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EXECUTIVE SUMMARY 
This document presents the environmental impact assessment of the VALORISH 
biorefinery products, expressed in terms of greenhouse gas (GHG) emissions (kg CO₂ 
eq). The assessment is conducted using two complementary approaches: (i) a product-
level perspective, which enables the evaluation of key performance indicators (KPIs),  
specifically assessing whether the developed technologies achieve at least a 20% 
reduction in GHG emissions compared to appropriate benchmark technologies; and (ii) 
a system-level perspective, based on the valorisation of one tonne of fish by-products, 
allowing comparison with the current fishmeal production pathway. 

The analysis is based on experimental data generated at laboratory scale, combined 
with a scale-up methodology to represent industrial conditions. Scaling focused on the 
production stage, with adjustments applied to key resource inputs were relevant such as 
in the production of bioproducts, where conventional fermentation inputs (e.g. peptone) 
were replaced with VALORISH-derived substrates to better replace the project’s 
concept. Experiments were conducted using selected raw materials provided by the 
technical partners of the project; with additional materials to be incorporated in future 
iterations under more refined scaling conditions. Results indicate that fish oil production 
falls within the expected improvement range, while FPH food-grade and astaxanthin 
perform slightly above the selected benchmark but remain within the same order of 
magnitude. Collagen and hydroxyapatite (HA) show significant improvements compared 
to benchmarks, ranging from 30% to 90%, depending on the electricity mix. 
 
All products are further integrated into different case studies that represent the 
valorisation of 1 tonne of mixed fish by-products, based on reported availability ratios. 
Although total CO₂ impacts are higher than those of fishmeal production, results across 
scenarios remain comparable. When applying a preliminary economic allocation, all 
VALORISH scenarios show improved performance in terms of kg CO₂ per euro, with an 
approximate 60% reduction.  
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1. INTRODUCTION 
 
This report describes the environmental assessment of the VALORISH technologies 
using the LCA methodology, in accordance with ISO 14044. It includes the goal and 
scope definition, functional units, system boundaries, the allocation approach, and the 
data quality assumptions adopted at this stage. It establishes a comparative framework 
against current benchmark production routes and evaluates whether the developed 
processes achieve at least a 20% reduction in GHG emissions. In addition, it describes 
and evaluates the baseline system currently used to treat fish by-products, enabling 
comparison with the VALORISH biorefinery and its function of valorising them. 

 

The report presents preliminary screening results for the VALORISH biorefinery concept, 
which valorises fishery by-products through a cascade of processes to produce fish oil, 
fish protein hydrolysates (FPH), high value bioproducts (e.g. astaxanthin), and 
mineral/protein fractions (collagen and hydroxyapatite). The results are preliminary and 
will be progressively refined as more representative pilot-scale data become available 
during the project. 

1.1 WPs and tasks related with the deliverable 
This deliverable addresses the activities performed under WP6: Process assessment 
and feasibility, in particular Task 6.1: Evaluation of the environmental impact. It also 
maintains cross-cutting interactions with WP4, which develops the computational 
framework and process modelling basis for the biorefinery.  
As WP4 (Task 4.3) and WP6 (Task 6.1) are being developed in parallel, the present 
assessment is based on the best available experimental and process data at this stage. 
The integration of the process models developed in WP4 will be progressively 
incorporated in future iterations of the LCA as these models reach higher levels of 
maturity, further refining the robustness and representativeness of the assessment. In 
addition, WP6 is inherently linked to all technical work packages, as it receives input data 
to progressively update the assessment, while also providing validation and feedback to 
support the development of the overall process. 
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2. GOAL AND SCOPE OF THE LIFE CYCLE ASSESSMENT 

2.1 Goal of the study 
 
The study quantifies the environmental impacts of each VALORISH valorisation route by 
comparing them with the traditional treatment pathway for fish by-products that they 
replace. In parallel, it benchmarks the products obtained through the VALORISH 
valorisation cascade against their respective conventional product alternatives. Success 
will be demonstrated if the VALORISH technologies achieve at least a 20% (≥20%) 
reduction in GHG emissions relative to existing technologies. 
 
This report is primarily intended for technology developers within the VALORISH 
consortium and the European Commission to demonstrate progress and compliance 
with the project’s objectives regarding environmental performance and sustainability 
objectives, while also providing a transparent basis for external assessment. To ensure 
methodological consistency and transparency in line with ISO 14040/14044, the 
following sections define the key elements of the LCA framework adopted in this study, 
including the functional units, system boundaries, impact assessment method, allocation 
procedures, and main assumptions and limitations. These methodological choices are 
critical to guarantee comparability between the VALORISH system and the selected 
baseline technologies and to ensure the robustness of the KPI evaluation. 

2.2 Functional unit 
 
The VALORISH project valorises fish by-products into higher-value products. In LCA, 
the functional unit (FU) provides a reference to which all inputs and outputs are 
normalised, ensuring comparability between systems. To assess the overall system 
performance, the FU is defined as 1 tonne of fish by-products processed. 
 
In addition, to quantify the GHG emissions associated with the individual technologies 
developed within the project, product-specific functional units (Table 1) are applied, 
enabling the comparison of VALORISH products against their conventional counterparts. 
 

Table 1. Output-based functional units for VALORISH functions 

Product Functional Unit (FU) Reference flow 

Fish oil (crude) 1 kg of crude fish oil Crude fish oil at the extraction 
outlet (SFE) 

Fish Protein hydrolysate 
(FPH) 

1 kg of FPH FPH at defined concentration 

Astaxanthin 1 kg of astaxanthin Astaxanthin at defined purity 

Collagen 1 kg of collagen Collagen at specified purity 

Hydroxyapatite (HA) 1 kg of hydroxyapatite Hydroxyapatite at specified purity 

 

2.3 System boundaries 
 
The assessment follows a gate-to-gate perspective for the valorisation of fish by-
products into higher-value products within the VALORISH process chain. The system 
boundaries have been defined to ensure a consistent comparison between VALORISH 
technologies  and the selected baseline scenarios and include: 
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• Raw material input: the mass of fish by-products entering the onshore 
valorisation process (from the floating terminal to the plant gate) 

• Processing operations: all relevant processing steps within the system boundary 

• Life-cycle stages considered: production stage only 
• Infrastructure and final product packaging: excluded 
• Transport to the plant is not included in the comparison, as it is assumed to be 

identical across all evaluated scenarios. 

2.4 Processes considered 
 

2.4.1 Baseline 

The current baseline valorisation route for fish by-products is the production of fishmeal 
(Figure 1) through the traditional wet rendering method (with co-production of fish oil) 
(Newton et al., 2023).  Typical processing yields in fishmeal plants report that the 
fishmeal fraction can reach around 22,5 % (by weight) of the raw material, with the crude 
fish oil yield often in the range of 2-5 %, depending on the species, mix of by-products, 
and processing conditions (Shepherd & Jackson, 2013). 

 

 
Figure 1. A traditional fishmeal and fish oil production process. (Shepherd & Jackson, 2013) 

2.4.2 VALORISH biorefinery 

On the other hand, the VALORISH process valorises fish by-products through a cascade 
of routes (Figure 2). It begins with pretreatment and oil extraction from fleshy tissues, 
yielding crude fish oil and a defatted solid that feeds proteolytic fermentation. This stage 
produces FPH, which is then fermented to high value bioproducts (e.g., vitamin B12, 
astaxanthin, bacteriocins). Residual fermentation biomass is sent to anaerobic digestion 
to generate biogas, and the bones/mineral fraction is processed to obtain collagen 
(extraction) and HA (via calcination). 
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Figure 2. VALORISH production process 

2.5 Impact assessment method(s) selected 
 
The environmental impact assessment was performed using the ReCiPe 2016 Midpoint 
(H) 1method (Schumacher, 2025), implemented in SimaPro Craft 10.2  (PRé 
Sustainability, 2026) with the Ecoinvent v3.11 database (Ecoinvent, 2025). The selection 
of this method is based on its widespread use and internationally recognition as life cycle 
impact assessment (LCIA) methodologies, which facilitates comparability with existing 
literature and previously reported studies.  
 
This method encompasses 18 midpoint impact categories, including global warming 
potential, ecotoxicity, human toxicity, resource use and depletion, and cumulative energy 
demand. Particular emphasis is placed on the global warming potential (GWP), in line 
with the project KPIs.  
 
The Hierarchist (H) perspective was selected as the default for this assessment because 
it represents a consensus, policy-relevant time horizon widely used in LCA studies; it is 
also the default approach in the LCA community (e.g., EF 3.1 guidance) and aligns with 
the scientific consensus reflected by the IPCC and the European Commission’s Joint 
Research Centre (JRC, 2019) regarding relevant time frames and cause-effect 
mechanisms. 

2.6 Allocation rules 
 
Process-level FU (1 tonne of fish by-products processed): The environmental impact 
is calculated for 1 tonne of fish by-products. The quantities of each product obtained are 
estimated, and their individual impacts (per kg) are are scaled to the functional unit and 
aggregated to obtain the total impact. In addition, the economic value of the outputs is 
estimated to derive an eco-efficiency indicator (kg CO₂ eq/€), enabling a preliminary 
assessment of the environmental performance relative to economic value generation. 

 
1 The ReCiPe method includes factors for three different cultural perspectives: individualist (I), hierarchist 
(H), and egalitarian (E). Among these three cultural perspectives, the hierarchist (H) perspective is the 
most commonly used because it is rooted in scientific consensus. 
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Product-level FUs (per kg of product): All environmental burdens within the system 
boundary are fully attributed to the main product (100% allocation). When co-products 
are generated, system expansion is applied by accounting for equivalent conventional 
production routes. The results presented represent an initial assessment and will be 
progressively refined as additional experimental data become available, including 
improved process yields, scaling to pilot-level conditions, and further development of 
process models for key operations. 

2.7 Assumptions and limitations 
 

1. The process model for the VALORISH biorefinery is developed assuming a 
typical operational year of approximately 330 operating days. Annual inputs of 
fish by-products and corresponding outputs of all co-products are considered. 
For LCA purposes, these mass and energy flows are normalised to a functional 
unit of 1 tonne of fish by-products processed, resulting in specific product outputs. 

2. All results are based on laboratory-scale data, which are scaled to industrial 
conditions using the methodology proposed by Piccinno et al., 2016. In selected 
cases, equipment-specific data at relevant scales are used and referenced to 
further support the modelling assumptions. 

3. For batch processes, annual processing capacity is estimated based on the total 
annual availability of fish by-products, allowing the derivation of equivalent 
operating conditions. 

4. Specific energy consumption (SEC) values are used to estimate energy 
requirements where appropriate, particularly in cases where scaling effects are 
expected to be negligible. 

5. It is assumed that all fish by-products enter the valorisation chain in both the 
baseline (fishmeal route) and the VALORISH scenarios. This means that all parts 
of the fish (e.g., heads, viscera, skin, trimmings, and bones) are included entirely 
in the input mass for both systems. When multiple by-product streams are 
combined, an average composition is assumed based on their relative 
availability. This composition is derived from representative production volumes 
(e.g. approximately 27 million tonnes per year and 17 million tonnes per year for 
different by-product streams, including cod and salmon bones), as reported in 
Table 1 of Deliverable D1.1 (VALORISH, 2025). 

6. Fish by-products are assumed to be directly processed upon arrival at the plant; 
therefore, long-term storage is not considered. 

7. The plant operation is represented using an equivalent continuous flow rate, 
derived from the annual availability of fish by-products. Batch operation is 
considered only when explicitly specified in the experimental data. 

8. Viscosity effects linked to freshness (as operators report that very fresh material 
can be more viscous and harder to handle) were not represented in the unit 
operations. As a result, the baseline may be subject to some uncertainty in the 
estimation of energy use, throughput, and yields under certain processing 
conditions (Hilmarsdóttir et al., 2022). 

9. For the overall system-level LCA, the biogas produced is accounted for as an 
environmental credit using system expansion approach, based on the avoided 
production of fossil natural gas 
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10. The VALORISH system is expected to reach pilot development stage (TRL5) 
during the project; however, no dedicated data on cleaning and maintenance 
operations will be available within this phase. These aspects are therefore 
excluded from the assessment. 

11. Further details on inventory assumptions and process-specific data are provided 
in the data input sections corresponding to each product system. 

 

3. BASELINE SYSTEM DESCRIPTIONS 
 
An input-based FU (1 tonne of fish by-products treated) is used as the central reference 
to enable consistent techno-economic comparison of the entire system, allowing the 
assessment of the valorisation of 1 t of fish by-products via conventional rendering 
(fishmeal route) versus the VALORISH multi-product cascade. 
 
In parallel, to verify the KPI of achieving at least a 20% reduction in GHG intensity, each 
product will be assessed against its specific benchmark technology, as defined in 
Section. 3.2. 

3.1 Input based – fishmeal plant 

Conventional fish by-products mainly consist of processing discarded, low-fat whole 
specimens of small and medium-sized pelagic fish, along with a smaller fraction of 
processing by-products such as viscera, skin, bones, and trimmings generated during 
filleting or evisceration. Traditionally, these materials have been valorised through the 
production of fishmeal and fish oil as can be shown in Figure 3, which are primarily used 
in aquaculture feeds and pet food. (Shepherd & Jackson, 2013) 

 
In fishmeal production, fish by-products (raw material) are fed and conveyed to storage 
hoppers. After cooking and pressing, a press cake (solid phase) is obtained. The cake 
passes through a homogeniser and is continuously dried in rotary/tube dryers at around 
100 °C to reach the target moisture content, then milled, cooled, and stabilised to obtain 
the final fishmeal. It is stored in silos for bulk shipment. (Cortés et al., 2021) 
 
The press liquor (liquid phase) is treated in a tricanter (three-phase centrifuge) to 
separate oil, water (stickwater), and remaining fines. The separated solids/fines are 
returned to the press cake upstream of the drying process. The stickwater is 
concentrated in a double-effect evaporator, typically using waste heat/exhaust from the 
dryer. The crude fish oil is polished by centrifugation to remove residual impurities and 
moisture, then stored in tanks until shipment (Cortés et al., 2021). 
 
The main inputs in operation are electricity, raw material (fish by-products), steam for 
drying, and fuel; the outputs include air emissions (CO₂, CO, VOCs, NOₓ, SO₂), 
wastewater discharges from cleaning, and the final co-products: fishmeal and fish oil. 
 

 



 
 
D6.1 Report of the initial advances of the LCA 
Version v.1.0  

 

  15 

 
 

Figure 3. Flow Diagram of fishmeal and crude fish oil processing 

 
Emissions 
 
Odours are the most objectionable emissions from fish-processing plants, particularly in 
the fish by-products segment. The largest odour source is the fishmeal dryers; Odours 
are also produced in reduction cookers and consist mainly of hydrogen sulphide (H₂S) 
and trimethylamine (TMA). Cyclones are commonly used and are effective for collecting 
particulates from dryers, grinders, conveyors, and bagging operations (Environmental 
Protection Agency, 1994).  
 
Wastewater 
 
Wastewater generated within the system is modelled using a generic wastewater 
treatment process from the Ecoinvent v3.11 database (wastewater treatment from 
vegetable oil refining). This dataset is considered a suitable proxy due to the comparable 
presence of organic matter, oils, and suspended solids. 
 
Operation 
 
For the baseline inventory, data were taken from a representative fishmeal production 
plant located in Peru (Fréon et al., 2017). The thermal energy demand (steam or fuel for 
hot air generation in dryers) was based on reported values of 1,498 MJ per tonne of 
processed raw material. To better reflect European conditions, an average European 
dataset was used to model the corresponding heat supply. Electricity consumption was 
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estimated based on the production processes and annual throughput, using SuperPro 
Designer (Intelligen Inc., 2025) to model the system and derive process-level energy 
requirements. 

3.2 Output based – benchmarking technologies 

The KPI for VALORISH is a >20% reduction in GHG emissions compared with existing 
methodologies. This objective translates into a technological comparison between the 
VALORISH process and current alternatives. Due to data availability, benchmarks are 
derived from studies with different system boundaries (e.g. gate-to-gate and cradle-to-
gate). These differences are acknowledged and considered in the interpretation of 
results. 
 
Accordingly, the Table 2 summarises the state-of-the-art (SoA) production technologies 

for the products targeted in VALORISH, which serve as benchmarks for comparison. 
 
FISH OIL FROM OIL EXTRACTION METHODS 
No gate-to-gate data for oil production alone are available; instead, only cradle-to-gate 
data are considered, which include the fishery stage for wet-rendering extraction of oil at 
industrial scale. Although the oil quality is not specified, it is assumed to correspond to 
high-quality crude oil from the Peruvian industry dataset reported by Fréon et al. To 
complete the comparison, solvent extraction of soybean oil is used as an additional 
benchmark, since this process is already optimised at an industrial scale. Cheng et al, 
report GHG emissions of about 0.31 kg CO₂ and 0.47 g CH₄ per 1 kg of soybean oil 
produced. 
 
FPH FROM PROTEOLYTIC FERMENTATION 
 
As specified in the Grant Agreement, acid hydrolysis was investigated as a potential 
baseline technology. However, this benchmark lacks recent, reliable life cycle data. 
Moreover, acid hydrolysis is generally used to produce a lower-value product. 
 
The benchmark represents a large-scale, optimised industrial production system, with 
spray drying as the final processing step. In the absence of a direct LCA for food-grade 
FPH, a large-scale industrial enzyme production study (Nielsen et al., 2007) is used as 
a technological proxy. Although enzyme production is based on fermentation, the 
downstream processing steps (centrifugation, evaporation, concentration, and spray 
drying) are technologically analogous to those used in FPH production. The reported 
cradle-to-gate footprint ranges from approximately 6.0 to 10.0 kg CO₂ eq per kg of 
product. In addition, a lab-scale process described by Bashiri et al. (2024) is considered, 
reporting gate-to-gate emissions of 44 kg CO₂ eq per kg of high-purity, activity-focused 
product, including transport over 68 km. Although the study does not explicitly specify 
FPH quality at different processing stages, it is inferred to represent a bioactive FPH, 
based on the use of freeze-drying to preserve biological activity (Coşkun et al., 2024). 

 
COLLAGEN FROM FISH BONE VALORISATION 
 
Gelatine / collagen industry benchmark (GME): The GME (Gelatine Manufacturers of 
Europe) dataset represents an average of the European gelatine industry and includes 
all major raw material types, i.e. bovine and porcine hides and bones. The functional unit 
is 1 kg of “gelatine and collagen peptides” at factory gate, modelled on a gate-to-gate 
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basis, explicitly excluding the upstream supply chain for the raw materials. This 
benchmark provides a realistic target for VALORISH, corresponding to the efficiency of 
large, established European industrial producers. 
High-purity collagen benchmark: Batista et al., 2025 report a gate-to-gate carbon 
footprint of approximately 510 kg CO₂ per kg of high-purity collagen obtained via a 
process that relies on freeze-drying, with a functional unit of 1 kg of collagen.  

 
HYDROXIAPATITE (HA) FROM FISH BONE VALORISATION 
 
For the HA benchmark, two reference pathways are considered. First, a synthetic route 
based on the multi-stage chemical synthesis process described by Ingrao et al. (2021), 
with a total cradle-to-gate carbon footprint of 11.1 kg CO₂ eq per kg of product. Although 
developed at lab scale, it is representative of the chemical production pathway. The study 
enables a direct technology-level comparison by isolating the contribution of electricity 
consumption (e.g. stirring, centrifugation, and drying), which accounts for 71.74% of the 
total impact (7.96 kg CO₂ eq/kg). 
 
Second, an industrial-scale process described by Kowalski et al. (2021) is used for direct 
comparison. This benchmark is technologically analogous to the VALORISH route, 
involving the combustion/calcination of meat bones in a rotary kiln with integrated heat 
recovery. As a gate-to-gate system in which the bone feedstock is treated as a waste 
with zero allocated burden, it represents a highly optimised circular process. Its net 
negative footprint of -1.91 kg CO₂ eq per kg is driven by significant energy credits from 
on-site heat recovery. 

 
VITAMIN B12 FROM HYDROLYSATED-BASED FERMENTATIONS 
 
The selected benchmark for vitamin B₁₂ production (also called cobalamin) is based on 
the 'cradle-to-gate' analysis of the active ingredient methylcobalamin from Cooreman-
Algoed et al., 2023 The study reports a carbon footprint of 3.21x10-3 kg CO₂ eq for a 
functional unit of 1.2 mg, which normalises to 2675 kg CO₂ eq per kg of methylcobalamin. 

 
ASTAXANTHIN FROM HYDROLYSATED-BASED FERMENTATIONS 
 
A benchmark model is constructed based on the experimental system reported by 
Mussagy et al. (2022) which describes heterotrophic astaxanthin production under 
controlled fermentation conditions. This inventory is used as a proxy for the conventional 
process using refined substrates (e.g., glucose, yeast extract, peptone, malt extract). 
The comparison focuses on substituting conventional fermentation inputs with 
VALORISH-derived substrates (e.g., FPH) while maintaining the same process 
configuration. This approach ensures consistency with the project scope, where 
improvements are driven by feedstock substitution rather than changes in the underlying 
production technology. 

 
BACTERIOCINES FROM HYDROLYSATED-BASED FERMENTATIONS 
 
Benchmark is based on the co-production of nisin and lactic acid from agro-food residues 
by Lactococcus lactis, as published by Arias et al., 2021. The functional unit is 1 kg of 
products (co-products nisin + lactic acid) at the plant gate, with cradle-to-gate system 
boundaries excluding the transport of raw materials and products. Using different 
substrates, the GWP ranges from 15.6 to 150 kg CO₂ eq per kg of product (nisin + lactic 
acid). After economic allocation to nisin, the GWP ranges from ~950 to ~7450 kg CO₂ 
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eq per kg nisin, suggesting an order of magnitude of roughly 10²–10³ kg CO₂ eq per kg 
bacteriocin depending on the substrate. 

 
BIOGAS FROM ANAEROBIC DIGESTION 
 
For product-by-product comparison, the chosen benchmark technology is a large-scale, 
centralised anaerobic digestion (AD) plant that uses sewage sludge as feedstock. The 
comparison against this benchmark will focus on VALORISH’s key technological 
advantages: higher substrate bioavailability from pre-treated residue and increased 
methane yield per kg of waste. 
 
Chen et al., 2022 report a wide range of results, from −11.76 to +4.63 kg CO₂ eq per 
tonne of raw sludge, for different types of sewage sludge in an industrial sludge-to-
energy system (AD + incineration). To keep the benchmark aligned with European 
conditions, we use the sludge type S1 (Europe) as reference. In this case, with an impact 
of −9.34 kg CO₂ eq per 1,000 kg of raw sludge. Considering its characteristics (5% total 
solids and 72.0% volatile solids (VS) on a dry basis), this corresponds to 36 kg of VS per 
tonne of raw sludge and results in a normalised impact of approximately −0.26 kg CO₂ 
eq per kg of VS treated. System boundaries are gate-to-gate. The construction of sludge 
pretreatment facilities, wastewater pretreatment, and sludge transport is excluded. Other 
authors report 200 kg CO₂ eq per 1000 kg of raw slaughterhouse waste (SHW) (Wang 
et al., 2021). Considering its characteristics (28.0% total solids and 95.4% VS, i.e. 267 
kg VS per tonne of raw waste), the normalised impact is 0.75 kg CO₂ eq per kg of VS 
treated (Table 2). Results are expressed for a functional unit of 1000 kg of raw SHW 
treated by mono-digestion in a mesophilic system, and the system boundaries cover 
gate-to-gate treatment, excluding transport. 

 
Table 2. Baselines (Benchmarks) and associated GHG emissions of conventional Production technologies 

Product Benchmark Technology Comments GHG 

Oil 

Wet rendering. 
 
 
 
Solvent extraction of 
soybean oil alternative. 
 

Cradle gate 
(include fishing 
activities) 
 
Gate-to-gate 

1.67 kg CO2 eq per kg. 
(CarbonCloud, n.d.). 
0.31 kg CO2 eq per kg. 
(Cheng et al., 2018) 

FPH 

Enzymatic hydrolysis, 
followed by freeze-drying. 
 
 
 
Proxy: large-scale enzyme 
production with 
downstream processing 
(centrifugation, 
concentration by 
evaporation and spray 
drying). 

Gate-to-gate 
boundaries, 
including 
transport of fish-
by products. 
 
Cradle-to-gate  

44 kg CO2 eq/kg 
(Bashiri et al., 2024). 
 
 
 
6-10.0 kg CO₂ per kg 
of product. (Food-grade 
FPH proxy) 

Collagen 

Enzymatic hydrolysis, 
concentration by 
evaporation, and spray-
drying. 

GME reports the 
footprint covering 
the full chain. 

86 kg CO2 per kg of 
gelatine and collagen 
peptides. (GME, 2023) 
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High-purity collagen 
obtained via a process that 
relies on freeze-drying 

510 kg CO2 eq per kg of 
pure collagen (Batista 
et al., 2025b). 

HA  

Lab-scale chemical 
synthesis (neutralization 
reaction between Ca(OH)₂ 
and H₃PO₄) with 
subsequent centrifugation 
and drying. 
 
The system is based on 
meat bone calcination, with 
credits for heat recovery. 
 

(Ingrao et al., 
2021) Cradle-to-
lab-gate analysis.  

7.96 kg CO₂ eq / kg 
(adjusted to gate-to- 
gate) 
 
 
 
 
 
−1.91 kg CO₂ eq per kg 
of product. 

Vitamin 
B12 

Microbial fermentation 
using Propionibacterium 
freudenreichii or 
Pseudomonas 
denitrificans. 
 
Fermentation + extraction 
and chemical conversion 
to methylcobalamin. 
 
 

System boundary 
includes the 
manufacturing of 
all ingredients 
(MeCbl powder 
and excipients)  

3.21x10-3 kg CO2 eq/FU 
methylcobalamine and 
other ingredient 
production in France 
(UF correspond to daily 
recommended dose, 
i.e., 1.2 mg. 2675 kg 
CO₂ eq per kg of 
MeCbl .(Cooreman-
Algoed et al., 2023). 

Astaxant
hin 

Heterotrophic production 
(Phaffia rhodozyma, based 
on (Mussagy et al., 2022) 

Model-based 
benchmark 
derived from 
laboratory-scale 
fermentation data 
using refined 
substrates 
(glucose, xylose, 
yeast extract, 
peptone, malt 
extract). 

Yield range in literature: 
up to ~503 µg/gDCW 
under optimised 
conditions. 
 
The corresponding 
GHG impact is 
estimated through a 
reconstructed LCA 
model (see Annex A), 
as no direct LCA results 
are reported in the 
source. 
 

Bacterio
cin 

Lactococcus lactis subsp. 
Lactis mainly produced by 
liquid fermentation. 

Conceptual 
industrial plant 
scale (batch ~100 
kg of nisin)  

~950 to ~7,450 kg CO₂-
eq per kg nisin.  

Biogas 

Large-scale anaerobic 
digestion. 

The functional unit 
is the amount of 
waste treated, not 
biogas produced. 
(Chen et al., 
2022) 

-0.26 kg CO₂ eq per kg 
VS treated (Chen et al., 
2022). 
Or 0.75 kg CO₂ eq per 
tonne of raw waste. 
(Wang et al., 2021) 
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4. VALORISH PROCESS DESCRIPTIONS 
 
Each product in the VALORISH valorisation cascade is experimentally evaluated under 
different operational scenarios that represent variations in process conditions and 
configurations. These include, for example, the use of different solvents in extraction 
processes, variations in raw material pre-treatment, alternative fermentation conditions 
in FPH production (e.g. different strains, fermentation times, and initial concentrations), 
and multiple processing routes for collagen production, including additional milling or 
thermal treatments. For this LCA, the scenarios achieving the highest yields are selected 
as representative configurations for modelling and subsequently scaled up to 
approximate industrial conditions at this stage of the assessment. 
 
The VALORISH biorefinery is structured around a set of case studies, defined by 
mutually exclusive target products (e.g. food-grade collagen, collagen biopeptides, 
astaxanthin, bacteriocins, vitamin B12). In each case study, the selected target product 
determines the configuration of the process chain, while other co-products (e.g. fish oil, 
FPH, HA) are produced simultaneously. Following this section, each product pathway is 
described in detail, including the general modelling framework, process flow schemes, 
and corresponding inventory assumptions. The definition of case studies and their 
specific configurations is then presented. 

4.1 Fish oil extraction 

Three different solvents were evaluated for oil extraction (CO₂, Natural deep eutectic 
solvent, and subcritical water). For modelling purposes, a consistent base configuration 
was applied across all scenarios. 
 
Supercritical CO₂ extraction (ssCO₂): Fresh salmon heads and trout by-products are 

used as feedstock to recover fish oil via supercritical CO₂ extraction. The process follows 
a simplified base configuration, as illustrated in Figure 4, consisting of a milling unit, a 
solvent extractor, and a separation stage with CO₂ recirculation. 
 
The by-product streams are first ground in a milling unit to obtain a homogeneous minced 
material, which is then fed into the solvent extractor. In this unit, CO₂ is pressurised and 

heated to supercritical conditions (≈60 °C and high pressure in the range of 250 – 250 

bar) and brought into contact with the solid matrix, where it solubilises the lipid fraction, 
generating an extract stream (CO₂ + fish oil) and a defatted solid residue. 
 
In an industrial configuration, the CO₂ oil mixture is then directed to a separator, where 
the fish oil is recovered due to changes in thermodynamic conditions. The CO₂ is 
subsequently cooled and condensed, recirculated within the system, and recompressed 
to extraction pressure. A small make-up flow of fresh CO₂ is added to compensate for 
operational losses. 
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Figure 4. Base configuration for the fish oil extraction process (Based on ANFACO experiments) 

 
Natural deep eutectic solvents extraction (NADES): Salmon by-products (freeze-
dried or fresh) are mixed with specially formulated natural deep eutectic solvents. The 
biomass is first ground and then contacted with a selected NADES mixture under 
controlled temperature and extraction time. After contact, the mixture is separated (e.g. 
by decantation and/or centrifugation) into an oil-rich phase and a NADES phase 
containing dissolved components. the NADES phase is recovered and reused for further 
extraction cycles, while the extracted oil is collected for downstream purification. 
 
A widely reported approach is adding water as an anti-solvent to enable product 
separation (often via precipitation or easier phase disengagement), followed by 
filtration/centrifugation, and then reusing the NADES (and sometimes the added water) 
over multiple cycles. This is repeatedly cited as one of the most common and simplest 
recycling concepts for NADES. (Chevé-Kools et al., 2025) 

 
Subcritical water extraction (SWE): Although a limited number of subcritical fluid 
extraction routes were initially planned for evaluation, experimental work conducted by 
ANFACO within Task 1.2 was ultimately limited to subcritical water. Therefore, only SWE 
has been assessed in this report. Salmon fresh by-products are contacted with 
pressurised liquid water at temperatures below the critical point (120–200 °C). Ground 
salmon by-products are mixed with water at a defined solid-to-liquid ratio (typically 
between 1:10 and 1:5, salmon: total volume) and treated in a pressurised reactor at the 
target temperature and extraction time. After the extraction step, the mixture is cooled 
and depressurised, and the oil is separated from the aqueous phase (e.g. by gravity 
separation or centrifugation), while the aqueous phase and solid residue can be sent to 
further valorisation or treatment. Heat recovery between the outgoing hot stream and the 
incoming feed is considered an example of industrial heat integration. 

4.2 Fish bone valorisation - collagen and HA 

Several experimental configurations were evaluated for collagen production under 
different processing conditions. For this assessment, only the configuration achieving 
the highest yields is described and used as the basis for scale-up and inventory 
development. This configuration is illustrated in Figure 5 
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Figure 5. Experimental description configuration for the collagen extraction process  

 
The process starts with washing of fish bones, followed by freeze-drying to remove 
moisture while preserving structural integrity. The dried material is then subjected to 
mechanical size reduction using a Retsch mill, producing a fine solid suitable for 
downstream processing. The pre-treated material is subsequently autoclaved in batch 
mode to facilitate thermal breakdown of the matrix. The autoclaving process follows a 
multi-stage temperature profile, including heating from room temperature to 120 °C, a 
holding phase at 120 °C, and controlled cooling. This step enhances the accessibility of 
collagen for subsequent extraction. 
 
Following autoclaving, the material undergoes enzymatic treatment in an aqueous 
medium using proteolytic enzymes. This step is also performed in batch mode under 
controlled conditions, including a temperature profile from room temperature to 55 °C, 
followed by higher-temperature phases (>90 °C) and final cooling below 40 °C. Agitation 
is maintained at 50–100 rpm to ensure proper mixing. Enzymatic hydrolysis solubilises 
the organic collagen fraction, yielding a slurry comprising a collagen-rich liquid phase 
and a mineral-rich solid fraction. 
 
The resulting slurry is separated into liquid and solid streams (e.g. via centrifugation or 
filtration). The liquid fraction, containing solubilised collagen, can be further processed 
depending on the target product (e.g. concentration and drying), while the solid fraction 
is directed to downstream processing for HA production. 

4.3 Proteolytic fermentation - FPH 

Fish by-products (hake or shrimp side-streams) are formulated into an aqueous 
fermentation medium by adjusting the initial protein concentration (e.g., to 20 g/L), after 
which the mixture is sterilised and inoculated with a selected proteolytic strain such as 
Prestia megaterium, or Bacillus mojavensis (based on T1.3 results); fermentation is then 
carried out in a bioreactor under controlled pH and temperature to maximise the degree 
of hydrolysis and the yield of soluble protein, generating both bacterial biomass and the 
target low-molecular-weight soluble peptides (FPH). At the end of fermentation, the 
resulting broth (Mf,out) is processed by centrifugation to separate a dense solid stream 
(Mc1,out), containing microbial cells and non-hydrolysed solids, from a peptide-rich liquid 
supernatant (Mc2,out). The supernatant is subsequently clarified via filtration to remove 
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remaining particles, producing the final fish protein hydrolysate (FPH) as a soluble 
peptide fraction. The overall process configuration is illustrated in Figure 6. 
 
Drying steps are not performed at the laboratory scale but are included in the inventory 
modelling to obtain food-grade FPH in powder form. In line with a circular economy 
approach, the solid residues from centrifugation and filtration (Mc1,out and Mf,out) are 
internally valorised via anaerobic digestion, generating biogas as a co-product and 
minimising residual effluents. 
 

 
Figure 6. FPH initial process configuration from models (based on ANFACO bottle experiments) 

4.4 Hydrolysate-based fermentation derived products  

At the time of this report, experimental results are available only for astaxanthin, 
while experiments for the production of bacteriocins and vitamin B12 are currently 
ongoing under Task 2.1. The LCA will be extended to these bioproducts as soon 
as experimental data become available. 
 
4.4.1 Astaxanthin 

Astaxanthin is produced in VALORISH via heterotrophic fed-batch fermentation at 
laboratory scale using Phaffia rhodozyma (DSM 5626) 2. The key innovation is the use 
of FPH, generated within the VALORISH biorefinery from fish and shrimp by-products 
(e.g., shrimp, hake, and surimi side streams), as a substitute for conventional complex 
medium components (e.g., peptone and yeast extract). 
 
A defined medium is prepared comprising (i) glucose as carbon source, (ii) mineral salts 
and vitamins, and (iii) FPH as the complex nitrogen source. The FPH is sterilised (e.g., 
autoclaved) prior to use. The medium is transferred to the bioreactor and inoculated 
under aseptic conditions. Fermentation is run under controlled conditions to promote 
biomass growth and intracellular pigment accumulation (approximately 22 °C, pH ~6.0, 
~0.5 vvm aeration, and dissolved oxygen controlled at ~30% saturation). A fed-batch 
glucose feed is applied to avoid substrate inhibition and achieve high cell densities (up 
to OD600 ≈ 92). The overall process configuration is illustrated in Figure 7. 
 

 
2 Strain code in the German culture collection DSMZ (Deutsche Sammlung von Mikroorganismen) 
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After fermentation, the broth is centrifuged to separate a yeast biomass paste from the 
spent broth. As astaxanthin is intracellular, downstream processing involves cell 
disruption, solvent extraction (typically ethanol- or acetone-based), and purification to 
obtain astaxanthin as the final product. Residual de-pigmented yeast biomass may be 
valorised as a protein-rich feed ingredient, while spent broth and extraction/washing 
streams are treated as wastewater.  
 
At this stage, the FPH stream was assigned 100% of the burden associated with 
conditioning and preparation for fermentation use, since this processing is specifically 
performed to enable its incorporation into the astaxanthin production medium. 
 

 
Figure 7. Astaxanthin process configuration suggested by SINTEF 

5. Case studies 

The LCA model for the VALORISH process integrates the individual product sub-models 
described in Section 4 and assigns production yields based on the processing of a mixed 
feedstock of 1 tonne of fish by-products. 
 
The composition of the input stream reflects the relative availability of different fish by-
product types, which are associated with specific valorisation pathways (e.g. oil 
extraction, FPH/bioproduct production, collagen and HA  recovery). The corresponding 
mass allocation (kg per tonne of feedstock) is used to quantify the output of each 
VALORISH product. 
 
Table 3 summarises the composition of the fish by-product mixture and its linkage to the 
different product routes. 
 
 
Table 3. Composition of the fish by-product mixture for VALORISH LCA models (per 1 tonne of feedstock) 

Fish by-
product 
stream 

Intended product 
pathway 

Annual 
amount (t)3 

Share 
(%) 

Input to system 
(kg/t feedstock) 

Salmon Oil 1,600 8.29 82.85 

Sardine Oil 70 0.36 3.62 

Hake FPH / Bioproducts 45 0.23 2.33 

Shrimp FPH / Bioproducts 97 0.50 5.02 

 
3 These values come from the annual availability of fish by-products reported in Deliverable D1.1. 
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Salmon bones Collagen + HA 4 7,500 
10,000 

38.84 
51.78 

388.36 
517.81 Cod bones 

Note: As additional fish by-product streams are experimentally validated within the 
project, the composition of the input mixture and corresponding product yields may be 
updated. 

5.1 Case study 1: Protein hydrolysates for food 

Hake and shrimp by-products, and potentially surimi residues, are processed into FPH 
powder for food applications. Downstream processing includes water removal through 
evaporation and subsequent drying. 

 
The system boundaries for food-grade FPH production follow a gate-to-gate approach 
within the VALORISH cascade, where FPH represents the mutually exclusive product at 
the end of the cascade for the corresponding case study ( 

Figure 8). Biogas production is currently excluded due to the absence of experimental 
data. 

 

 
Figure 8. VALORISH Case study #1: FPH for Food Route 

5.2 Case study 2: Protein hydrolysates for bioactive peptides 

The production of bioactive peptide fractions (Figure 9) is not considered in the present 
assessment, as experimental data and process definition are not yet available. 

 

 
Figure 9. VALORISH Case study #2: FPH for bioactive peptide-derived products Route 

 
4 Collagen is produced from salmon and cod bones, with hydroxyapatite generated as a co-product; 
therefore, the same process model and associated environmental impacts apply to both products. 
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5.3 Case study 3: Astaxanthin 

FPH obtained in Case study 2 is used as a fermentation substrate for the production of 
astaxanthin (Figure 10). The system boundaries are consistent with those defined in the 
previous case studies, with astaxanthin representing the product at the end of the 
cascade. 

 

Figure 10. VALORISH Case study #3: Astaxanthin Route 

5.4 Case study 4: Vitamin B12/Cobalamin 

No experimental data are available at this stage. This case study (Figure 11) will be 
evaluated in the final report (D6.3). 

 

 
Figure 11.VALORISH Case study #4: Cobalamine Route 

Case study 5: Bacteriocins 

No experimental data are available at this stage. This case study (Figure 12) will be 
evaluated in the final report. 

 
Figure 12. VALORISH Case study #5: Bacteriocins Route 
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6. LIFE CYCLE INVENTORY – INITIAL DATA COLLECTION 

6.1 Data inputs - baseline 

The main data sources and assumptions used for the LCA model have been introduced 
in Section 3.1. In this section, a summary of the key inventory inputs, outputs, and 
emission factors used for modelling the baseline system is provided (Table 4). 
Infrastructure is not considered within the system boundaries. 

 
Table 4. Life cycle inventory (LCI) for baseline 1 tonne of by-products processes 

Flow / Parameter Type Value Unit Source 

Electricity consumption Input 193 kWh/t SuperPro modelling 

Heat Input 1498 MJ (Fréon et al., 2017b) 

Antioxidants Input 0.170 kg/t (Fréon et al., 2017b) 

Sodium chloride Input 0.40–0.59 kg/t (Fréon et al., 2017b) 

Sodium hydroxide Input 0.59–0.68 kg/t (Fréon et al., 2017b) 

Wastewater Output 1.821 m³/t (Fréon et al., 2017b) 

Trimethylamine (TMA) Emission 0.0075–0.01 kg/t AP-42 (EPA, 2026) 
Hydrogen sulfide (H₂S) Emission 0.00275–0.003 kg/t AP-42 

Fishmeal Product 0.400 t/t SuperPro modelling 

Fish oil Co-product   SuperPro modelling 

6.2 Data inputs - oil extraction 

For fish oil extraction, three process configurations were evaluated: ssCO₂, NADES, and 
SWE. Infrastructure is not considered in the present assessment due to the early stage 
of process development and the lack of representative industrial-scale data. A gate-to-
gate baseline approach is adopted; therefore, the initial solvent charge required to fill the 
extraction system during start-up is not included in the LCI. 
 
In the ssCO₂ process, potential air emissions are inherently accounted for through the 
CO₂ make-up flow, which represents operational losses within the closed-loop system; 
no additional direct air emissions are modelled. 
 
Similarly, for the NADES-based extraction, no direct air emissions are considered, as 
potential losses of the antisolvent (ethanol) are captured through the solvent make-up 
flow. Emissions from the NADES components are assumed negligible due to their 
extremely low vapour pressures. Under the assumption of closed-loop recirculation, no 
direct emissions to water are modelled. 
 
In SWE, the industrial configuration assumes that 85% of the process water is internally 
recirculated after oil separation. Consequently, only 15% of the total water entering the 
reactor is considered as fresh make-up water and is modelled using softened water 
(RER5) as the background process. The purged aqueous fraction, containing dissolved 

 
5 Geographical code used in the ecoinvent database referring to the European region (excluding 
Switzerland 
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organic compounds, is directed to anaerobic digestion within the VALORISH system. No 
additional direct emissions are considered at this stage. 
 
Among these configurations, ssCO₂ was selected as the reference configuration for the 
LCA, based on process performance and consistency of results. The corresponding LCI 
for the SFE configuration is presented below, the models for sardine and salmon were 
developed based on the following life cycle inventory analysis: 
 
Inventory analysis Fish Oil 

• The process is modelled as a batch system treating 200 kg of fish by-products 
per batch, based on the expected industrial throughput derived from annual 
feedstock availability and operating hours. The effective extraction time is set at 
0.75 h per batch, in line with laboratory observations. This time is used to 
parameterise continuous energy consumptions (e.g. CO₂ circulation), while the 
total cycle time (including loading and unloading) is not explicitly modelled. The 
parameter t_use is therefore set equal to the extraction time to ensure 
consistency in the calculation of time-dependent flows. 

• Extraction conditions are defined at 60 °C and 330 bar, based on experimental 
data provided by ANFACO and aligned with industrial equipment specifications. 
A sensitivity scenario at higher pressure (550 bar) was initially considered at 
laboratory scale but not retained for industrial modelling. Post-expansion 
conditions are defined at 60 bar and 20 °C, representing the state of CO₂ at the 
pump/compressor inlet after cooling. Ambient temperature (15.8 °C) is included 
for potential thermal loss calculations. These parameters define the 
thermodynamic states used for estimating heating, cooling, and compression 
requirements. 

• CO₂ flow is modelled using a batch-based approach, with a total recirculation of 
1300 kg CO₂ per batch, derived from experimental CO₂-to-feed ratios. For 
calculation purposes, this is converted into an equivalent flow rate (kg/h) using 
the defined extraction time. CO₂ losses are assumed to be 1% of the total 
circulating mass per batch (13 kg), based on literature values for industrial 
systems, and are modelled as fresh CO₂ make-up. The system assumes full 
recirculation of CO₂ within a closed loop, with no direct emissions except those 
implicitly accounted for through the make-up flow. 

• The oil extraction yield is set at 0.472 kg oil per kg of feed, derived from 
experimental data combining an initial oil content of 56% (ANFACO) and an 
extraction efficiency of approximately 85%. This results in 94.4 kg of fish oil per 
batch. The remaining mass (105.6 kg per batch) is modelled as solid residue, 
assuming no additional material losses. These values define the system's main 
output flows. 

• Pre-treatment of the feedstock is modelled as a mechanical milling step using 
industrial equipment (40 HP hammer mill). The specific energy consumption is 
estimated at 30 kWh per unit of processed feed, adjusted by a 70% load factor 
to reflect partial equipment utilisation. Based on a milling time of approximately 
20 minutes (0.33 h), this results in an electricity consumption of 7 kWh per batch. 
This value is included as a fixed contribution to the total electricity demand. 

• Thermodynamic and equipment parameters are defined using literature values 
and engineering assumptions. CO₂ properties (specific heat capacity, adiabatic 
coefficient, density) are taken from standard references and used to calculate 
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compression, heating, and cooling requirements. The compressor is modelled 
with an isentropic efficiency of 75%, and the pump is assumed to have an 
efficiency of 75%. Heating efficiency is set at 98%, while cooling demand is 
calculated based on an enthalpy change of 227.6 kJ/kg for CO₂. The chiller 
performance is represented by a coefficient of performance of 4. Additional 
auxiliary electricity consumption is included as 8% of the main equipment 
demand. These parameters are used consistently across the energy calculations 
for the SFE system. 

 

From the analysis above and the calculations presented in ANNEXES, the resulting 
ssCO2 LCI (Table 5) is obtained. 
 

Table 5. LCI for SFE configuration per kg Fish Oil 

Category Flow Amount Unit Dataset / Source 

Inputs from 
technosphere 
(materials/fuels) 

Carbon dioxide, 
liquid 

0.14278 kg market for carbon 
dioxide, liquid {RER} 
(ecoinvent, cut-off) 

Inputs from 
technosphere 
(electricity) 

Energy 
(Electricity 
consumption) 

0.52635 kWh market for electricity, 
medium voltage 
{RER} (ecoinvent, cut-
off) 

Energy (Heat 
consumption)  

0.20498 kWh market for electricity, 
medium voltage 
{RER} (ecoinvent, cut-
off) 

 
Similarly, LCI for the NADES (Table 6) and SWE (Table 7) configurations were derived 
following the same methodological approach. However, the detailed calculations are not 
included in this report for conciseness and are available upon request. 

 
Table 6. LCI for 1 kg NADES-based fish oil extraction 

Category Flow Amount Unit Dataset / Source 

Output to 
technosphere 

Fish oil (NADES U-
AcL) 

1 kg Product output 

Inputs from 
technosphere 
(materials/fuels) 

Urea 0.7531 kg urea production 
{RER} (ecoinvent, 
cut-off)  

Lactic acid 5.0400 kg lactic acid production 
{RER} (ecoinvent, 
cut-off)  

Ethanol, without 
water, in 95% 
solution state, from 
fermentation 

0.0850 kg ethanol production 
{RER} (ecoinvent, 
cut-off) 

Inputs from 
technosphere 
(electricity/heat) 

Electricity, medium 
voltage 

1.919 kWh market for electricity, 
medium voltage 
{RER} (ecoinvent, 
cut-off)  

Heat, from steam, in 
chemical industry 

14.222 MJ market for heat, from 
steam, in chemical 
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industry {RER} 
(ecoinvent, cut-off) 

 
 
 Table 7. LCI for 1 kg SWE-based fish oil extraction 

Category Flow Amount Unit Dataset / Source 

Inputs from 
technosphere 
(materials/fuels) 

Fresh water 3 kg/kg oil Process water 
consumption 

Inputs from 
technosphere 
(electricity/heat) 

Thermal 
energy 

0.00137 MJ/kg oil market for heat, 
industrial, natural gas 
{RER}  

Electricity 
(pump) 

2.60E-
05 

MWh/kg 
oil 

market for electricity, 
medium voltage 
{RER} 

6.3 Data inputs - FPH 

FPH is produced via fish protein fermentative hydrolysis (proteolytic fermentation) of 
hake and shrimp by-products. Laboratory-scale screening was conducted to evaluate 
different bacterial strains under varying protein concentrations and pH conditions. The 
highest and most consistent degree of hydrolysis was observed at an initial protein 
concentration of 20 g/L and pH 6. Under these conditions, Bacillus mojavensis 
demonstrated robust hydrolytic performance for both raw materials. Based on the latest 
experimental developments, scale-up to a 5 L bioreactor is currently underway. At this 
stage, different strains are being applied depending on the raw material, with P. 
megaterium used for shrimp and B. mojavensis for hake. These results will be 
incorporated in the next LCA report. 

 
Inventory analysis FPH 
 

• Feedstock supply consists of shrimp (97 t/y) and hake (45 t/y) by-products, 
corresponding to an approximate blend ratio of 70/30 (shrimp/hake, wet basis). 
Hake reached a plateau faster (~48 h), while shrimp required a longer residence 
time (~72 h) to maximise hydrolysis. For scale-up, a single standardised 
fermentation strategy is assumed (pH 6, 20 g/L, B. mojavensis) with a base-case 
residence average hydrolysis time of 64.4 h. Surimi by-products (764 t/y) are not 
included in the current scale-up basis and will be evaluated in bioreactor trials 
under pH-controlled conditions prior to integration. 

• Downtime between batches was modelled using a triangular distribution (min 4 
h, most likely 6 h, max 12 h), to reflect typical industrial enzymatic hydrolysis 
operations and conservative operational conditions, including extended cleaning 
cycles. 

• Based on the annual supply and optimal residence time, a possible scale-up 
configuration would consist of a single stirred-tank reactor with a working volume 
of 10 m³, operated in batch mode. This configuration allows processing of the 
combined annual feedstock under unified operating conditions while maintaining 
high reactor utilisation. 
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• The LCI yield of FPH was determined by final protein concentrations of 5.58 g/L 
for shrimp and 7.60 g/L for hake, relative to the initial composition of 0.182 kg 
protein/kg wet weight. 

• The fermentation broth is recovered by centrifugation and filtration to obtain a 
peptide-rich FPH liquid. An additional concentration step is required at this stage 
because the resulting FPH has a concentration of 6.22 g/L (bottle experiments), 
whereas the astaxanthin fermentation medium requires 30 g/L in the bioreactor, 
according to SINTEF experimental data. Evaporation of this amount of water is 
highly energy-intensive; therefore, alternative technologies such as ultrafiltration 
are considered (Ramakrishnan et al., 2023). We are modelling a scenario in 
which ultrafiltration reduces the volume by 60–70%, followed by a final 
evaporation step to reach the target concentration, with heat recovery and reuse 
of the recovered water for cleaning in-place (CIP) operations prior to discharge 
to municipal wastewater treatment. Membrane filtration requires approximately 
0.014-0.036MJ/kg per kg of water removed (RAMIREZ et al., 2006) After 
ultrafiltration, the FPH concentration reaches 18.66 g/L and is subsequently 
concentrated by evaporation to 30 g/L. Given the current production range 
obtained at bottle scale, these results will be further refined at bioreactor scale, 
and their impact on the overall VALORISH process will be assessed. 

 
When the biorefinery output is FPH as the final product, the clarified liquid is further 
processed to obtain a stable, marketable solid. The FPH stream is pre-concentrated by 
evaporation (to reduce water content efficiently) and then spray-dried to typical food-
grade specifications (moisture <5–8% and ~70–90% protein on a dry-basis, depending 
on formulation and downstream standardisation). 
 
Inventory Analysis FPH Food Grade 
 
Steam consumption values for evaporation were derived from standard chemical and 
food process engineering references, as summarised in Table 8: 
 

Table 8. Specific thermal energy demand for water removal in multi-effect evaporation 

Configuration Thermal kWh/kg H₂O Reference basis 

Multi-effect (3–5) 0.084–0.140 (Santonja et al., 2010) 

 

• A multi-effect evaporation system (3–5 effects) was assumed for the 
concentration step. This configuration represents a commonly applied industrial 
solution for moderate water removal in food and bioprocess streams. 

• A power density of 0.5 kW/m³ was assumed to account for moderate agitation in 
the bioreactor (P. M. Doran, 2012). 

• Since the experimental set-up indicates no active aeration, agitation was 
parameterised using moderate volumetric power inputs (baseline 0.5 kW/m³, 
sensitivity 0.2–1.0 kW/m³), consistent with reported operating ranges and typical 
values for bioreactor mixing (Bisgaard et al., 2021; Jahanian et al., 2024) 

• Specific energy consumption (SEC) for the centrifugation step was assumed to 
be 1 kWh per m³ of broth processed. Literature reports that centrifugal separators 
typically operate at approximately 1 kWh·m⁻³ of feed flow rate, with values up to 
1.4 kWh·m⁻³, while lower-energy designs may achieve around 0.6–0.7 kWh·m⁻³ 
(Szepessy & Thorwid, 2018). 
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• Polishing filtration SEC was set at 0.3 kWh per m³ of processed supernatant, as 
energy demand is primarily influenced by filter type and operating pressure rather 
than plant scale, with a sensitivity range of 0.1–0.5 kWh/m³. This range is 
consistent with reported energy requirements for industrial polishing and 
membrane-based filtration systems treating low-viscosity aqueous streams (e.g., 
Roxia technical documentation), which exhibit physical properties comparable to 
clarified protein hydrolysate streams (Roxia, 2024). 

• A preliminary VS content of 0.20 kg VS/kg wet was estimated from the proximate 
composition of the available by-products, calculated as total solids minus ash on 
a wet basis. 

• The methane yield was approximated as 0.35 Nm³ CH₄ per kg of VS, consistent 
with theoretical methane potentials reported for organic substrates in anaerobic 
digestion (Appels et al., 2008). 

• Energy consumption for anaerobic digestion was parameterised using reported 
averages from agricultural co-digestion biogas plants. Electricity consumption 
was assumed as 12.9 kWh per ton of substrate (0.0129 kWh/kg), while heat 
demand was taken as 187.7 MJ per ton substrate (0.052 kWh_th/kg) (Stucki, 
2011). 

• The lower heating value (LHV) of methane was assumed to be 9.94 kWh/Nm³, 
corresponding to 35.8 MJ/Nm³ under standard conditions, consistent with 
standard thermodynamic data reported in engineering references and IPCC 
guidelines. 

• Heat demand for maintaining digester temperature was modelled using industrial 
heat generated from natural gas as a proxy. 

• The methane produced in the anaerobic digestion step was converted into useful 
thermal energy using the lower heating value of CH₄ and an assumed heat 
recovery efficiency. The resulting useful heat was credited as avoided industrial 
heat from natural gas. 

• The broth density is assumed to be 1 kg/L; therefore, the broth mass containing 
1 kg of soluble protein is approximately 161 kg. 

• A wet cake fraction equivalent to 5% of the broth mass was assumed, based on 
typical clarification efficiencies reported for enzymatic fish protein hydrolysates 
(3–10% discharge fraction). This value will be updated once the scaling data 
becomes available. 

• A retentate fraction equivalent to 1% of the mass of the centrifuged supernatant 
was assumed for the filtration step, consistent with typical polishing filtration 
efficiencies in enzymatic protein hydrolysate processing. This value will be 
updated once scaling data becomes available. 

• In the absence of experimental digestion data, AD energy use was approximated 
as average of 12.9 kWh/t wet (electricity) for mixing and 52 kWh/t wet (heat) for 
temperature control; These assumptions fall within reported ranges for biogas 
plants (e.g., 0.5 - 36.4 kWh/t electricity for stirring and ~4.6 - 99 kWh/t heat per 
ton of substrate), and will be updated once operational data become available 
(Stucki, 2011). 

• A thermally neutral fermentation was assumed, and therefore, no energy demand 
for bioreactor temperature control was considered. 
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• Sterilisation was modelled by heating the broth to 121 °C. A reactor volume of 10 
m³ was assumed, with broth density approximated to water and a specific heat 
capacity of 4.18 kJ kg⁻¹ °C⁻¹. The energy demand was calculated for a 
temperature increase from 20 °C to 121 °C (ΔT = 101 °C). 

 
Concentration assumptions in FPH fermentation 

 
For ultrafiltration, the specific electricity consumption (SEC) was assumed constant per 
unit volume processed, as energy demand is primarily governed by operating conditions 
rather than plant scale within the industrial range considered. A value of 10 kWh per m³ 
of permeate removed was assumed, within the typical range reported for ultrafiltration of 
aqueous protein streams. 
 
For evaporation, SEC was assumed configuration-dependent and influenced by scale 
due to improvements in thermal integration and multi-effect operation. The assumed 
value, therefore, reflects the selected industrial configuration. 
 
A membrane concentration factor limit of 3 was assumed for the ultrafiltration step 
(Cassano et al., 2014) for bulk pre-concentration of the peptide-rich FPH stream.  
 
Inventory for FPH liquid at 6.22 g/L is presented below in Table 9. 

 
Table 9. LCI for the production of 151 kg of liquid FPH (6.22 g/L) at the plant. 

Category Flow Amount Unit Dataset / Source 

Inputs from 
technosphere 
(electricity) 

Electricity, 
medium voltage 

0.161 kWh market group for 
electricity, medium 
voltage {Europe without 
Switzerland}  

Electricity, 
medium voltage 

0.0458 kWh market group for 
electricity, medium 
voltage {Europe without 
Switzerland}  

Electricity, 
medium voltage 

0.123 kWh market group for 
electricity, medium 
voltage {Europe without 
Switzerland}  

Electricity, 
medium voltage 

5.18 kWh market group for 
electricity, medium 
voltage {Europe without 
Switzerland} 

Inputs from 
technosphere 
(heat) 

Heat, district or 
industrial, 
natural gas 

0.497 MJ heat production, natural 
gas {Europe without 
Switzerland}  

Heat, district or 
industrial, 
natural gas 

23.6 kWh heat production, natural 
gas {Europe without 
Switzerland} 

To produce 5 m³ of FPH at a concentration of 30 g/L, the stream used as input to the 
astaxanthin production stage, the following inventory was defined (Table 10). In this 
process, 24,120 kg of FPH at an initial concentration of 6.22 g/L is required as feed to 
the concentration step. 
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Table 10. LCI for the production of 5000 kg of liquid FPH (30 g/L) 

Category Flow Amount Unit Dataset / Source 

Inputs from 
technosphere 
(materials) 

FPH liquid (6.22 
g/L) at plant 

2.41E4 kg Internal process flow 

Inputs from 
technosphere 
(electricity) 

Electricity, 
medium voltage 

91.2 kWh market group for 
electricity, medium 
voltage {Europe without 
Switzerland}  

Electricity, 
medium voltage 

402 MJ market group for 
electricity, medium 
voltage {Europe without 
Switzerland} 

Inputs from 
technosphere 
(heat) 

Heat, central or 
small-scale, 
natural gas 

334 kWh heat production, natural 
gas {Europe without 
Switzerland} 

Outputs to 
technosphere 
(waste treatment) 

Wastewater, 
average 

16.1 m³ wastewater treatment 
{Europe without 
Switzerland}  

Wastewater, 
average 

3.04 m³ wastewater treatment 
{Europe without 
Switzerland} 

 
To produce solid food-grade FPH, liquid FPH at 6.22 g/L is concentrated using multi-
effect evaporation up to 200 g/L (20% solids). The resulting concentrate is spray-dried 
to remove the remaining water, yielding 0.939 kg of dry FPH powder (see LCI in Table 
11).  

• The spray drying stage was modelled using a specific energy consumption of 
2.00 kWh (7.2 MJ) for thermal energy and 0.15 kWh for electricity per kg of 
evaporated water (Mujumdar, 2014). 

• The final spray-dried FPH is assumed to meet standard commercial food-grade 
specifications, comprising approximately 80% protein and <5–8% moisture, with 
the remaining mass fraction consisting of expected process residues such as 
minerals (ash) and trace lipids. 

• Water removal is modelled according to its physical state: 146.3 kg from the 
evaporator are discharged as liquid to wastewater treatment (after potential CIP 
reuse), while the remaining 3.76 kg from the spray dryer are released to the 
atmosphere as water vapor (emissions to air). 

 
Table 11. LCI for the production of 0.939 kg of food-grade FPH powder 

Category Flow Amount Unit Dataset / Source 

Inputs from 
technosphere 
(materials) 

FPH liquid (6.22 
g/L) at plant 

151 kg Internal process flow 

Inputs from 
technosphere 
(heat) 

Heat, district or 
industrial, natural 
gas 

57.9 MJ heat production, natural 
gas {Europe without 
Switzerland} 
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Heat, district or 
industrial, natural 
gas 

27 MJ heat production, natural 
gas {Europe without 
Switzerland} 

Inputs from 
technosphere 
(electricity) 

Electricity, 
medium voltage 

4.39 kWh market group for 
electricity, medium 
voltage {Europe without 
Switzerland}  

Electricity, 
medium voltage 

0.564 kWh market group for 
electricity, medium 
voltage {Europe without 
Switzerland} 

Emissions to air Water 3.76 kg Water vapour released 
during spray drying 

Outputs to 
technosphere 
(waste treatment) 

Wastewater, 
average 

0.146 m³ wastewater treatment 
{Europe without 
Switzerland} 

 

6.4 Data inputs – bioproducts 

6.4.1 Astaxanthin 

Astaxanthin production begins with the formulation of the fermentation medium, in which 
FPH is used as a substitute for peptone. The medium is prepared using FPH at 30 g/L 
as the base substrate, with additional components incorporated in solid form. 
 
Where specific compounds were not available in the database, proxy datasets were 
selected. Components of Wolff’s medium were represented using generic inorganic 
chemical datasets considered representative of the process. Dipotassium phosphate 
was not available in the database and was therefore approximated using industrial-grade 
phosphoric acid (85% solution, RER) as a proxy for the phosphate contribution. 
 
 
 
Inventory Analysis Astaxanthin 
 
Electricity consumption for blending was calculated based on a specific power demand 
of 0.1 kW per tonne of medium, as reported by SINTEF. 
 
Thermal energy demand for sterilisation was also based on SINTEF data, which reports 
a requirement of 615 MJ per tonne of medium to reach sterilisation conditions (140 °C). 
This value was scaled to the batch size (5 t), resulting in a total heat demand of 3075 
MJ. The corresponding steam consumption was estimated assuming an energy content 
of 2.75 MJ/kg of steam, yielding approximately 1118 kg of steam per batch. 
 

• Cooling water demand was reported as 6.5 t per tonne of medium. This value was 
interpreted as recirculated cooling water. Net water consumption was estimated 
assuming typical cooling tower losses of 2%, resulting in 0.65 t of water consumed 
per batch of 5 ton.  
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• Agitation energy (15 kWh/t over 50 h) was provided by SINTEF based on industrial 
experience in comparable processes. For a batch size of 5 tonnes (≈5 m³), this 
corresponds to a total electricity consumption of 75 kWh, equivalent to an average 
power input of 0.3 kW/t (≈0.3 kW/m³), within expected ranges for aerobic 
fermentation. 

• Air supply electricity demand (27.5 kWh per batch), as provided by SINTEF based 
on industrial experience, was estimated using a specific power input of 0.11 
kW/m³ over a 50-hour fermentation period. This value falls within typical ranges 
reported for aerobic fermentation processes with moderate aeration rates (0.1–
0.5 kW/m³) (P. Doran, 2013). 

• The inoculum (e.g. Phaffia rhodozyma) was modelled as a wet microbial seed 
culture. Since no specific dataset was available in the database, it was 
approximated using a proxy composition of 5 wt% microbial biomass and 95 wt% 
water, with yeast production used to represent the biomass fraction. 

• A 10% (w/w) inoculum-to-medium ratio was applied, as reported by SINTEF 
based on industrial practice. Accordingly, the total batch mass was split into 10% 
inoculum and 90% production medium, and all medium components (FPH and 
additives) were calculated over the 90% fraction. 

• The reported fermentation outputs (950 L spent medium, 10 g DM/L biomass, and 
2 mg/L astaxanthin) were scaled according to the industrial batch using the 
medium input ratio (5000/900 = 5.556). This resulted in approximately 5278 L of 
spent medium, 52.8 kg of dry biomass, and 10.6 g of astaxanthin per batch. 

• The off-gas from the fermenter was estimated based on the aeration rate (0.5 
vvm), resulting in a gas stream containing approximately 8% CO₂. As this 
represents biogenic CO₂, it was not included in the LCA inventory. 

• Cooling water demand during fermentation was estimated at 2 m³ per m³ of 
fermentation volume per hour. For a 5 m³ reactor operated over 50 hours, this 
corresponds to 500 m³ of recirculated cooling water. Assuming 2% losses, net 
water consumption was estimated at 10 m³ per batch. 

• Decanter centrifugation was scaled from SINTEF reference data (120 kW 
decanter and 62 kW glycol chiller at 2 m³/h). For the modelled batch volume of 
5.278 m³, the required operating time was 2.64 h, resulting in 316.7 kWh for 
centrifugation and 163.6 kWh for glycol chilling. 

• Biomass recovery in the decanter was estimated at 45 g/L of wet biomass per liter 
of fermentation broth, corresponding to 237.5 kg of wet biomass for the modelled 
batch. This stream was assigned to the heavy fraction, while the remaining liquid 
phase constitutes the spent medium. 

• The spent medium is modelled as being redirected to anaerobic digestion (AD) At 
this stage, only the operational energy requirements of the AD process are 
included (as in FPH based on Stucki, 2011), while energy credits from biogas 
recovery will be estimated once data on VS, chemical oxygen demand, or 
biodegradability become available. For the modelled spent-medium stream 
(5040.5 kg per batch), this corresponds to approximately 65.0 kWh of electricity 
and 262.1 kWh of thermal energy (943.6 MJ, equivalent to ~343 kg of steam). 

• Homogenisation energy was estimated based on SINTEF data (10 kW per hour 
at 5.5 L/min), corresponding to a unit sized to process a 40 m³ fermentation batch 
within a 6-hour workday (including CIP and maintenance). For the modelled 
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biomass volume (0.24 m³), the operating time was scaled to 0.72 h, resulting in 
an electricity consumption of 7.2 kWh per batch. 

• Glycol chilling demand was estimated based on SINTEF data, which report a 
power requirement of 13 kW for the same homogenisation throughput basis. For 
the modelled biomass volume (0.24 m³), this corresponds to an operating time of 
approximately 0.72 h and an electricity consumption of 9.4 kWh per batch. 

• The homogenisation step converts the recovered wet biomass into a 
homogenised cell lysate (44 g/L). For the modelled batch, this corresponds to 
approximately 232 kg of disrupted biomass. 

• The homogenised cell lysate is blended with a buffer solution (added to stabilise 
and condition the medium for subsequent extraction), assumed at a 1:1 mass ratio 
relative to the biomass. This operation consumes 0.1 kW per tonne of total mixture 
(biomass + buffer). For the modelled batch (232 kg lysate and 232 kg buffer), the 
total mixture was 0.464 t, resulting in an electricity demand of approximately 0.05 
kWh for the blending step. The resulting slurry is then centrifuged to remove cell 
debris, yielding a clarified liquid stream containing astaxanthin for further 
purification. 

• The final centrifugation step was modelled by analogy with the initial SINTEF 
decanter operation, using the same industrial operating basis and scaling it to the 
treated slurry volume (0.464 m³). This resulted in an electricity demand of 
approximately 27.8 kWh for centrifugation and 14.4 kWh for glycol chilling, 
corresponding to a total of 42 kWh per batch. 

 
At this stage, the downstream purification route remains undefined. Therefore, the 
present model was limited to the generation of the clarified astaxanthin-containing liquid 
stream after cell disruption and solid–liquid separation. Additional purification steps, 
including sterile filtration, chromatography, drying, or supercritical CO₂ extraction, will be 
further defined and incorporated in subsequent deliverables. 
 
Table 12 presents the LCI to produce astaxanthin from FPH (30 g/L). The inventory is 
dominated by the high demand for FPH as a fermentation substrate, which is directly 
linked to the low astaxanthin titre. 

 
Table 12. LCI scaled to the production of 10.6 g of astaxanthin 

Category Flow Amount Unit Dataset / Source 

Input (nature) Water for sterilisation 
cooling 

0.65 m³ water, unspecified 
natural origin {Europe 
without Switzerland}  

Water for fermenter 
cooling 

10 m³ water, unspecified 
natural origin {Europe 
without Switzerland} 

Input 
(materials) 

FPH liquid (30 g/L) – 
fermentation substrate 

13,500 kg Internal process flow 

 
Glucose – carbon source 
for fermentation medium 

90 kg glucose production 
{RER}  

Ammonium sulfate – 
nitrogen source 

22.5 kg ammonium sulfate 
production {RER}  

Inorganic salts (Wolff 
medium proxy) 

22.5 kg market for chemical, 
inorganic {GLO} 
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Magnesium sulfate – 
micronutrient 

2.25 kg market for magnesium 
sulfate {GLO}  

Phosphoric acid (85%) – 
phosphate source 

2.82 kg phosphoric acid 
production {RER}  

Potassium hydroxide – 
pH control 

3.22 kg market for potassium 
hydroxide {GLO}  

Sodium chloride – ionic 
balance 

0.9 kg market for sodium 
chloride, powder 
{GLO}  

Inoculum – microbial 
culture input 

500 kg Internal process flow 

Input 
(electricity) 

Electricity for blending 
(medium preparation) 

0.5 kWh market group for 
electricity, medium 
voltage {RER}  

Electricity for agitation 
(fermenter) 

75 kWh market group for 
electricity, medium 
voltage {RER}  

Electricity for aeration 
(air supply) 

27.5 kWh market group for 
electricity, medium 
voltage {RER}  

Electricity for decanting 
(centrifugation) 

316.7 kWh market group for 
electricity, medium 
voltage {RER}  

Electricity for glycol 
chilling (decanter) 

163.6 kWh market group for 
electricity, medium 
voltage {RER}  

Electricity for 
homogenisation (cell 
disruption) 

7.2 kWh market group for 
electricity, medium 
voltage {RER}  

Electricity for glycol 
chiller (homogenisation 
stage) 

9.4 kWh market group for 
electricity, medium 
voltage {RER}  

Electricity for blending 
(cell lysate) 

0.05 kWh market group for 
electricity, medium 
voltage {RER}  

Electricity for debris 
separation 

42 kWh market group for 
electricity, medium 
voltage {RER}  

Electricity for anaerobic 
digestion (spent 
medium) 

65 kWh market group for 
electricity, medium 
voltage {RER} 

Input (heat) Steam for sterilisation 1118 kg market for steam, in 
chemical industry 
{RER}  

Steam for anaerobic 
digestion (spent 
medium) 

343 kg market for steam, in 
chemical industry 
{RER} 

Output (waste 
treatment) 

Biowaste (microbial 
biomass) to municipal 
incineration 

220 kg treatment of biowaste, 
municipal incineration 
{GLO} 
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6.5 Data inputs – Fish bone valorisation: Collagen  

Several process configurations were experimentally evaluated by NOFIMA to identify 
suitable collagen yields (Figure 13). 
 

 
Figure 13. Collagen experimental configurations 

Configurations 2 and 4 showed the most consistent and highest yields, while 
Configurations 1 and 3 exhibited high variability and poor reproducibility. Configurations 
5 and 6 remain under investigation and are not considered in the present assessment. 
 
Configuration 2 and Configuration 4 were further analysed. However, as Configuration 4 
did not provide a significant yield improvement despite increased process complexity, 
Configuration 2 was selected as the reference case for LCA modelling. 
 
The experimental data inputs for Configuration 2, obtained from laboratory-scale trials, 
are summarised in Table 13. 

 
Table 13.Experimental data inputs for collagen production (Configuration 2, laboratory scale) 

Step Input / 
Output 

Flow Value Unit 

Washing Input Salmon bones 24.8 kg/batch 

Washing Input Fresh water 80 L/batch 

Washing Output Wastewater 
(estimated) 

80 L/batch 

Freeze drying Input Electricity 180 kWh/batch 

Retsch milling Input Electricity 2.2 kWh/batch 

Autoclaving Input Raw material (total) 0.6 kg/batch 

Autoclaving Input Water (total) 1.8 kg/batch 

Enzymatic 
treatment 

Input Raw material (total) 0.3 kg/batch 

Enzymatic 
treatment 

Input Water (total) 0.9 kg/batch 
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Enzymatic 
treatment 

Input Enzyme (Bromelain) 
dose 

0; 0.5; 2 % 

Overall process Output Collagen product 
(liquid phase) 

6.1; 9.8; 9.7 g/batch 

Overall process Parameter Collagen yield 48.8; 78.4; 
77.6 

% 

Washing Input Cod bones 35.6 kg/batch 

Overall process Output Collagen product 6.5; 8.6; 8.4 g/batch 

Overall process Parameter Collagen yield 52.14; 68.98; 
67.38 

% 

 
 
Inventory Analysis Collagen 
 

• For energy scaling at screening level, a mixed approach was adopted. Specific 
energy consumption (SEC) values were used for operations considered weakly 
dependent on scale, while scale-sensitive operations were explicitly modelled. Milling 
and solid–liquid separation were treated using SEC-based approximations, whereas 
enzymatic hydrolysis and water-removal steps were modelled as scale-dependent 
due to their reliance on reactor configuration, power density, thermal integration, and 
drying efficiency. 

• Laboratory-scale technologies such as Retsch milling, autoclaving, and freeze drying 
were translated into industrially relevant equivalents, preserving their functional role 
(size reduction, hydrothermal pre-treatment (autoclave-assisted), and water removal, 
respectively). These substitutions were implemented by maintaining throughput, 
residence time, and thermal or electrical demand, rather than replicating the 
laboratory equipment directly. Pre-treatment steps were assumed to operate in 
quasi-continuous or campaign mode, enzymatic hydrolysis was modelled as a batch 
process, and downstream drying was considered batch or semi-continuous 
depending on the selected industrial technology. 

• Based on the protocol provided by NOFIMA, the full batch cycle was defined as 2.17 
h per batch. The industrial feed rate was estimated at 2,142 kg/h, derived from the 
annual availability of blended bones (16,966 t/year), assuming 330 operating days 
and continuous 24-hour operation. This results in approximately 4.65 t of bones 
processed per batch. 

• The slurry ratio was calculated from the experimental water addition, resulting in 
2.325 kg slurry per kg of bones. Applying this ratio to the industrial batch size yields 
approximately 6.16 t of water and a total slurry mass of 10.8 t per batch. Assuming 
a slurry density of 1,000–1,050 kg/m³, the working volume is estimated at 10.3–10.8 
m³. Considering a typical reactor filling degree of 70–80%, the nominal reactor 
volume is estimated at 14–16 m³. 

• The bromelain dosage used in enzymatic treatment was included as a model input 
parameter, ranging from 0 to 2%, directly influencing collagen yield. Correspondingly, 
collagen yield was parameterised within the experimentally observed range of 48.8% 
to 78.4%. 

• At the screening level, the washing step assumes that the amount of water entering 
the system is equal to the wastewater generated, with no correction for water 
retention. Electricity consumption for washing is considered negligible. Based on the 
weighted composition of the mixed bones (18.1% protein content, wet basis) and an 
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average laboratory yield of 68.98%, approximately 8.01 kg of bones are required to 
produce 1 kg of collagen. Using the experimental washing ratio (80 L per 60.4 kg of 
bones), this corresponds to approximately 10.61 kg of washing water per kg of 
collagen. 

• The laboratory freeze-drying step was translated into an industrial thermal drying 
operation, preserving the function of water removal. Based on an initial moisture 
content of 51.7 wt% and a target final moisture of 10 wt%, approximately 3.71 kg of 
water is removed per kg of collagen. The corresponding thermal demand was 
estimated using latent heat of evaporation and a drying efficiency of 60%, resulting 
in approximately 5.08 kg of steam per kg of collagen. 

• Milling operation was screened using SEC of 0.05kWh as base (Chițoiu et al., 2018). 

• The laboratory autoclaving step was modelled as an industrial batch sterilisation 
operation. The experimental cycle consisted of heating the bone–water slurry from 
room temperature to 120 °C, holding at 120 °C for 45 minutes, and subsequently 
cooling to 100 °C, with a total batch duration of 1.883 h. As the laboratory 
configuration involved open beakers containing both bones and water, the entire 
slurry mass was considered the heated batch material. Based on a FU-normalised 
slurry mass of 18.62 kg per kg of collagen, the thermal demand was estimated using 
a slurry heat capacity of 3.6 kJ/kg·K and a 15% correction factor to account for heat 
losses and temperature holding. This resulted in an estimated steam demand of 2.80 
kg of steam per kg of collagen. 

• The enzymatic treatment was modelled as a batch hydrolysis step using the 
experimentally derived slurry composition and bromelain dosage. Bromelain dosage 
was parameterised based on the tested laboratory conditions (0–2%), thereby 
directly influencing collagen yield. Agitation energy was estimated using a screening 
power density of 0.10 kW/m³, applied over the 2.17 h batch cycle, resulting in an 
electricity demand of approximately 0.004 kWh per kg of collagen. In the absence of 
measured losses during hydrolysis, the output of this step was modelled as 
hydrolysed slurry directed to subsequent solid–liquid separation. 

• The slurry volume was derived from the experimental liquid-to-solid ratio (2.325 kg 
slurry per kg of bones) and the industrial batch size of 4.65 t of bones, resulting in 
approximately 10.8 t of slurry per batch. Assuming a slurry density of 1,000 kg/m³, 
this corresponds to a working volume of approximately 10.8 m³. 

• The industrial feed rate of 2,142 kg/h was calculated from the maximum processable 
annual availability of blended bones (16,966 t/year), constrained by the fixed 
cod/salmon ratio and raw material availability. This was based on 330 operating days 
per year and continuous 24-hour operation. This value was used to estimate the 
amount of collagen produced per batch and to parameterise agitation energy 
requirements. 

• The thermal profile reported by the partners for the enzymatic treatment was 
modelled based on a functional-unit-normalised slurry mass of 18.62 kg per kg 
of collagen, including blended bones and added water. The heating demand was 
calculated for temperature increases from room temperature to 55 °C and from 
55 °C to 90 °C, using a slurry heat capacity of 3.6 kJ/kg·K. A 10% correction 
factor was applied to account for holding periods and thermal losses. The 
resulting heat demand was converted to steam using 2.75 MJ/kg, yielding an 
estimated requirement of 1.88 kg of steam per kg of collagen. Cooling demand 
was considered negligible at the screening level. 
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• At this stage, the hydrolysed slurry (18.6 kg per kg of collagen) was subjected to 
a solid–liquid separation step modelled as centrifugation. Based on the feedstock 
composition, the solid fraction was assumed to retain the mineral content 
(approximately 2.35 kg of ash per functional unit), along with residual organics 
and entrained water. A preliminary phase split was assumed, with 90% of the 
collagen-rich fraction allocated to the liquid phase and 10% to the solid fraction. 
This assumption will be refined in future stages using experimental data and 
process models developed in Task 4.3. This results in approximately 14.3–14.4 
kg of collagen-rich liquid for downstream recovery and 4.28 kg of mineral-rich wet 
solids directed to the HA route. The energy demand for centrifugation was 
considered negligible at the screening level. 

• The solid stream entering the HA route consists of wet fishbone residue 
containing approximately 2.80 kg of dry solids and 1.48 kg of retained water. An 
additional drying step was included to reach a target moisture content of 10 wt%. 
Under this assumption, 1.17 kg of water is removed, resulting in 3.11 kg of dried 
fishbone residue per kg of collagen. The associated thermal demand was 
estimated based on evaporation requirements, corresponding to 1.60 kg of steam 
per kg of collagen. 

• To avoid allocation between co-products, the system was modelled up to the 
production of both collagen and HA. The FU, therefore, includes the combined 
output (1 kg collagen + corresponding HA). 

6.6 Data inputs – Fish bone valorisation: hydroxyapatite 

Based on available laboratory-scale equipment data, 0.3 kg of dried residue was 
processed per batch in an electric furnace, with an estimated electricity demand of 10–
20 kWh and a calcined powder output of 0.21 kg. This corresponds to a mass yield of 
70% and a specific electricity consumption of 33.3–66.7 kWh/kg of dry residue, with a 
midpoint value of 50.0 kWh/kg used for the base case. As this is based on laboratory-
scale operation, it does not yet reflect an industrial furnace design and should therefore 
be considered provisional. 
 
Based on the reported calcination yield, the process is estimated to produce 2.18 kg of 
calcined fishbone-derived powder (Ca-rich, HA precursor) per kilogram of collagen. 
 
The resulting calcined fishbone-derived powder is considered functionally equivalent to 
HA, as the calcination step removes organic matter and yields a Ca-rich mineral phase 
comparable to that obtained in bone-based circular benchmark systems.  
 
The LCI for the joint production of collagen and HA is presented in Table 14. 

 
Table 14. LCI for the joint production of 1 kg of collagen and 2.18 kg of HA  

Category Flow Amount Unit Dataset / Source 

Input (heat) Steam for drying 
operation 

5.3 kg market for steam, in 
chemical industry {RER} 

Input 
(electricity) 

Electricity for milling 
operation 

0.4 kWh market for electricity, 
medium voltage {NO} 
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Input (heat) Steam for thermal 
pretreatment 
(autoclaving) 

2.8 kg market for steam, in 
chemical industry {RER} 

Input 
(material) 

Bromelain enzyme 0.04 kg market for fodder yeast 
{GLO} 

Input 
(material) 

Water for washing 10.6 kg market for tap water 
{Europe without 
Switzerland} 

Input 
(electricity) 

Electricity for 
enzymatic treatment 
agitation 

0.00404 kWh market for electricity, 
medium voltage {NO} 

Input (heat) Steam for enzymatic 
treatment heating 

1.88 kg market for steam, in 
chemical industry {RER} 

Input (heat) Steam for post-
separation drying 

1.6 kg market for steam, in 
chemical industry {RER} 

Input 
(electricity) 

Electricity for 
calcination 

156 kWh market for electricity, 
medium voltage {NO} 

Output (waste 
treatment) 

Wastewater to 
treatment 

10.6 kg market for wastewater, 
average {Europe without 
Switzerland} 

6.7 Quality of data and representativeness 

The LCI modelling is based on laboratory-scale experimental data derived from 
controlled experimental designs, combined with prospective scaling assumptions 
following the framework proposed by (Piccinno et al., 2016), which extrapolate 
laboratory-scale inventory data to industrial-scale systems through forward-looking 
modelling. 
 
For astaxanthin production, an industrial-scale configuration was defined in accordance 
with SINTEF's process design recommendations. The corresponding LCI was derived 
from modelled data generated using SuperPro Designer. For collagen production, 
multiple experimental configurations were tested, showing significant variability in yields. 
This variability was explicitly parameterised within the LCA model to assess its influence 
on environmental performance, particularly on CO₂-equivalent emissions. In contrast, 
fish oil extraction was evaluated under three solvent-based configurations and operating 
conditions, yielding consistent experimental results with low variability; therefore, yield 
variations were not considered to significantly influence the LCA results, and a 
representative value was used as a fixed input parameter. For FPH production, the LCI 
was based on screening at bottle scale, from which operating conditions and yields were 
derived. In addition, downstream processing steps up to the production of solid FPH 
were modelled using engineering assumptions, as no laboratory data are currently 
available for these stages.  
 
In general, energy demand was estimated using literature-based specific energy 
consumption (SEC) values, while minor contributions were considered negligible at 
screening level. These assumptions will be updated as the integrated holistic model 
developed in Task 4.3 is progressively optimised, enabling the replacement of current 
assumptions with model-based data to refine the LCA framework. 
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For the final version of the assessment, additional data are expected to be integrated, 
including updated experimental results on collagen production, incorporation of the 
anaerobic digestion model, evaluation of bioactive peptide pathways, and improved 
scaling and process modelling data. Further updates will also reflect refinements across 
all product systems as new data become available. 

 
 

7. PRELIMINARY LIFE CYCLE IMPACT ASSESSMENT (LCIA) 
 
This section presents initial results at both output-based and input-based functional units. 
At the product level, the environmental performance of individual products and 
technologies is analysed to support benchmarking and assess progress against the 
project’s GHG-reduction KPI. At the process level, the overall performance of the 
biorefinery valorisation system is evaluated through the defined case studies,as 
described in Section 5. LCIA have been made for those cases where data is available 
as initial advance of the LCA. 

7.1 Initial screening results 

7.1.1 Product-level Results 

The LCIA results for VALORISH products with available data are presented below, 
covering all impact categories of the ReCiPe 2016 Midpoint (H) method. All results are 
reported per kg of product. For collagen, results are expressed per kg of collagen 
together with the corresponding 2.18 kg of calcium-rich powder (HA  precursor). 
 
Table 15 presents the results for GHG emissions (CO₂ eq), used to assess the 
performance of the VALORISH technologies against the selected benchmarks and to 
evaluate the achievement of the defined KPI. In addition, all impact categories are 
reported to support the selection of technologies for further scale-up. Among the 
evaluated options, fish oil production via supercritical fluid extraction (FO ssCO2) shows 
the best overall environmental performance across all categories. 

 
Table 15. Environmental impacts of fish oil extraction pathways using different extraction technologies 

Impact category Unit FO SFE FO 
NADES 

FO SWE 

Global warming kg CO₂ eq 0.900445 27.00699 1.488612 

Stratospheric ozone depletion kg CFC11 
eq 

4.42E-07 6.17E-06 8.01E-07 

Ionizing radiation kBq Co-60 
eq 

0.013283 1.386689 0.002656 

Ozone formation, human health kg NOx eq 0.002556 0.049098 0.004642 

Fine particulate matter formation kg PM2.5 eq 0.001475 0.021315 0.002680 

Ozone formation, terrestrial 
ecosystems 

kg NOx eq 0.002674 0.058278 0.004854 

Terrestrial acidification kg SO₂ eq 0.004666 0.061707 0.008521 

Freshwater eutrophication kg P eq 2.88E-05 0.005046 1.34E-05 

Marine eutrophication kg N eq 8.56E-06 0.003804 3.25E-06 
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Terrestrial ecotoxicity kg 1,4-DCB 
eq 

3.278021 26.15087 5.045359 

Freshwater ecotoxicity kg 1,4-DCB 
eq 

0.001215 0.167861 0.001033 

Marine ecotoxicity kg 1,4-DCB 
eq 

0.003366 0.242905 0.004760 

Human carcinogenic toxicity kg 1,4-DCB 
eq 

0.003997 0.623094 0.004579 

Human non-carcinogenic toxicity kg 1,4-DCB 
eq 

0.064907 6.746343 0.072359 

Land use m²a crop eq 0.001003 0.556028 0.000328 

Mineral resource scarcity kg Cu eq 2.67E-05 0.004488 2.64E-05 

Fossil resource scarcity kg oil eq 0.232221 10.3826 0.401427 

Water consumption m³ 0.001492 0.261862 0.004733 

 
Consequently, FPH results are presented in Table 16, where background datasets for 
electricity and steam were varied between Norway, Spain, and the European mix. As 
expected, the results are more favourable when using the Norwegian electricity mix. 

 
Table 16. Environmental impacts of FPH (food-grade) production scenarios 

Impact category Unit FPH (NO) FPH (ES) FPH (EU) 

Global warming kg CO₂ eq 12.5789 14.5707 16.0585 

Stratospheric ozone depletion kg CFC11 eq 2.04E-06 2.62E-06 2.99E-06 

Ionizing radiation kBq Co-60 
eq 

0.1881 2.4288 2.3451 

Ozone formation, human health kg NOx eq 0.01019 0.01468 0.01596 

Fine particulate matter formation kg PM2.5 eq 0.00205 0.00380 0.00679 

Ozone formation, terrestrial 
ecosystems 

kg NOx eq 0.01137 0.01611 0.01731 

Terrestrial acidification kg SO₂ eq 0.00565 0.01070 0.01739 

Freshwater eutrophication kg P eq 0.000489 0.000701 0.003888 

Marine eutrophication kg N eq 0.000951 0.001007 0.001199 

Terrestrial ecotoxicity kg 1,4-DCB 
eq 

0.8545 2.7307 3.0508 

Freshwater ecotoxicity kg 1,4-DCB 
eq 

0.01127 0.01980 0.09823 

Marine ecotoxicity kg 1,4-DCB 
eq 

0.02031 0.03327 0.14142 

Human carcinogenic toxicity kg 1,4-DCB 
eq 

0.02980 0.06745 0.24334 

Human non-carcinogenic toxicity kg 1,4-DCB 
eq 

0.8783 1.5230 4.7842 

Land use m²a crop eq 0.02598 0.08069 0.10620 

Mineral resource scarcity kg Cu eq 0.000456 0.002469 0.002473 

Fossil resource scarcity kg oil eq 4.8486 5.4832 5.8252 

Water consumption m³ 0.1463 -0.1209 -0.1016 

 
Water consumption is negative in the EU and ES scenarios due to the recovery of water 
associated with wastewater treatment. In the NO scenario, the electricity mix already 
includes associated water consumption, resulting in a positive net value, as the 
recovered water does not fully offset the total consumption. 
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For astaxanthin production, GHG emissions were also estimated for the benchmark; 
therefore, both results are presented in Table 17 to assess the effect of replacing 
standard substrates with FPH in the VALORISH system. 

 
Table 17. Comparative environmental impacts of astaxanthin production (materials only) 

Impact category Unit VALORISH 
(FPH) 

Benchmark 
(peptone) 

Global warming kg CO₂ eq 24,386.07 15,629.32 

Stratospheric ozone depletion kg CFC11 
eq 

0.09385 0.10336 

Ionizing radiation kBq Co-60 
eq 

1,889.85 762.48 

Ozone formation, human 
health 

kg NOx eq 48.31 35.59 

Fine particulate matter 
formation 

kg PM2.5 
eq 

39.37 20.77 

Ozone formation, terrestrial 
ecosystems 

kg NOx eq 50.53 43.57 

Terrestrial acidification kg SO₂ eq 126.81 87.05 

Freshwater eutrophication kg P eq 8.73 4.27 

Marine eutrophication kg N eq 11.02 11.94 

Terrestrial ecotoxicity kg 1,4-DCB 
eq 

42,504.38 31,216.98 

Freshwater ecotoxicity kg 1,4-DCB 
eq 

487.91 354.63 

Marine ecotoxicity kg 1,4-DCB 
eq 

611.25 262.59 

Human carcinogenic toxicity kg 1,4-DCB 
eq 

2,995.56 384.05 

Human non-carcinogenic 
toxicity 

kg 1,4-DCB 
eq 

15,266.45 7,384.16 

Land use m²a crop eq 18,923.76 33,303.98 

Mineral resource scarcity kg Cu eq 157.19 18.82 

Fossil resource scarcity kg oil eq 6,374.38 3,472.76 

Water consumption m³ 1,561.11 1,372.62 

 
Collagen and HA were assessed jointly to avoid allocation at this stage. As a significant 
share of the fish by-products used for this pathway originates from Norway, results are 
also presented using both the Norwegian and European energy mixes (Table 18). 

 
Table 18. Environmental impacts of integrated collagen and HA production 

Impact category Unit Norway (NO) EU mix 

Global warming kg CO₂ eq 8.97 57.72 

Stratospheric ozone depletion kg CFC11 eq 1.12E-05 2.43E-05 

Ionizing radiation kBq Co-60 eq 1.51 31.72 

Ozone formation, Human health kg NOx eq 0.00664 0.08749 

Fine particulate matter formation kg PM2.5 eq 0.00319 0.06952 

Ozone formation, Terrestrial ecosystems kg NOx eq 0.00707 0.09030 

Terrestrial acidification kg SO₂ eq 0.00953 0.17401 

Freshwater eutrophication kg P eq 0.00159 0.04921 
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Marine eutrophication kg N eq 0.000289 0.00377 

Terrestrial ecotoxicity kg 1,4-DCB 6.13 36.90 

Freshwater ecotoxicity kg 1,4-DCB 0.0430 1.2614 

Marine ecotoxicity kg 1,4-DCB 0.0632 1.7599 

Human carcinogenic toxicity kg 1,4-DCB 0.1047 3.0964 

Human non-carcinogenic toxicity kg 1,4-DCB 2.1186 56.84 

Land use m²a crop eq 0.7131 1.8370 

Mineral resource scarcity kg Cu eq 0.00155 0.02980 

Fossil resource scarcity kg oil eq 1.4740 15.16 

Water consumption m³ 4.1829 0.7101 

 
 
7.1.2 Process-level Results 

This section presents the comparison between the baseline scenario and the VALORISH 
case studies. At this stage, a screening-level system analysis has been conducted for 
Case study #1 and Case study #3, enabling the preliminary evaluation of environmental 
performance across the different configurations. 
 
Table 19 presents the results for the VALORISH biorefinery processing 1 tonne of fish 
by-products and producing multiple products across the routes described in  

Case study 1: Protein hydrolysates for food. It indicates the contribution of each product 
to the total environmental impacts, both in terms of global warming and across the other 
impact categories. 

 
Table 19. System-level LCIA results – Case study #1 vs baseline 

Impact 
category 

Unit Case 
study 
#1 – 
Total 

Fish Oil 
(SFE) 

FPH 
(food 
grade) 

Collagen + 
HA 
(VALORISH) 

Baseline 
(Fishmeal 
+ Fishoil) 

Global 
warming 

kg CO₂ 
eq 

705.50 35.22 5.74 664.54 184.17 

Stratospheric 
ozone 
depletion 

kg 
CFC11 
eq 

0.00128 1.73E-
05 

1.37E-
06 

0.00126 5.83E-05 

Ionizing 
radiation 

kBq 
Co-60 
eq 

171.76 0.52 0.84 170.40 42.12 

Ozone 
formation 
(human 
health) 

kg 
NOx 
eq 

0.857 0.100 0.0056 0.752 0.251 

Fine 
particulate 
matter 
formation 

kg 
PM2.5 
eq 

0.421 0.0577 0.0024 0.361 0.142 

Ozone 
formation 
(terrestrial 
ecosystems) 

kg 
NOx 
eq 

0.910 0.105 0.0060 0.800 0.264 
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Terrestrial 
acidification 

kg SO₂ 
eq 

1.267 0.182 0.0062 1.078 0.322 

Freshwater 
eutrophication 

kg P 
eq 

0.182 0.0011 0.0014 0.180 0.534 

Marine 
eutrophication 

kg N 
eq 

0.0335 0.00033 0.00043 0.0327 0.0165 

Terrestrial 
ecotoxicity 

kg 1,4-
DCB 

822.78 128.20 1.10 693.48 148.99 

Freshwater 
ecotoxicity 

kg 1,4-
DCB 

4.95 0.0475 0.0353 4.869 2.20 

Marine 
ecotoxicity 

kg 1,4-
DCB 

7.34 0.132 0.0509 7.154 3.14 

Human 
carcinogenic 
toxicity 

kg 1,4-
DCB 

12.08 0.156 0.0875 11.84 5.77 

Human non-
carcinogenic 
toxicity 

kg 1,4-
DCB 

243.94 2.54 1.72 239.68 147.16 

Land use m²a 
crop 
eq 

80.75 0.039 0.038 80.68 2.13 

Mineral 
resource 
scarcity 

kg Cu 
eq 

0.178 0.0010 0.00089 0.176 0.0456 

Fossil 
resource 
scarcity 

kg oil 
eq 

177.91 9.08 2.08 166.75 56.13 

Water 
consumption 

m³ 473.23 0.058 -0.0366 473.21 -0.370 

 
Consequently, the results for the VALORISH biorefinery following the product routes 
described in Case study 3: Astaxanthin are presented in Table 20. 

 
Table 20. System-level LCIA results – Case study #3 vs baseline 

Impact 
category 

Unit Case 
study 
#3 – 
Total 

Fish Oil 
(SFE) 

FPH 
(food 
grade) 

Collagen + 
HA 
(VALORISH) 

Baseline 
(Fishmeal+ 
Fishoil) 

Global 
warming 

kg CO₂ 
eq 

721.46 35.22 21.70 664.54 184.17 

Stratospheric 
ozone 
depletion 

kg 
CFC11 
eq 

0.00136 1.73E-
05 

8.35E-
05 

0.00126 5.83E-05 

Ionizing 
radiation 

kBq 
Co-60 
eq 

172.60 0.52 1.68 170.40 42.12 

Ozone 
formation 
(human 
health) 

kg 
NOx 
eq 

0.895 0.100 0.0430 0.752 0.251 
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Fine 
particulate 
matter 
formation 

kg 
PM2.5 
eq 

0.453 0.0577 0.0350 0.361 0.142 

Ozone 
formation 
(terrestrial 
ecosystems) 

kg 
NOx 
eq 

0.949 0.105 0.0450 0.800 0.264 

Terrestrial 
acidification 

kg SO₂ 
eq 

1.374 0.182 0.113 1.078 0.322 

Freshwater 
eutrophication 

kg P 
eq 

0.189 0.0011 0.0078 0.180 0.534 

Marine 
eutrophication 

kg N 
eq 

0.0428 0.00033 0.0098 0.0327 0.0165 

Terrestrial 
ecotoxicity 

kg 1,4-
DCB 

859.51 128.20 37.83 693.48 148.99 

Freshwater 
ecotoxicity 

kg 1,4-
DCB 

5.35 0.0475 0.434 4.869 2.20 

Marine 
ecotoxicity 

kg 1,4-
DCB 

7.83 0.132 0.544 7.154 3.14 

Human 
carcinogenic 
toxicity 

kg 1,4-
DCB 

14.66 0.156 2.666 11.84 5.77 

Human non-
carcinogenic 
toxicity 

kg 1,4-
DCB 

255.81 2.54 13.59 239.68 147.16 

Land use m²a 
crop 
eq 

97.56 0.039 16.84 80.68 2.13 

Mineral 
resource 
scarcity 

kg Cu 
eq 

0.317 0.0010 0.140 0.176 0.0456 

Fossil 
resource 
scarcity 

kg oil 
eq 

181.51 9.08 5.67 166.75 56.13 

Water 
consumption 

m³ 474.66 0.058 1.389 473.21 -0.370 
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7.2 Comparison with baseline system 

FISH OIL EXTRACTION 

The Figure 14 presents a comparison of GHG results (kg CO₂ eq) for the three extraction 
technologies evaluated at experimental scale, benchmarked against selected reference 
systems. Among the assessed configurations, SFE shows the best environmental 
performance, achieving approximately a 46% reduction compared to the benchmark 
value of 1.67 kg CO₂ eq for fish oil produced via wet rendering. 

 

 
Figure 14. GHG performance of fish oil extraction technologies vs benchmark 

Across all systems, the impact of electricity is similar. In the NADES process, additional 
thermal energy demand is included due to the assumption of solvent recovery through 
distillation. Furthermore, the use of a co-solvent (e.g. alcohol) contributes to higher 
impacts, which explains the significant increase in emissions associated with solvents in 
the NADES scenario. 
 

PROTEOLYTIC FERMENTATION - FPH 

To account for potential geographical differences in energy supply, three baseline 
scenarios were analysed: i) a generic European mix (Europe without Switzerland), ii) 
Spain (ES), and iii) Norway (NO). These scenarios reflect possible plant locations and 
allow assessing the sensitivity of the results to regional electricity mixes, particularly the 
low-carbon electricity supply in Norway compared to the more diversified mix in Spain 
and Europe (Figure 15). 
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Figure 15. GHG performance of food-grade FPH vs benchmark 

Results differ across regions mainly due to the electricity grid mix associated with each 
scenario. The Norwegian mix is largely based on hydropower, resulting in a low carbon 
intensity and therefore lower overall impacts. In contrast, the Spanish mix is more 
diversified and still partially driven by fossil fuels (e.g. natural gas), leading to higher 
emissions. The European mix represents a more conservative average, combining 
different national energy profiles, and therefore shows the highest impacts among the 
three scenarios. 
 
None of the assessed scenarios performs better than the selected benchmark at this 
stage; however, all results remain within the same order of magnitude. It should be noted 
that the benchmark is not directly comparable, as it represents a different product system 
(enzyme-based), although it provides a useful reference point. An additional benchmark 
for bioactive products reports significantly higher impacts (≈44 kg CO₂ eq), against 

which the VALORISH system would show an improvement. Nevertheless, as no data is 
currently available for the alternative bioactive product benchmark, it is excluded from 
the present assessment. Therefore, the analysis adopts the more conservative 
benchmark for comparison. 

 
HYDROLYSATE-BASED FERMENTATIONS - ASTAXANTHIN 

For the present analysis, only substrate-related flows (i.e. medium composition and 
inoculum) were considered, while utilities and downstream processing were excluded. 
This approach isolates the effect of substituting conventional refined fermentation 
substrates with FPH. 
 
Heterotrophic systems operate at relatively low astaxanthin titres, resulting in higher 
material demand per unit of product and consequently higher environmental burdens, as 
shown in Figure 16. These systems are therefore highly sensitive to yield. In contrast, 
higher-productivity systems significantly reduce the required fermentation volume and 
downstream processing, which partly explains the differences observed in reported 
impacts. 
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Figure 16. GHG performance of astaxanthin production: substrate-driven comparison 

 
 
The impact of glucose is primarily driven by its origin (maize starch) and, more 
importantly, by the low astaxanthin yield. As a result, large volumes of 
fermentation broth are required, containing approximately 30 g/L of glucose, 
which significantly increases its contribution to overall impacts. Potential 
improvement strategies include increasing product yield or replacing glucose with 
lower-impact carbon sources. 
 
FISH BONE VALORISATION: COLLAGEN AND HA 

For an initial integrated comparison, the benchmark for collagen production reported by 
GME (2023), equal to 86 kg CO₂ eq per kg of gelatine and collagen peptides, was 
adjusted to account for the co-production of HA. This was calculated by subtracting the 
HA credit (−1.91 kg CO₂ eq/kg) multiplied by the co-produced amount (2.18 kg) from the 

original benchmark, resulting in an adjusted value of 81.84 kg CO₂ eq. 
 
Given the wide variability observed in collagen yields, an uncertainty range was 
estimated for the EU electricity mix scenario. Even under the most conservative 
assumptions, the VALORISH process remains environmentally favourable compared to 
the benchmark. Under base-case conditions, the system shows a substantially lower 
climate change impact, with 57.72 kg CO₂ eq per functional unit, defined as the combined 
production of 1 kg of collagen and 2.18 kg of HA precursor. This corresponds to a GHG 
reduction of approximately 29.5% relative to the adjusted benchmark. 
 
The variability in collagen yields is represented by the red lines in Figure 17, illustrating 
their influence on overall system performance. Even in the worst-case scenario, the 
VALORISH process remains below the benchmark for GHG emissions based on the 
European electricity mix. If the plant is in Norway—where both lower-carbon electricity 
and higher availability of raw materials are expected—the GHG reduction could reach 
up to approximately 90% 
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Figure 17. GHG performance of collagen and hydroxyapatite production across electricity mixes 

7.3 Identification of hotspots 

FISH OIL EXTRACTION 
 
In fish oil production, electricity consumption is identified as the main hotspot across the 
evaluated extraction routes. Both SWE and SFE remain within benchmark ranges, even 
without accounting for potential credits from co-products, indicating competitive 
environmental performance at this stage. In contrast, the NADES route exhibits a 
significant hotspot associated with the upstream production of lactic acid, which 
dominates the overall climate impact. Additionally, a considerable amount of thermal 
energy is required to recover part of the NADES mixture through distillation, further 
contributing to the overall environmental burden of this configuration. 

 
PROTEOLITIC FERMENTATION - FPH  
 
The results indicate that FPH production is within the same order of magnitude as similar 
industrial biotechnological processes, such as the industrial enzyme benchmark Nielsen 
et al. (2007). The primary process hotspot is the drying stage, driven by the low initial 
soluble FPH concentration (6.22 g/L), which requires high thermal energy to evaporate 
the excess water (Figure 15). The carbon footprint is significantly lower in the Norwegian 
(NO) scenario due to its decarbonised electricity grid mix, which virtually eliminates the 
carbon footprint associated with power use in both evaporation and drying. However, the 
most substantial overall impact originates from the FPH liquid feed production (Figure 
15). 

 
The most influential factors are the thermal energy required for both sterilisation and the 
electricity consumed by the bioreactor throughout the 64.4-hour fermentation process. 
This extended residence time required to maximise hydrolysis in the shrimp/hake blend, 
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makes vessel agitation and aeration a key driver of the pre-treatment stage's 

environmental footprint.  
 
In addition to the impact associated with the production of the liquid FPH, the overall 
environmental impact is dominated by the concentration and drying stages, which remain 
the main contributors due to the low solid’s concentration of the initial liquid FPH stream, 
requiring the removal of a large mass of water per kg of final product. 

 
HYDROLYSATED-BASED FERMENTATION - ASTAXANTHIN 
  

The impact is primarily driven by the astaxanthin yield per litre of fermentation broth. 
Although glucose remains a major contributor, the overall results are strongly influenced 
by productivity.  

 
FISH BONE VALORISATION - COLLAGEN AND HYDROXIAPATITE 
 
The contribution analysis shows that the VALORISH process is primarily driven by 
energy demand, with thermal energy (steam) and electricity for calcination representing 
the main hotspots. Its contribution is markedly reduced under the Norwegian electricity 
mix, demonstrating that the process performance is largely driven by the electricity 
source rather than the intrinsic process design. 
 
In contrast, material inputs, such as enzyme addition, make a negligible contribution. 
This indicates that process optimisation should focus on energy integration rather than 
raw material substitution (Figure 18). 

 

 
Figure 18. GHG contribution breakdown for collagen and hydroxyapatite production  
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8. DISCUSSION 

Once the full VALORISH biorefinery system has been modelled, impacts are calculated 
for the different co-products to enable comparison with the benchmark fishmeal 
production system. 

8.1 Case studies analysis 

For Case study 1, some system elements remain under definition. In particular, the 
destination of the solid residue from oil extraction has not yet been fully established. This 
stream is expected to be valorised either by integrating it into the FPH production route 
or by anaerobic digestion. Based on process logic, FPH production is the most likely 
pathway; however, the current validated model still uses direct hake and shrimp inputs 
derived from experimental data. 

In addition, the integration of the surimi production route has not yet been included and 
will be considered in future iterations of the model. 

At the current stage, the system is based on experimentally derived data combined with 
scaling assumptions: 

• Each batch processes approximately 200 kg of fish by-products, corresponding to 
approximately 8,000 batches annually. 

• This results in annual production of fish oil from different feedstocks (e.g. salmon 
and sardine streams), reflecting variability in raw material availability. 

For the FPH route, a mixture of 13.07 kg of shrimp by-products and 6.06 kg of hake by-
products is diluted with process water to achieve an initial protein concentration of 20 g/L 
in the fermentation broth. This produces approximately 151 kg of liquid FPH at 6.22 g/L 
soluble protein concentration, which can be further processed into 0.939 kg of dried food-
grade FPH powder. 

For collagen production, based on a protein content of 18.1% (wet basis) and an average 
collagen yield of 68.98%, the effective output is estimated at 0.125 kg of collagen per kg 
of blended bones, corresponding to a requirement of 8.01 kg of bones per kg of collagen. 
In addition, the system co-produces approximately 2.18 kg of HA per kg of collagen. 

AD has not yet been fully integrated into the system boundaries. However, energy 
consumption associated with these streams has been partially accounted for at the 
product level. In the case of FPH, estimated credits have been included, while for 
astaxanthin production only energy consumption has been modelled. The integration of 
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credits from anaerobic recovery remains pending and will be refined as experimental 
data becomes available. 

Overall, the VALORISH system generates multiple value-added products from fish by-
products. For an input-based functional unit of 1 tonne of fish by-products, the product 
distribution is summarised in Table 21. 

Table 21. Product outputs from the processing of one tonne of fish by-products (VALORISH Case study 1) 

Feedstock Route Input 
(t/y) 

Share Input 
(kg 
per 
FU) 

Product 
output 
(per FU) 

Product 

Salmon Oil 1600 0.08285 82.85 39.11 kg Fish oil 

Sardine Oil 70 0.00362 3.62 

Hake FPH 45 0.00233 2.33 0.36 kg FPH (food 
grade) Shrimp FPH 97 0.00502 5.02 

Salmon 
bones 

Collagen 
+ HA 

7500 0.38836 388.36 113.13 
246.62 

kg Collagen 
kg HA 

Cod bones Collagen 
+ HA 

10000 0.51781 517.81 

The integration of the surimi production route and the valorisation of the solid residue 
from oil extraction remain pending and will be addressed in future stages of the model. 

 
 

For Case study 3, the FPH stream intended for bioactive peptide applications is instead 
converted into astaxanthin. Based on the process assumptions, approximately 13,500 
kg of FPH are required to produce 1 kg of astaxanthin. Therefore, the available 12.05 kg 
of FPH would yield approximately 0.89 g of astaxanthin (Table 22). 

 
Table 22 Product outputs from the processing of one tonne of fish by-products (VALORISH Case study 3) 

Feedstock Route Input 
(t/y) 

Share 
(%) 

Input 
(kg per 
FU) 

Product 
output 
(per FU) 

Product 

Salmon Oil 1600 0.08285 82.85 39.11 kg Fish oil 

Sardine Oil 70 0.00362 3.62 

Hake FPH-Ast 45 0.00233 2.33 0.89 g 
Astaxanthin Shrimp FPH-Ast 97 0.00502 5.02 

Salmon 
bones 

Collagen 
+ HA 

7500 0.38836 388.36 113.13 
246.62 

kg Collagen 
kg HA 

Cod bones Collagen 
+ HA 

10000 0.51781 517.81 

 
For the integration of products within the full biorefinery model, different electricity mixes 
were applied depending on the process. The Norwegian electricity mix was used for 
collagen production, which is considered the most representative scenario given the 
availability of fish bones. For the remaining products, the European electricity mix was 
applied. In Case Study 3, the full process model was used, including utilities. 
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The baseline scenario was constructed based on the life cycle inventory for fishmeal 
production. The original dataset corresponds to the production of 0.4 tonnes of fishmeal 
per tonne of fish by-products. For comparability, the functional unit was adjusted to 1 
tonne of fish by-products processed. Under these conditions, the system also generates 
approximately 37 kg of fish oil as a co-product. 

8.2 Interpretation of initial findings 

The results for the case studies analyses and the baseline scenario are presented in 
Figure 19. As expected, the baseline shows a lower climate change impact (kg CO₂ eq). 
However, these results are not economically allocated and reflect processing activities 
only.. Therefore, it is reasonable that higher-value products are associated with greater 
processing requirements and, consequently, higher GHG emissions. 
 
The results indicate that the main driver of environmental impact is the collagen and HA 
production route. This is primarily due to the distribution of feedstock within the system, 
where salmon and cod bones represent the dominant fraction of the processed by-
products. 

 

 
 

Figure 19. Environmental impact of processing 1 tonne of fish by-products: comparison of case studies 
and baselin 

To enable a preliminary comparison that accounts for the higher economic value of the 
products within the VALORISH cascade, the values reported in Table 23 were applied 
to each product. 
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Table 23. Product price assumptions used for preliminary economic allocation 

Product Price 
(€/kg) 

Range (€/kg) Source 

Astaxanthin 4,000 2,000 – 
7,500 

(Debnath et al., 
2024) 

Collagen (fish-derived) 15 10 – 25 Bulk6, fdcm7 

HA (industrial grade) 10 5 – 50 Alibaba8 

Fish oil 2 1.5 – 3 Tridge9 

FPH (food grade, 
powder) 

8 5 – 15 Assumption 

Fishmeal (baseline) 0.87 0.72 – 1 USD  Tridge10 
Prices were derived from market reports and industrial data sources and represent 
average bulk values for comparable product grades.  
 
The relative kg CO₂ eq per unit of economic value for the products obtained from 
processing 1 tonne of fish by-products (see Table 24) show that, although absolute 
emissions are higher for the VALORISH scenarios, the emissions per unit of economic 
value are significantly lower. 
 
Both Case study 1 and Case study 3 present very similar results, with carbon intensities 
of 0.166 and 0.170 kg CO₂ eq/€, respectively, which are less than half of the baseline 
value (0.435 kg CO₂ eq/€). 
 
This indicates that, despite higher processing requirements and total emissions, the 
VALORISH system achieves a substantially more efficient conversion of environmental 
impact into economic value compared to the conventional fishmeal production system. 

 
Table 24 Climate change intensity per economic value for VALORISH case studies and baseline scenario 

System CO₂ (kg CO₂ eq) Economic value (€) kg CO₂ eq / € 

Case study 1 705.496 4244.311 0.166222 

Case study 3 721.4574 4244.311 0.169955 

Baseline 184.17 423.40 0.435 

The results are particularly sensitive to price assumptions for fishmeal and collagen, as 
these products represent the dominant contributors to the total economic value of their 
respective systems.  
 
When normalised by economic value, all VALORISH case studies show significantly 
lower climate change intensity compared to the baseline fishmeal system. Notably, Case 

 
6 Bulk. (2026). Marine Collagen & Vitamin C. https://www.bulk.com/uk/products/marine-collagen-
vitamin-c/bpb-mcol. Accessed 21 april 2026. 
7 FDCM Ingredients. (2026). Fish Collagen. https://fdcm.eu/products/fish-collagen/. Accessed 21 april 
2026. 
8 Alibaba. (2026). Calcium Hydroxyapatite Price Listings. https://spanish.alibaba.com/g/calcium-
hydroxyapatite.html. Accessed 21 april 2026.  
9 Tridge. (2026). Fish Oil Price Data. https://dir.tridge.com/prices/fish-oil . Accessed 21 april 04 2026. 
10 Tridge. (2026). Fishmeal Price Trends. https://www.tridge.com/intelligences/fishmeal/price . Accessed 
21 april 2026. 

https://www.bulk.com/uk/products/marine-collagen-vitamin-c/bpb-mcol
https://www.bulk.com/uk/products/marine-collagen-vitamin-c/bpb-mcol
https://fdcm.eu/products/fish-collagen/
https://spanish.alibaba.com/g/calcium-hydroxyapatite.html
https://spanish.alibaba.com/g/calcium-hydroxyapatite.html
https://dir.tridge.com/prices/fish-oil
https://www.tridge.com/intelligences/fishmeal/price
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study 3 includes additional processing steps for astaxanthin production; however, this 
does not lead to a substantial improvement in carbon intensity, as shown in Figure 20. 

 
Figure 20. Climate change intensity per economic value across VALORISH case studies  and baseline 

 
While the VALORISH configurations exhibit higher absolute impacts, the significantly 
higher economic value of the co-products results in a reduction of approximately 60% in 
kg CO₂ eq per euro generated. This highlights the potential of the biorefinery approach 
to improve eco-efficiency through value-driven resource utilisation. 

8.3 Relevance for valorish KPIS 

The results presented in this deliverable provide key insights to guide decision-making 
across the technical work packages regarding the most suitable processing routes. In 
the case of fish oil production SFE clearly outperforms the alternative technologies, being 
the only option that surpasses the selected benchmark and meets the project KPI of 
achieving at least a 20% reduction in GHG emissions. 
 
For FPH production, the results fall within the same order of magnitude as the available 
benchmarks, although further work is required to identify or develop a more directly 
comparable benchmark to support a more robust assessment. In the case of 
astaxanthin, substituting conventional substrates such as peptone with FPH does not 
reduce GHG emissions relative to the benchmark, indicating that yield limitations remain 
the dominant factor influencing environmental performance. 
 
In contrast, collagen and HA production show strong environmental performance, 
meeting and exceeding the project KPIs. Moreover, the results highlight a significant 
sensitivity to geographical location, with potential GHG reductions of up to 90% when 
the process is modelled under a low-carbon electricity mix, such as in Norway. 
 
Overall, these findings support the prioritisation of specific valorisation pathways and 
highlight where further optimisation efforts should be focused in subsequent project 
stages. 
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8.4 Crosslinks with other assessments 

The environmental assessment developed in this deliverable is closely interconnected 
with the techno-economic (Task 6.2) and social (Task 6.3) assessments, forming part of 
an integrated and holistic sustainability evaluation of the VALORISH biorefinery. 
 

Strong synergies exist with the techno-economic assessment, as both analyses rely on 
shared process data, including mass and energy balances, yields, and process 
configurations. In addition, the economic data generated within Task 6.2, particularly 
product prices and cost structures, are directly used in this work to perform economic 
allocation, enabling the results to be expressed in terms of carbon intensity per unit of 
economic value (kg CO₂ eq/€). 
 
Links are also established with the social assessment (Task 6.3), as the environmental 
performance of the different valorisation pathways provides relevant context for 
interpreting social impacts. 
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9. CONCLUSION AND FUTURE WORK 
 

This deliverable presents the initial environmental assessment of the VALORISH 
biorefinery, developed in accordance with ISO 14040/14044. The analysis includes goal 
and scope definition, the establishment of baseline and benchmark systems, inventory 
analysis, impact assessment, and the interpretation of the main valorisation pathways 
based on the data available to date. 

 

The results indicate that the VALORISH concept can reduce environmental impacts 
compared to conventional systems, particularly when assessed on a value-normalised 
basis. Fish oil production via supercritical fluid extraction (SFE) is identified as the most 
favourable option, being the only configuration that meets the project KPI of achieving at 
least a 20% reduction in GHG emissions. Collagen and HA production show the 
strongest environmental performance, with reductions exceeding project targets and 
reaching up to 90% under low-carbon electricity scenarios. FPH results remain within 
the same order of magnitude as the benchmark, while astaxanthin production does not 
show environmental improvement due to yield limitations. 

 

When applying preliminary economic allocation, the VALORISH system achieves an 
approximate 60% reduction in carbon intensity (kg CO₂ eq/€) compared to the baseline, 
demonstrating improved eco-efficiency through higher-value product generation. 

 

Overall, the results provide a robust basis for guiding technical decision-making and 
prioritising optimisation efforts, particularly regarding yield improvement, electricity use, 
and process integration.  

 

In the final deliverable, the analysis will be extended to include optimised process 
estimates and a comprehensive assessment of all defined case studies. This will 
incorporate improved scaling models, higher-quality experimental data, and economic 
information from other WP6 assessments, further strengthening the robustness and 
representativeness of the results. Current case studies will be refined using scale-up 
data from bioreactor experiments provided by project partners, as well as outputs from 
the holistic model developed in WP4. In addition, the analysis of bioproducts will be 
expanded to include the production of bacteriocins and cobalamin, thereby enabling the 
assessment of the remaining case studies (2, 4, and 5). 
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11. ANNEXES 
 

ANNEX A: ADDITIONAL INVENTORY TABLES 

Summary of key process parameters and energy calculations for SFE (Salmon) 
configuration (per batch) 

Category Parameter Value Unit Description / 
Notes 

Batch basis Feed mass 
(m_F) 

150 kg/batch Fish by-products 
fed to the system  

Extraction time 
(t_use) 

0.5 h/batch Effective extraction 
time used for 
calculations 

Operating 
conditions 

Extraction 
temperature 
(T_ext) 

60 °C Laboratory-derived 
optimal condition 

 
Extraction 
pressure 
(P_ext) 

330 bar Industrial scenario 

 
Low pressure 
(P1) 

60 bar Post-expansion, 
compressor inlet  

Low 
temperature 
(T1) 

15 °C Post-expansion 
cooling 

 
Ambient 
temperature 
(T_amb) 

15.8 °C Used for thermal 
loss estimation 

CO₂ system CO₂ flowrate 
(ṁ_CO₂) 

975 kg/h Derived from batch 
recirculation  

CO₂ total per 
batch 

975 kg/batch Recirculated CO₂ 

 
CO₂ losses 9.75 kg/batch Assumed 1% 

losses  
CO₂ make-up 9.75 kg/batch Equal to losses 

Mass balance Oil yield 0.072 kg FO/kg 
feed 

Based on 
composition and 
extraction 
efficiency  

Oil produced 
(m_FO) 

10.83 kg/batch Calculated output 

 
Solid residue 139.17 kg/batch Remaining mass  
Fat content 14 % From ANFACO 

data 

Pre-treatment Milling energy 7 kWh/batch Based on industrial 
equipment 

Thermodynamics Pressure 
difference (ΔP) 

27,000,000 Pa (P2 − P1) × 1e5 
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CO₂ heat 
capacity (cp) 

0.85–1 kJ/kg·K Assumed values 

 
Compressor 
efficiency 

0.75 – Isentropic 

 
Pump 
efficiency 

0.75 – Assumed 

 
Heater 
efficiency 

0.98 – Electric heater 

 
Cooling 
enthalpy (Δh) 

227.58 kJ/kg CO₂ cooling + 
condensation  

Chiller COP 4 – Assumed 

Energy – pump Pump power 12.55 kW Based on ΔP and 
flow  

Pump energy 12.55 kWh/batch P × t 

Energy – cooling Cooling load 61.64 kWth Based on CO₂ flow  
Chiller power 15.41 kW Q/COP  
Chiller energy 15.41 kWh/batch P × t 

Energy – heating Heater power 11.05 kWth Based on cp and 
ΔT  

Heat supplied 39.80 MJ/batch Converted from kW 

Thermal losses Heat losses 7.16 MJ/batch UA × ΔT 

Electricity 
summary 

Main electricity 34.96 kWh/batch Milling + pump + 
chiller  

Auxiliary 
electricity 

2.80 kWh/batch 8% of main loads 

 
Total electricity 37.75 kWh/batch Final electricity 

demand 

Heat summary Total heat 46.96 MJ/batch Heater + losses  
Heat (electric 
equivalent) 

13.04 kWh/batch Converted 

Performance 
indicators 

Specific 
electricity 

3.49 kWh/kg FO Per kg product 

 
Specific heat 4.34 MJ/kg FO Per kg product  
CO₂ make-up 
intensity 

0.90 kg CO₂/kg 
FO 

Derived from batch 

 
 

Primary data reported in Mussagy et al. (2022) – Astaxanthin data to model benchmark 

Parameter Value Unit Description 

Glucose (inoculum) 20 g/L YPD medium 

Yeast extract (inoculum) 10 g/L YPD medium 

Peptone (inoculum) 20 g/L YPD medium 

Glucose (production) 20 g/L Medium 2:1 

Xylose (production) 10 g/L Medium 2:1 

Malt extract 3 g/L Production medium 

Yeast extract (production) 3 g/L Production medium 

Peptone (production) 5 g/L Production medium 

Inoculum ratio 10 % v/v Transfer to production 

Antifoam 2 g / 4 L g/L Equivalent to 0.5 g/L 

Astaxanthin content 503.66 μg/g DCW Yield basis 
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Primary data SINTEF experimentation – Astaxanthin data ti model VALORISH 

Component Value Unit 

Fish hydrolysate 30 g/L 

Glucose 20 g/L 

(NH₄)₂SO₄ 5 g/L 

Wolfes (inorganic nutrients) 5 g/L 

MgSO₄·7H₂O 0.5 g/L 

K₂HPO₄ 1 g/L 

NaCl 0.2 g/L 

Water 938.3 g/L 

Sterilised medium fraction 900 g/kg 

Inoculum fraction 100 g/kg 

Spent medium (excludes biomass water)  950 L/L 

Light fraction (spent medium after separation) 955 g/L 

Wet biomass recovered per L broth 45 g/L 

Dry biomass (from wet fraction) 9 g/L 

Astaxanthin in wet biomass 40 mg/kg 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


