use).

.

Compared to the reference treatment with mineral fertiliser, the 
environmental impacts of producing 1 kg of broccoli were mostly similar 
or higher for the three BBF treatments (Fig. 4). Similar to the impacts of 
BBF production, broccoli produced with Liquid BBF exhibited the 
highest impacts for global warming and mineral resources use (66% and 
37% higher than the MFT, respectively). For freshwater and marine 
eutrophication, impacts of Liquid BBF were 19% and 46% higher than 
those of the MFT. Except for marine eutrophication, the treatment with 
Liquid BBF also showed the highest impacts per ha exceeding those of 
the MFT by 2% (freshwater eutrophication) to 43% (global warming; see 
supplementary materials). The yield-derived uncertainty of the 

Fig. 2. Process diagrams for the three assessed BBF. For the sake of readability, transport, electricity, and water inputs as well as infrastructure (machinery, 
buildings) have been omitted in the figure. External treatment = treatment outside of the investigated facilities (assessment without installations).

Table 1 
BBF characteristics as determined by Zhang et al. (2025).

Property Unit BBF Pellets Solid BBF Liquid BBF

Abbrev. in Zhang 
et al. (2025)

​ FSP PF NPKA

Country of 
production

​ Norway France Spain

Form ​ solid, 
pelleted

solid liquid

Dry matter content % fresh 
weight

94.4 ± 0.2 98.1 ± 0.2 34.5 ± 0.2

Organic matter 
content

% dry 
weight

82.5 ± 0.4 83.8 ± 0.7 78.8 ± 0.2

Total nitrogen (TN) 
content

% fresh 
weight

6.2 ± 0.1 7.6 ± 0.7 5.3 ± 0.1

Phosphorus (P) 
content

% fresh 
weight

2.7 ± 0.5 3.1 ± 0.1 1.6 ± 0.1

Potassium (K) 
content

% fresh 
weight

1.5 ± 0.2 0.6 ± 0.01 2.2 ± 0.2

C/N ratio - 6.35:1 6.11:1 2.67:1
NH4+ g/kg fresh 

weight
0.62 ± 0.06 0.34 ± 0.02 2.56 ± 0.01
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environmental impacts of the treatments with Solid BBF and the BBF 
Pellets was mostly within a similar range (except for eutrophication). 

For global warming and mineral resources use, the impacts of Solid BBF 
and BBF Pellets were 7-13% lower compared to the MFT, per ha even 26- 
37% lower. For the other three categories, impacts of Solid BBF and BBF 
Pellets were 20-132% higher than the MFT. Accordingly, for terrestrial 
acidification, freshwater and marine eutrophication, the MFT showed 
the lowest impacts. These ranking changes when considering per ha 
impacts were the treatment with BBF Pellets has 1% lower impacts in 
case of terrestrial acidification and the one with Solid BBF 1% lower 
impacts for freshwater eutrophication.

The production of fertilisers showed varying contributions to the 
overall impacts of 1 kg of broccoli, depending on the BBFs and the 
impact category (Fig. 5). For the Liquid BBF, the fertiliser production 
constituted up to 58% and 54% of impacts for global warming and 
mineral resources use, respectively. The BBF production showed a 
limited contribution to terrestrial acidification (4-26%) while being 
more relevant for the MFT (44%). For freshwater and marine eutro
phication, BBF production showed only minor contributions.

Table 2 
Production inputs per kg of BBFs based on primary data.

Input Location Unit BBF Pellets Solid BBF Liquid BBF

Side-streams (fresh weight) Fish sludge (raw) NO kg 5.83 E+01 ​ ​

Fish frames and heads FR kg ​ 5.00 E+00 ​

Fish viscera ES kg ​ ​ 8.36 E+00

Chemicals, packaging, and other inputs Citric acid GLO kg ​ ​ 1.83E-03
Dolomite RER kg ​ ​ 2.20E-02
Formic acid RoW kg ​ ​ 7.49E-03
Hydrogen peroxide, w/o water, in 50% solution RER kg ​ ​ 1.55E-03
Monoammonium phosphate RER kg ​ ​ 6.14E-02
Packaging: Per kg of liquid fertiliser GLO p ​ ​ 1.00 E+00
Packaging: Per kg of solid fertiliser GLO p ​ 1.00 E+00 ​
Packaging: Polyethylene for big bags GLO kg 1.67E-03 ​ ​
Potassium chloride RER kg ​ ​ 5.33E-02
Sodium hydroxide, w/o water, in 50% solution GLO kg ​ ​ 2.94E-02
Tap water Europe w/o CH kg ​ ​ 2.93 E+00

Electricity and heat Electricity ES kWh ​ ​ 1.26E-01
Electricity FR kWh ​ 3.50 E+00 ​
Electricity NO kWh 6.93E-01 ​ ​
Electricity RER kWh ​ ​ 2.22E-03
Steam, in chemical industry RER kg ​ ​ 2.37 E+00

Machinery materials and buildings Building, hall GLO m2 1.14E-06 3.53E-07 3.74E-07
Building, multi-storey RER m3 1.71E-05 5.29E-06 5.61E-06
Polyethylene GLO kg ​ 5.06E-05 ​
Steel, low-alloyed GLO kg 4.17E-04 2.03E-04 6.94E-03
Synthetic rubber GLO kg 4.29E-06 ​ ​

Transport of machinery and side streams Transport, freight train RER tkm 1.95E-05 1.21E-05 3.83E-03
Transport, freight, aircraft, short haul GLO tkm 1.62E-05 1.00E-05 2.69E-04
Transport, freight, inland waterways, barge RER tkm ​ ​ 1.75E-03
Transport, freight, lorry with refrig. machine, cooling GLO tkm ​ 5.88E-02 4.49E-01
Transport, freight, lorry, unspecified RER tkm 5.00E-01 2.05E-04 1.92E-02

Table 3 
Fertilising-related inventory for BBF application including inputs, field emissions, and outputs (yields). Inputs and yields are based on Zhang et al. (2025). MFT: 
mineral fertiliser treatment.

BBF Pellets Solid BBF Liquid BBF MFT

Inputs Amount of fertiliser applied kg/ha 1939 1575 2260 275 (N34.5) + 500 (N-P2O5-K2O + S)
N kg/ha 120 120 120 120
P kg/ha 53 48 36 22
K kg/ha 28 9 51 124.5

Emissions Ammonia (air) kg/ha 9.6 9.6 9.6 3.9
Nitrous oxide (air) kg/ha 3.1 3.2 3.2 4.9
Nitrogen oxides (air) kg/ha 4.8 4.8 4.8 4.8
Nitrate (water, unspec.) kg/ha 62.6 49.4 44.1 34.7
Nitrate (groundwater) kg/ha 146.2 115.3 102.9 81.0
Phosphate (river) kg/ha 0.9 0.8 0.8 0.6

Outputs Total above-ground biomass fresh-matter broccoli yield t/ha 56.7 ± 7.3 65.8 ± 2.7 68.2 ± 4.6 79.4 ± 8.2

Fig. 3. Impacts of BBF production (per kg N) relative to the production of 
mineral N fertiliser (ammonium nitrate). Bars to the left indicate lower impacts 
of BBFs than mineral fertiliser, bars to the right indicate higher impacts.
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Terrestrial acidification, freshwater and marine eutrophication were 
dominated by field emissions during fertiliser application. For marine 
and freshwater eutrophication, field emissions constituted between 92- 
98% and 73-97% of impacts, for terrestrial acidification 37-79%. Other 
agricultural processes showed a relevant contribution to global warming 
and mineral resources use, such as material input (peat and planting 
fleece for broccoli; 6-30%), machinery use for tillage (4-18%) and har
vesting and transport to the storage (6-37%).

The relevant contribution from field emissions to global warming 
was mirrored in the conducted sensitivity analysis for the environmental 
impacts of producing 1 kg of broccoli: using the lower boundary of the 
uncertainty range instead of the average for the N2O emission factor 

provided by IPCC (2019; 0.001 kg N2O–N (kg N) − 1) resulted in up to an 
11% lower impact for global warming (see Fig. 6). Global warming was 
also sensitive to changes in processes upstream of the application of BBF: 
among all these scenarios, a share of at least 50% of renewable energy in 
production showed the highest effect, reducing the impact by 13% for 
the Liquid BBF treatment and 4% for Solid BBF. As the BBF Pellets from 
Norway are already produced with more than 50% renewables, no effect 
was observed for them. Also changes in transport proved to be relevant: 
the transport of raw materials to the BBF factory by 150 km resulted in 
up to 6% higher impacts in case of global warming. A similar range of 
sensitivity could be observed when increasing the transport of BBFs to 
the farm from 20 km to 500 km (increases by up to 6%). Global warming 

Fig. 4. Environmental impacts of producing 1 kg broccoli with different fertilisers. Standard deviation shown as uncertainty ranges, based on yields from three 
replicates in the field trial.

Fig. 5. Process contributions of producing 1 kg of broccoli for the three assessed BBFs and the Mineral fertiliser treatment.
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showed limited sensitivity regarding the increase in fish oil price used in 
the economic allocation of multi-output processes and buildings or the 
reduction of assumed multi-storey office buildings by 50%.

The additional distance of 150 km for the transport of raw materials 
proved also to be relevant for mineral resources use (up to 7% increase 
in impacts) with the increased BBF transport having a similar effect 
range. In contrast to global warming, the reduction of assumed multi- 
storey office buildings by 50% also affected mineral resources (6% 
reduction in impact in case of the BBF Pellets). The increase in fish oil 
price used in the economic allocation of multi-output processes and 
buildings by 50% mainly affected the Liquid BBF with a reduction of up 
to 4%. The share of at least 50% of renewable energy increased the 
impacts in case of the Solid BBF treatment by 3% and reduced them in 
case of the fertilisation with Liquid BBF by 2%.

The highest effect showed the choice of NH3 emission factor on 
terrestrial acidification: the TAN-based emission factor for NH3 (van der 
Zee T. et al., 2021) instead of the EMEP/EEA Tier 1 NH3-EF reduced 
impacts up to 65%. Changes in transport of raw material led to a slight 
increase in terrestrial acidification (up to 3%; 2% in case of increased 
transport distance for BBF). The share of at least 50% of renewable 
energy during production showed a low sensitivity (maximum decrease 
of 1% of impacts).

4. Discussion

This study shows that BBFs from fishery side-streams can present an 

environmentally friendly alternative to mineral fertilisers. The produc
tion of 1 kg N from BBF Pellets showed lower impacts than ammonium 
nitrate for all impact categories, while the Solid BBF had similar or lower 
impacts for three impact categories (global warming, mineral resources 
use and marine eutrophication). Additionally, the impacts of producing 
1 kg of broccoli with the Solid BBF and BBF Pellets were lower than the 
MFT for global warming and mineral resources use. The Liquid BBF, in 
contrary, showed consistently higher impacts than mineral fertilisers 
both during BBF production and application. This demonstrates that the 
environmental benefits of BBFs can vary strongly as a function of their 
production impacts and agronomic performance.

4.1. Comparability of results

Since agronomic performance and field emissions of BBFs are 
impacted by the nutrient needs of the crop grown and the pedo-climatic 
conditions such as soil moisture, temperature, soil organic carbon (SOC) 
content and pH (Müller et al., 2024; Wester-Larsen et al., 2022), other 
studies are needed to contextualise the results of this study. Three pre
vious, similar studies that compare environmental impacts of production 
and application of BBFs derived from other organic wastes to those of 
mineral fertilisers also identified lower impacts for crops fertilised with 
BBFs for global warming and mineral resources use (or similar in
dicators): Cortés et al. (2020) assessed the application of composted 
viticulture waste (2.4% N, 1.6% P, 3% K) to tomato, maize and straw
berry. Herrera et al. (2022) studied mix of digestate (0.8% N, 0.3% P, 

Fig. 6. Sensitivity analysis for the environmental impacts of producing 1 kg of broccoli with BBF. Effects are normalised to the corresponding baseline (default) 
scenario (dashed line). EF = Emission factor.
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0.07% K) and digestate-derived ammonium sulphate (7.4% N) applied 
to maize (3.7:1 mixing ratio of total nitrogen applied). Jasiński et al. 
(2026) investigated the application of two BBFs on leek and cauli
flower in Flanders representing different blends of compost, biochar and 
insect frass from the processing of fruit and vegetable waste (1.0-2.4% N, 
0.3-0.5% P and 0.7-1.4% K; all shares provided related to wet weight). 
For marine eutrophication, our study found higher impacts for all BBFs 
compared to the MFT while in the other studies, impacts of BBFs were 
similar or lower than the MFT (Herrera et al., 2022; Jasiński et al., 
2026). Concerning freshwater eutrophication, the comparably higher 
impacts for the BBF treatments in this study were both mirrored 
(Herrera et al., 2022; Jasiński et al., 2026) and contrasted (Cortés et al., 
2020) in the other studies. Likewise, the higher acidification impacts for 
the BBF treatments are in line (Jasiński et al., 2026) or not (Cortés et al., 
2020; Herrera et al., 2022) with the other studies’ findings. Yet the re
sults from the mentioned studies are not fully comparable to the current 
study due to different BBFs, organic waste streams (viticulture waste, 
mix of food processing side-streams, domestic biowaste and sewage 
sludge), treatment methods (e.g. anaerobic digestion), and reference 
fertilisers, but also different methodologies (functional units and tested 
crops, system boundaries, field emission quantification, LCIA methods). 
This shows the need for more studies on organic BBFs from fishery 
side-streams under different agronomic conditions with a unified LCA 
approach (as also proposed by e.g. Vikki et al., 2025).

4.2. Influence of BBF characteristics

The properties of the BBFs investigated (see Table 1) potentially 
affect environmental impacts of their production and application. The 
DMC provides an indication on the extent of the concentration process 
needed during the production. Paradoxically, the Liquid BBF with the 
lowest DMC showed the highest impacts during production, highlighting 
the relevance of energy efficiency and sources of the concentration 
process as discussed in section 4.5.

For broccoli cultivation, environmental impacts per kg depend on 
the agronomic performance as manifested in the difference in per ha and 
per kg impacts. For example, for freshwater eutrophication, Liquid BBF 
had lower impacts than BBF Pellets per kg broccoli, although per ha 
impacts of Liquid BBF were higher. This different ranking was due to the 
higher yields of broccoli fertilised with Liquid BBF compared to BBF 
Pellets. According to Zhang et al. (2025), yields strongly depend on the 
mineralisation of the BBFs. They argue that the low C/N ratio of the 
Liquid BBF could have promoted mineralisation and hence crop nutrient 
availability, resulting in higher yields. Broccoli treated with BBF Pellets 
showed low yields, which Zhang et al. (2025) explained by the low 
mineralisation due to the pelleted form that releases nutrients too 
slowly.

The nutrient release dynamics not only affect yields but also the 
emission behaviour. However, the generic nitrogen emission models 
used in this study do only partially account for this by differentiating 
organic and mineral fertilisation in the case of N2O and NH3 emissions 
(see next section). For phosphorous field emissions leading to freshwater 
eutrophication, the P content of BBFs is relevant. Yet, despite its low P 
content (1.6% of fresh weight), the Liquid BBF still showed the highest 
freshwater eutrophication impacts per ha since they were dominated by 
its high production-related emissions and background emissions from 
soil.

4.3. Need for improved emission modelling

The sensitivity analysis exposed methodological challenges and un
certainties when assessing BBFs’ environmental impacts. Applying the 
NH3 emission factor (NH3-EF) from the Dutch national emission in
ventory (van der Zee T. et al., 2021) for “other organic fertilisers applied 
to soils (including compost)” for BBF-related NH3 field emissions would 
have reversed the ranking for terrestrial acidification: all three BBF 

treatment would have lower impacts than the MFT. The emission factor 
is related to the TAN applied in the BBF treatments (46% of TAN). The 
Tier 1 NH3-EF that was used in the baseline instead relates to total ni
trogen applied (0.08 kg NH3/kg N applied; EMEP/EEA, 2023). This is a 
simplification, since NH3 emissions are, among other factors such as pH, 
mainly dependent on the TAN content in organic fertilisers 
(Wester-Larsen et al., 2022). Given the low TAN content of the BBFs in 
this study (0.3-2.6 g/kg BBF; 0.4 – 4.8% of total nitrogen), it is likely that 
NH3 emissions and therefore impacts for terrestrial acidification might 
have been overestimated with the used Tier 1 approach. This tendency 
could have even been more pronounced by adopting default IPCC vol
atilisation (NH3 + NOx) rates for organic fertilisers of 21% per kg N 
applied (IPCC, 2019). These considerable uncertainties demonstrate the 
limitations of the standard emission models used in LCA and the need for 
these to better account for the different types of BBFs (e.g. in pelleted 
form) by calibrating and validating with field studies on organic BBF 
application. This is also true for the generic N2O-EF that covers a wide 
range of different organic substrates (IPCC, 2019), which exposes 
further uncertainty as shown in the sensitivity analysis. Similarly, the 
NO3

− leaching model only accounts indirectly for the type of fertiliser 
treatment by the resulting yield (Faist Emmenegger et al., 2009). 
Although more data intense, mechanistic models could be an alternative 
to better account for differences in fertiliser characteristics when 
modelling nitrogen emissions (Andrade et al., 2021). Yet, fertiliser 
characteristics are subject to seasonal changes in feedstock composition 
across production batches, which introduces further uncertainty in the 
emission modelling. These variations thus hamper the calculation of 
standardised environmental footprints, even more so if the functional 
unit is related to a variable nutrient composition.

4.4. Other environmental impacts

Not all relevant impacts of BBF application could be quantified in 
this study such as the impacts of heavy metals and pathogens. The 
related legal limits are defined EU Fertilising Products Regulation (EU) 
2019/1009 (Regulation (EU) 2019/1009, 2019) along with minimum 
nutrient concentrations and marketing requirements (Aborisade et al., 
2026). Zhang et al. (2025) report compliance with legal limits for the 
three BBFs analysed in this study with regard to heavy metals and 
pathogens. Also, the reported potential of BBFs to improve physico
chemical and biological properties of the soil (Aborisade et al., 2026) 
could not be covered in this study. For example, BBF application could 
have a positive impact on soil quality by adding organic carbon to soils 
(He et al., 2022). For the BBFs in this study, Zhang et al. (2025) showed 
an increase in soil organic matter in their field experiment but with no 
significant difference between the BBFs and (unfertilised) control 
treatments. For other soils, the effect might also be limited: Steffens and 
Bünemann (2025) were able to demonstrate based on a data set from 60 
field trials that BBFs generally increased soil organic carbon with an 
above-average effect for carbon rich BBFs exhibiting a C/N ratio higher 
than 10. The BBFs in this study with a C/N ratio between 2.67 (Liquid 
BBF) and 6.35 (BBF Pellets; see Table 1) might therefore generally show 
a limited contribution to soil organic carbon. However, to rule out sig
nificant differences in soil organic carbon stocks between BBF applica
tion and the MFT, a long-term field trial would be required to capture 
the slow rate of passive carbon pool change (Steffens and Bünemann, 
2025). Also not covered in this study is the related mineralisation of 
organic matter from BBF fertilisation beyond the crop growing period, 
thus the supply of plant-available nutrient into the next growing season. 
To cover this effect, the LCA would need to be based on a multi-season 
field trial as proposed e.g. by Jasiński et al. (2026). While this would 
mean, among others, a change in functional unit accounting for the 
production of two products from two growing seasons, the effect on the 
overall ranking of fertiliser treatments is uncertain: Müller et al. (2024)
for example could not detect significant residual effects of fertilisation in 
the second year of their field trials with 18 BBFs.
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4.5. Optimisation potential of future BBF production and transport

Regardless of current limitations of LCA studies on BBF application, 
the high contribution of BBF production to overall impacts per kg 
broccoli for global warming and mineral resources use (Fig. 5) demon
strate the importance of directly reducing upstream impacts of BBFs, 
especially in the case of Liquid BBF. Here, the high contribution of BBF 
production to overall impacts per kg of broccoli is largely caused by the 
energy intense vacuum concentration process. This process involves a 
single-effect concentrator (3000 L capacity) removing 2.4 kg of water 
per kg of Liquid BBF by using 0.9 kg of steam per kg of water evaporated. 
Also, the mixing with 0-40-40 NPK, the transport of raw materials to the 
BBF factory and the packaging contribute to high production impacts 
(also see Fig. 2 for the process diagram). This aligns with Jasiński et al. 
(2026) who found a high contribution of production-related impacts on 
the normalised and weighted LCIA score for both leek and cauliflower 
cultivation. They also identified an energy-intense drying process and 
transport as upstream hotspots. The importance of the drying process 
during the valorisation of fishery side-streams is also confirmed by the 
studies of Petrova et al. (2018) and Gaviria Gaviria et al. (2021). 
Consequently, the production-related impacts of BBFs from fishery 
side-streams need to be optimised as much as possible. Regarding the 
thermal processes for concentration and drying, this includes switching 
to a renewable energy source (Guerra-Gorostegi et al., 2021) and/or 
using more efficient drying technologies, most importantly with heat 
recovery (Moejes et al., 2018). An initial de-watering process can 
additionally reduce energy consumption, followed by a thermal drying 
process that is appropriate to the material's properties (Perazzini et al., 
2016). Also, emerging technologies such as biodrying or 
electro-dewatering, could be promising options. However, these tech
nologies would have to be evaluated individually, as the efficiency of 
biodrying depends on the final desired moisture content and there is a 
risk of greenhouse emissions during the process (Guerra-Gorostegi et al., 
2021) while electro-dewatering and other novel technologies still need 
to mature technologically (Lv et al., 2021; Perazzini et al., 2016). To 
reduce the transportation impacts, the fertiliser production should be 
located as close to the side-stream as possible. This will not only reduce 
environmental impacts but also create co-benefits by reducing odour 
emissions and sanitary issues during transport (Chojnacka et al., 2020).

4.6. Optimisation potential of BBF application

Optimisation potential was also identified for the BBF application. 
For terrestrial acidification, the BBF Pellets treatment exhibited lower 
impacts per ha of broccoli cultivation than the MFT (see supplementary 
materials, Fig. S1), while impacts were higher than the MFT per kg of 
broccoli. A higher agronomic performance would allow to apply less 
BBFs to achieve the same yield which in turn would reduce production 
impacts and field emissions per kg of product (Jasiński et al., 2026; 
Rashid et al., 2025). A higher agronomic performance may be achieved 
by optimising chemo-physical properties of the BBFs during the pro
duction. However, the application method may be equally important: 
Müller et al. (2024) found in field trials with total 18 BBFs that soil 
incorporation tended to increase their agronomic efficiency. Therefore, 
considering the application method in the design of agronomic trials to 
evaluate new BBFs may also help to increase their potential environ
mental given that also other effects, e.g. on NH3 and N2O emissions, are 
considered. When BBF application rates are derived based on their 
N-content to substitute mineral N fertiliser as for this study (N equiva
lence), comparably high amounts of P can be applied as a result 
(64%-141% higher than the MFT in this study; see Table 3). While this 
can compensate for the generally lower availability of P in organic BBF 
(Hernandez-Mora et al., 2024), the potential for P overfertilisation 
stemming from excessive P inputs must be carefully considered 
(Hanserud et al., 2018; Herrera et al., 2022; Jasiński et al., 2026; Rashid 
et al., 2025). This is particularly an issue on the 72% European cropland 

soils for which Recena et al. (2022) modelled an excess of available P.
Considering P overfertilisation also demonstrates the need for 

generally applying good practice in fertilisation such as optimising its 
timing and rate (Johnston and Bruulsema, 2014). However, to further 
reduce environmental impacts of broccoli production, other measures 
beyond fertilising, e.g. substituting plastic mulch films or avoiding peat 
soils for seedling production, will also need to be implemented.

4.7. Burden-free assumption

Like the majority of LCA studies on valorisation of organic waste 
streams to biobased fertilisers, this study assumes no environmental 
burdens for the side-streams used to produce the BBFs (Egas et al., 2023; 
Tanzer et al., 2021). However, this assumption needs to be reviewed if 
the market value of side-streams increases, e.g. due to increased demand 
caused by the promotion of valorisation of organic waste streams by the 
European Union. This could ultimately lead to higher modelled impacts 
for BBFs, thereby affecting their comparison with mineral fertilisers. 
Therefore, Vikki et al. (2025) recommend that an eventual Environ
mental Footprint Product Category Rule for BBFs should strictly 
distinguish between material with economic value (allocation of up
stream impacts) and without (burden-free). Future circular economy 
policies should therefore aim to minimize both impacts of BBF produc
tion and of organic waste streams.

4.8. Limitations of the study and outlook

In addition to the uncertainty regarding the allocation of upstream 
impacts, other limitations apply. Upscaling the foreground data from the 
current pilot production introduced additional uncertainty, which could 
only be partially addressed by the sensitivity analysis. This could have 
led to an overestimation of impacts for Liquid and Solid BBF at industrial 
production, as the upscaling generally covered smaller changes (see 
Fig. 2). Another limitation concerns the functional unit of 1 kg N that 
was selected which is also reflected in the N-equivalent field trials: while 
this common functional unit (Egas et al., 2023) reflects the main func
tion of the BBFs considered (source of N) and makes results from the 
impacts from the production of BBF relatable to the overall impacts of 
producing 1 kg of broccoli, it does not account for the provision of other 
nutrients such as P and K. Furthermore, the study focuses on a single 
field trial with one crop (broccoli) and specific pedoclimatic conditions. 
Therefore, more crops and growing conditions should be considered in 
future studies, also broadening the knowledge regarding potential re
sidual effects of BBFs across multiple seasons. In addition, emission 
measurements should be conducted in parallel to enable the validation 
of finer-grained emission models (both mechanistic models and Tier 2 
emission factors) that better account for different chemo-physical 
characteristics of BBFs.

5. Conclusion

This LCA study assessed selected environmental impacts of produc
tion and application of three BBFs from fishery side-streams in com
parison to those of mineral fertilisers. To do so, life cycle inventories of 
novel processing pathways for BBFs were integrated with field trial data 
and modelled field emissions into a comprehensive life cycle assessment. 
The results showed for global warming and mineral resources use that 
the BBFs can have environmental benefits when applied instead of 
mineral fertilisers reducing impacts per kg of broccoli by 7-13%. How
ever, the environmental performance between the BBFs varied, influ
enced by their production impacts and agronomic performance. 
Regardless of the identified uncertainties, the results demonstrate the 
importance of optimising production and application. This includes, 
among others, a production location close to the side-stream, the use of 
energy-efficient drying technologies and appropriate application tech
niques. Apart from the environmental impacts investigated in this study, 
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the investigated BBFs may only have a limited effect on soil organic 
carbon increase. To assess environmental implications of BBF adoption 
on a larger scale, this study has identified the need for improved emis
sion modelling and aligned LCA methodologies that allow for better 
integration of results from different studies.
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Phosphor. Agroscope Reckenholz, Zurich. 

Rashid, M.A., Wester-Larsen, L., Agostini, L., Jensen, L.S., 2025. Modelling agronomic 
and environmental effects of bio-based nitrogen fertilisers in Europe. Nutrient Cycl. 
Agroecosyst. 132, 11. https://doi.org/10.1007/s10705-025-10463-z.
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Wester-Larsen, L., Müller-Stöver, D.S., Salo, T., Jensen, L.S., 2022. Potential ammonia 
volatilization from 39 different novel biobased fertilizers on the European market – a 
laboratory study using 5 European soils. J. Environ. Manag. 323, 116249. https:// 
doi.org/10.1016/J.JENVMAN.2022.116249.

Zhang, J., Akyol, Ç., Meers, E., 2023. Nutrient recovery and recycling from fishery waste 
and by-products. J. Environ. Manag. 348. https://doi.org/10.1016/J. 
JENVMAN.2023.119266.

Zhang, J., Edesi, L., Talve, T., Akyol, Ç., Koll, B., Roman, I., Toom, M., Aranguren, M., 
Virgel Mentxaka, S., Kuu, A., De Neve, S., Meers, E., 2025. Recycling fishery waste 
into biobased fertilizers: agronomic performance and soil health impacts. Soil Tillage 
Res. 253, 106686. https://doi.org/10.1016/j.still.2025.106686.

J. Landert et al.                                                                                                                                                                                                                                 Journal of Cleaner Production 573 (2026) 148949 

11 

https://doi.org/10.1016/j.scitotenv.2017.09.215
https://doi.org/10.1016/j.scitotenv.2022.158132
https://doi.org/10.1016/j.jclepro.2024.142957
https://doi.org/10.1016/j.jclepro.2024.142957
https://doi.org/10.1021/acssuschemeng.1c07028
https://ifastat.org/fertilizer-data-query
http://refhub.elsevier.com/S0959-6526(26)01490-3/sref22
https://doi.org/10.1016/j.biombioe.2025.108705
https://doi.org/10.1016/j.proeng.2014.09.029
https://doi.org/10.1016/j.watres.2020.115519
https://doi.org/10.1016/j.watres.2020.115519
https://doi.org/10.1038/s41598-021-98477-9
https://doi.org/10.1016/J.FCR.2024.109486
https://doi.org/10.1016/j.agsy.2025.104560
https://doi.org/10.1016/J.IFSET.2018.01.005
https://doi.org/10.21105/joss.00236
http://refhub.elsevier.com/S0959-6526(26)01490-3/sref31
http://refhub.elsevier.com/S0959-6526(26)01490-3/sref31
http://refhub.elsevier.com/S0959-6526(26)01490-3/sref31
https://doi.org/10.1080/07373937.2014.995803
https://doi.org/10.1007/S40071-018-0207-4/FIGURES/10
https://doi.org/10.1007/S40071-018-0207-4/FIGURES/10
http://refhub.elsevier.com/S0959-6526(26)01490-3/sref34
http://refhub.elsevier.com/S0959-6526(26)01490-3/sref34
https://doi.org/10.1007/s10705-025-10463-z
https://doi.org/10.1016/J.JCLEPRO.2022.134749
https://doi.org/10.1016/J.JCLEPRO.2022.134749
http://refhub.elsevier.com/S0959-6526(26)01490-3/sref37
http://refhub.elsevier.com/S0959-6526(26)01490-3/sref37
http://refhub.elsevier.com/S0959-6526(26)01490-3/sref37
http://refhub.elsevier.com/S0959-6526(26)01490-3/sref37
https://doi.org/10.1126/sciadv.adh2458
http://refhub.elsevier.com/S0959-6526(26)01490-3/sref39
http://refhub.elsevier.com/S0959-6526(26)01490-3/sref39
http://refhub.elsevier.com/S0959-6526(26)01490-3/sref39
http://refhub.elsevier.com/S0959-6526(26)01490-3/sref39
http://refhub.elsevier.com/S0959-6526(26)01490-3/sref39
https://doi.org/10.1111/sum.70012
https://doi.org/10.2134/agronj2005.0001
https://doi.org/10.2134/agronj2005.0001
http://refhub.elsevier.com/S0959-6526(26)01490-3/sref42
http://refhub.elsevier.com/S0959-6526(26)01490-3/sref42
https://doi.org/10.1038/s43016-025-01252-6
https://doi.org/10.1016/j.envpol.2018.10.124
https://doi.org/10.1016/j.envpol.2018.10.124
https://doi.org/10.1111/JIEC.13027
https://doi.org/10.1111/JIEC.13027
https://doi.org/10.21945/RIVM-2021-0008
https://doi.org/10.21945/RIVM-2021-0008
https://doi.org/10.1007/s13762-025-06827-1
https://doi.org/10.1007/s13762-025-06827-1
http://refhub.elsevier.com/S0959-6526(26)01490-3/sref48
http://refhub.elsevier.com/S0959-6526(26)01490-3/sref48
https://doi.org/10.1007/s11367-016-1087-8
https://doi.org/10.1016/J.JENVMAN.2022.116249
https://doi.org/10.1016/J.JENVMAN.2022.116249
https://doi.org/10.1016/J.JENVMAN.2023.119266
https://doi.org/10.1016/J.JENVMAN.2023.119266
https://doi.org/10.1016/j.still.2025.106686

	Biobased fertilisers from fishery side-streams: an environmentally friendly alternative to mineral fertilisers?
	1 Introduction
	2 Materials and methods
	3 Results
	4 Discussion
	4.1 Comparability of results
	4.2 Influence of BBF characteristics
	4.3 Need for improved emission modelling
	4.4 Other environmental impacts
	4.5 Optimisation potential of future BBF production and transport
	4.6 Optimisation potential of BBF application
	4.7 Burden-free assumption
	4.8 Limitations of the study and outlook

	5 Conclusion
	Data availability
	Declaration of generative AI and AI-assisted technologies in the manuscript preparation process
	Funding sources
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	Data availability
	References


