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Abstract
This work investigates microalgae’s potential to reduce North-Western Europe environmental burden from excess nitrogen 
polluting groundwater and provide an environmental replacement for current animal feed. Algae uptake nutrients from 
nutrient-rich digestate from biogas plants and turn them into high-value feedstock, which can substitute soybean meal 
imported from overseas and avoid deforestation of rainforests. Life cycle assessments were conducted based on novel and 
original data from engineers in academia and industry, acquired through pilot-scale research facilities in the UK, France, and 
Belgium. The findings of this study highlight the environmental impacts of three different technologies with varying scales 
of production. Mixotrophic algal feed production shows higher productivities and fewer energy demands than the photo-
trophic systems. Still, the process is less favourable due to higher impacts on human health and ecosystems than imported 
soybean meal, whereas the impact on resources is more negligible. Sensitive analysis indicates that further technological 
development, increased productivities, and renewable energy use can improve the environmental competitiveness of algal 
feedstock. Since this process is a promising solution for making feedstock out of excess nutrients and having an alternative 
source for imported soybean meal with a comparable, efforts to realize these improvements and successfully upscaling algal 
feedstock production in combination with biogas plants are justified and can improve the environmental footprint of algal 
biomass production.

Introduction

Microalgae have been an all-rounder in the field of the bio-
economy for more than 50 years, in the sense of their capac-
ity to produce high-value products including food, feed, 
cosmetics and medicine, and third-generation biofuels in 
fresh or seawater or to be used in wastewater and flue gas 
treatment [1–3]. Regulating growth conditions, microalgae 
can be grown to produce algal biomass, which is rich in 
lipids, proteins, carbohydrates, vitamins, mineral salts, or 
carotenoids [1, 3]. Their great potential has kept the research 
vigorously ongoing, especially in the field of fuel and feed. 
In North-Western Europe (NWE), two environmental and 
socio-economic challenges could be addressed by linking 

the microalgae and the biogas technology: first, the eutrophi-
cation of groundwater and second, the dependency on soy-
bean imports to supply protein for food and feed.

Anaerobic digestion (AD) in NWE has become a robust, 
reliable, and widely used decentral technology to produce 
biogas converted into renewable electricity and heat or 
upgraded to methane and fed into the gas grid to substitute 
natural gas. The primary feedstock for anaerobic digestions 
(AD) in biogas plants is manure, crops such as maize, and 
organic waste [4]. Besides energy, the main output of biogas 
plants is the nutrient-rich digestate (NRD), which is applied 
as agricultural fertilizers. Since transportability of the NRD 
is somewhat limited, the concentrated NRD application can 
evoke at local scale high loads of nitrogen application which 
can exceed the nutrient demand of the plants grown on the 
fields. This, in turn, can lead to high nitrate concentration in 
the groundwater. Especially in sensitive areas, this eutrophi-
cation process is considered a critical issue for groundwater 
quality and human health in NWE. Microalgae can tackle the 
eutrophication challenge because of their ability to uptake 
nutrients from waste streams. By this, the nutrient load from 
spreading nutrient-rich digestate from biogas plants can 
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be reduced, and the eutrophication impacts in vulnerable 
groundwater areas can be reduced [5].

The second socio-economic and environmental challenge 
in NWE is the dependability on soybean meal (SM) imports 
to satisfy the demand for food and feed protein, especially in 
pig farming [6]. Soybean is one of the most important crops 
in the world to fulfil the need for feed, food, and biofuel 
[7, 8], and the global production area has been increased 
from 23.8 million hectares in 1961 to 120.5 million hec-
tares in 2019 [9]. Due to climatic conditions, they are mainly 
imported from South America [10], a key region in the world 
market for soybean, with Brazil, Argentina, Paraguay, and 
Uruguay being major producers and exporters worldwide. 
Since soybeans are mainly destined for animal feeding, their 
production plays a fundamental role in the environmental 
sustainability of the growing world livestock activities [11], 
which are currently attributed to the most significant impacts 
of agriculture [12]. Soybean production has negative conse-
quences for the environment, especially for preserving biodi-
versity. It requires long-distance overseas transportation and 
arable land, resulting in further rainforest deforestation in 
the SM exporting countries [10]. In addition to the environ-
mental damage, SM imports are also considered risk factors 
for the independence and resilience of the NWE food system 
and sustainable food supply.

Cultivating microalgae in local technical systems can 
reduce Europe dependency on soybean imports and the asso-
ciated environmental drawbacks. This is possible without 
intensifying land use competition at the same time since 
microalgae cultivation has very high efficiency and a low 
requirement for land, which does not need to be high-quality 
arable land. Besides, the production of an algal substitute for 
animal feed can facilitate the establishment of local value 
chains. Some microalgae species like Spirulina, Chlorella 
vulgaris, Scenedesmus, and Porphyridium sp. are evaluated 
to be suitable, even preferred as the protein source for some 
animals, mainly fish, poultry, and pigs [13]. Microalgae have 
a great potential to produce a protein with a significantly 
lower environmental impact. However, this requires fur-
ther research and development and a changed framework 
regarding the energy system. Comparative life cycle analysis 
(LCA) shows that the resource footprint of the large-scale 
soy meal production is 102 lower than small-scale micro-
algae production in ponds in the Netherlands [10]. The 
algae’s poor performance is mainly due to the energy-inten-
sive microalgae cultivation. Taelman et al. (2015) pointed 
out that higher algae productivity and the use of renewa-
ble energy could significantly decrease the environmental 
impact of microalgae feed production [10].

This work aims to investigate the environmental 
impacts of the combination of microalgae cultivation with 
different technologies and biogas production to reduce the 
nitrogen loads from NRD and replace soybean imports by 

the production of protein-rich feed for pigs in particular 
piglets [5]. The focus of the research is the comparative 
implementation of life cycle assessments based on primary 
experimental data from three different microalgae pilot 
plants in the UK, France, and Belgium applying NRD from 
biogas plants fed with agricultural waste (e.g. manure) and 
carbon-rich biogenic waste (e.g. from the food industry) 
for the cultivation of microalgae.

Methods and Materials

LCA Methodology

The method applied was LCA as this is a standardized 
analysis tool for compilation and evaluation of the inputs, 
outputs, and potential environmental impacts of a product 
system throughout its life cycle. In other words, it covers 
the environmental impact of every stage of a product or a 
system, from the utilized raw materials and their extrac-
tion, the production processes of the products, the opera-
tional impact “use phase”, and the end of life “disposal” 
[14].

This study follows the recommendations of the ISO 
14040 and 14,044 frameworks regarding goal and scope 
definition, inventory analysis, life cycle impact assessment 
(LCIA), and interpretation, as shown in Fig. 1. The tool 
used to carry out the LCA is openLCA version 1.10, an 
open-source software with a broad range of compatible 
databases and assessment methods that help to quantify 
the impact of different processes on the environment. The 
unit processes are selected from ecoinvent 3.5, which is 
used as the primary database. Ecoinvent provides real-life 
data in the form of “flows” that are interconnected with the 
environmental data of these flows [15].

Life cycle assessment framework

Goal and scope 
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Fig. 1   Stages of an LCA [14]
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Goal and Scope of the Study

The overall aim of the Interreg NWE funded interdiscipli-
nary research project “ALG-AD-Creating value from waste 
nutrients by integrating algal and anaerobic digestion tech-
nology” bringing together a group of scientists and engineers 
from 11 different partners from academics and industry in 
four countries across the NWE was to develop a circular 
economy solution to create wealth from waste by the integra-
tion of the algae technology into the NRD stream produced 
by anaerobic digestion plants by extraction and reduction of 
excess nitrate and making use of the scarce phosphorus. The 
goal of this study is to assess the life cycle of the ALG-AD 
technologies for their environmental impacts and to have 
valuable insights concerning the combination of biogas pro-
duction and microalgae cultivation.

The three pilot plants are located in the NWE region, 
specifically, the UK (Langage-SU), Belgium (Innolab-UG), 
and France (CNRS-UBO). This region is characterized by 
wet and windy weather with intermediate temperature vari-
ations. The pilot plants are designed in combination with or 
as an extension of three different biogas plants where an AD 
is used to produce biogas from crops, agricultural, and food 
waste as feedstock. After dilution and treatment, the liquid 
fraction from the NRD produced by the AD is applied as a 
nutrient source to microalgae. The cultivated microalgae are 
harvested, partially dried, and post-treated as animal feed. 

The LCA compares the combined algal AD technology 
with an existing animal feed production, considering that 
the algal-based feed product will substitute the traditional 
feed product. This work defines SM from Brazil as the refer-
ence product since it is commonly used as animal feed in the 
NWE region. Hence, overseas transportation and occupation 
of agricultural lands could be avoided by replacing SM with 
algae-based animal feed. Figure 2 shows the process outline 
of the ALG-AD.

Functional Unit and System Boundaries

The overall functional unit (reference product) of the ALG-
AD technology is described as “1 kg dry mass of algae-
based animal feed”. This functional unit shall consider and 
credit potential by-products and alternative functions (such 
as excess energy of the AD process, produced fertilizer, 
avoided emissions from NRD storage and spread) resulting 
from the overall system.

The general approach of the LCA is gate-to-gate. It, there-
fore, does not include production, collection, and delivery of 
the biomass feedstock for anaerobic digestion and excludes 
the use of algae-based feed additive in livestock produc-
tion (end product). The system boundaries of the LCA 
are shown in Fig. 3. The upstream processes include the 
production, pre-treatment of the digestate, and microalgae 
cultivation. The downstream processes include the harvest 
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Microalgae 
cul�va�on and 

harves�ng

Biomass 
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digestate
(NRD) Treated
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Fig. 2   LCA system boundaries of the combined algae and biogas process and single steps included in the LCA

Fig. 3   Generic LCA model of combined algae and anaerobic digestion (ALG-AD) technology with four subsystems and their major inputs and 
outputs
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and post-treatment to process the algal biomass to the feed 
product. The overall ALG-AD technology system (Fig. 3) 
consists of four subsystems (SS):

•	 SS1: Anaerobic digestion (including the combined heat 
and power plant)

•	 SS2: Digestate processing (separation of solids, nutrient 
separation, and preparation, i.e. dilution with water)

•	 SS3: Microalgae cultivation (inoculation, cultivation, and 
harvest)

•	 SS4: Algae biomass processing (incubation and spray 
drying)

Within the system boundaries, the following inputs and 
outputs are considered:

•	 Material input and output flows and their production pro-
cesses: biomass feedstock, freshwater, glucose feedstock, 
additional nutrients, chemicals for cleaning, ammonia 
emissions during biogas production, and NRD storage

•	 Energy inputs, outputs, and internal usage: for diges-
tate processing, pumping the NRD fertilizer and carbon 
source supply to the algae culture as nutrient and for pH 
control, heating and cooling the photo-bioreactor (PBR), 
and harvesting and processing the algal biomass

•	 Construction and infrastructure: buildings, greenhouse, 
filters, storage tanks for NRD fertilizer, pipelines, pumps, 
microalgae cultivation reactors, centrifuge, and incuba-
tion tank

The temporal boundary reflects a 1-year baseline period 
of the technology. Therefore, all data (by considering lifes-
pan and useful life of construction, appliances, or tools) is 
annualized accordingly.

ALG‑AD Pilot Plants and Case Studies Outline 
and Description

This section describes three different ALG-AD pilot plants 
with combined algae and biogas technology and their spe-
cific settings and configurations: Langage-SU, CNRS-UBO, 
and Innolab-UG. The description is based exactly on how 
the real experiments were conducted without any improve-
ment or literature-based protocols. More details about the 
subsystems are discussed in the “Life Cycle Inventory 
(LCI)” section.

Langage‑SU

The company Langage is active along the entire value chain, 
from the herding of cows to the sale of the dairy product. 
They have designed a closed-loop system consisting of the 
Langage Dairy Farm with 250 cows, the Langage AD plant, 

and the dairy production unit. The company uses bio-ferti-
lizer (digestate) from the AD plant to grow lush grass to feed 
its Jersey herd, which then produces the rich Jersey milk, 
which is turned into dairy products such as clotted cream 
and ice cream and yoghurt. Wastes from both the product 
outlets and the dairy products factory are brought back to the 
AD plant to produce electrical power, heat, and fertilizers 
required to run the Langage closed-loop system.

In this section, the base scenario of the ALG-AD pilot 
facility Langage-SU is described reflecting that of the actual 
pilot plant which is located within the AD plant Langage-SU 
in Plymouth and operated in association with Swansea Uni-
versity (SU), both located in the UK (Fig. 4). Being located 
within the AD plant complex, the digestate treatment, micro-
algae cultivation, and harvesting take place in a specially 
built greenhouse. The AD consists of three digesters fed with 
food waste and waste from dairy products. A combined heat 
and power plant (CHP) is affiliated to the plant, where the 
biogas is used to produce electricity and heat, for internal 
and external use. The digestate is treated on-site to separate 
the solid part from the liquid part. The solid part is then 
sun-dried and transported for use as a fertilizer, whereas 
the liquid part is further filtered and stored in a digestate 
storage tank to be used in the microalgae cultivation phase. 
Concerning the cultivation of microalgae, Chlorella vulgaris 
is the specie of choice. The culture is first cultivated under 
phototrophic conditions and then under mixotrophic condi-
tions before the algal biomass is harvested. Through hydro-
lyzation, the biomass can be treated to increase the bioavail-
ability of the ingredients, respectively, the protein content, 
and then dried to be eligible for use with the animal feed.

CNRS‑UBO

This part entails the base scenario of the ALG-AD CNRS-
UBO’s case study, where the processes to be mentioned 
reflect those of the actual pilot plant located in Brest 
(France) within the University of Western Brittany (UBO) 
and being investigated in close cooperation with the French 
National Centre for Scientific Research (CNRS), both 
located in France (Fig. 5). UBO is closely interlinked with 
the company Cooperl which is an agricultural and agri-food 
cooperative of the Grand-Ouest region of France. Over the 
years, it has become the French leader in pork with a very 
strong capacity for innovation and a perfect mastery of all 
the links in the chain from breeding, genetics, animal nutri-
tion, building equipment, slaughtering and processing, and 
salting to a network of butcher’s shops and delicatessens and 
even on-farm shops. Beyond that Cooperl operates a centre 
based on the circular economy which is dedicated to the 
recycling of effluents into organic fertilizers, energy (steam, 
biogas, and biofuels), and recycled water.
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The pilot plant for the cultivation of microalgae is 
located within the AD plant complex, however, in an unin-
sulated industrial building. The biomass feedstock is solid 
manure from local farms. Biogas is produced and sold to 
the national grid, while the energy required for running the 
plants is bought from the grid. The digestate is centrifuged, 

and the solid part is then dried and the liquid part delivered 
to the evapo-concentrator, to be filtered and purified. A 
heterotrophic-based reactor is used for microalgae cultiva-
tion. The species of microalgae used in this pilot is Auran-
tiochytrium m., which is a genus of eukaryotes. The algal 
biomass is harvested and treated to be used as animal feed.

Fig. 4   LCA model with four subsystems of the ALG-AD pilot plant Langage-SU in Plymouth, UK

Fig. 5   LCA model with four subsystems of the ALG-AD pilot plant CNRS-UBO in Lamballe and Brest, France
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Innolab‑UG

In this section, the base scenario of the Innolab-UG pilot 
facility at Innolab, located in Oostkamp, Belgium, and affili-
ated to the Ghent University, is described (Fig. 6). Innolab 
is a laboratory offering a wide range of services in connec-
tion with biogas production, purification of waste water, and 
analysis of biomass. They are a research and service labo-
ratory with more than 10 years of experience in the entire 
analytical follow-up and technical guidance of biological 
purification and processing. The AD plant, which is located 
in Pittem, 20 km away from the pilot plant at Innolab, is 
using food waste as the main feedstock. A CHP converts 
the biogas into electricity and thermal energy for internal 
use and to be fed to the grid. The digestate is treated first at 
the AD plant through centrifugation. The solid part of the 
digestate is dried and used as a fertilizer, whereas part of the 
liquid part is taken to the microalgae pilot plant Innolab-UG 
and further filtered before added to the PBR. Microalgae 
species mixture of Chlorella and Scenedesmus is used. After 
inoculation in the lab, the culture grows in a multi-layer hori-
zontal PBR, and the microalgae are continuously circulated 
in the PBR under the sun and flow through a dark tank trig-
gering a mixotrophic phase.

General Assumptions for the Three ALG‑AD Pilot 
Plants

The pilot facilities of the ALG-AD are assumed to operate 
in the same location without any renovation and under the 

same settings and policies for 11 months of the year. For 
1 month, the plants are not in operation to allow for main-
tenance work and major cleaning. This period of inactivity 
is divided into 4 weeks, and it is assumed that this produc-
tion stop will happen during 1 week every 3 months. How-
ever, regarding the ALG-AD pilot plant CNRS-UBO in 
France, the facility is assumed to be running for 12 months 
a year due to the simplicity of cleaning and maintaining 
the reactors.

Energy consumption during the inoculum preparation 
at the ALG-AD pilot plants Langage-SU and Innolab-UG 
was not considered, as it is done only at the beginning of 
the pilot plant operation and due to the negligible impact 
of this process in comparison to the whole system [16]. 
The embodied energy during the production and transport 
of equipment was not considered due to the complexity of 
acquiring such information. This complexity is based on 
the lack of reliable communication with the manufactur-
ers and/or confidentiality. Considering a lifetime of only 
1 year, constructions and equipment used within this pilot 
facility are assumed to have a maintenance-free 1-year 
operation. Since the pilot facility Langage-SU in Plym-
outh is located on-site of the AD plant, no transportation 
impact is included. The microalgae cultivation is assumed 
to be stable with continuous production throughout 1 year 
and with no contamination or crush of cultures. All the 
processes are done on-site with no transportation require-
ments to subcontractors. There was no monitoring of emis-
sions within the pilot facilities, and hence, data for gaseous 
emissions were not included.

Fig. 6   LCA model with four subsystems of the ALG-AD pilot plant Innolab-UG in Pittem and Oostkamp, Belgium
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Life Cycle Inventory (LCI)

Data acquisition is a very challenging yet sensitive step in 
LCA. It depends on the reliability of the source, from a fea-
sibility point of view and a veracity point of view. It also 
depends on the compatibility of these data with the database 
that is being used in the assessment, because in most cases, 
it is very hard to obtain and create LCA elements without 
having the background data at hand. Be it personal com-
munication or literature review, there are challenges with 
the ease and willingness of providing the data in a profound 
manner and challenges with the accuracy, punctuality, and 
availability of the data, especially for new technologies and 
processes. In this study, primary data from the project part-
ners working in the pilot facilities are used; however, some 
literature-based data was essential to create elements that 
were not provided or found on the database. Information 
about the equipment was gathered from the manufacturers’ 
websites and/or by interviewing colleagues from the relevant 
technical departments. Background data was based on ecoin-
vent database v3.5 [17].

Table S1 shows the inputs and outputs of the three ALG-
AD pilot plant base scenarios presenting two different 
cultivation technologies, which are compared during this 
assessment. Inputs and outputs of the LCA model including 
equipment, materials, and consumables data are found in 
Table 1. The negative numbers for the nutrients nitrogen, 
potassium, and phosphates displayed in Table 1 are given to 
acknowledge and model the reduced environmental impacts 
by the avoided nutrient excess from the digestate, which is 
up taken by microalgae instead of being wasted as shown in 
the cultivation section of Table 1. All equipment used at the 
microalgae facility is modelled according to available data, 
either from the partners, manufacture websites, or contacts 
in the industry. The details for the equipment mentioned as 
items in Table 1 will be found in Table S2 in the supplemen-
tary information.

Anaerobic Digestion and Biogas Plant (Subsystem 1)

In this section, details about the AD plant at each of the three 
ALG-AD pilot facilities are communicated. Since the AD 
plants at the three locations are not entirely part of the pro-
ject, not enough data could have been provided by the opera-
tors for a detailed description of subsystem 1. Therefore, for 
this study, readily available AD plants, as well as CHP units 
taken from the ecoinvent database v3.5, were scaled accord-
ingly to conform to a more realistic and consistent estimate.

Langage‑SU  The Langage-SU AD plant comprises three 
mesophilic digesters each of 1, 000 m3 in volume. The 
digester is fed with around 20, 000 t/year of feedstock from 
food waste and dairy. The AD plant produces 80, 000 t/year 

of digestate and 1.8E6 m3/year biogas. The total produced 
energy by the CHP unit is around 500 kWh/year, from which 
the pilot facility is powered. However, the data used in this 
study is based on a readily available process on ecoinvent 
v3.5 [18] and is scaled up to the size of that of the AD plant 
in Langage. For the CHP, also a readily available process 
from ecoinvent is used, representing the one in Langage-SU.

CNRS‑UBO  The AD plant located in Lamballe, France, has 
a mesophilic digester volume of 15, 000 m3 and is fed with 
wastewater from the slaughterhouse, pig manure, and recy-
cled water. The plant produces around 156, 000 t of raw 
digestate per year and 530 m3/h of bio-methane, purified and 
fed to the gas grid. For this study, the data used for the AD 
plant is based on the readily available AD process, which 
was also used for Langage, however, employing a higher 
scaling factor. As Systemic does not have a CHP unit on site, 
subsystem 1 for CNRS-UBO comprises only the AD plant.

Innolab‑UG  The AD plant belonging to the ALG-AD sys-
tem of Innolab-UG is not located at the PBR site but in 
Pittem. With a capacity of 180, 000 t of feedstock per year, 
the four digesters and a post-digester with a total volume 
of 20, 000 m3 are fed with organic bio-waste, manure, and 
other waste sources. Through the CHP unit, the plant can 
produce around 32, 500 MWh and 29, 100 MWh of heat and 
electricity per year, respectively. The readily available AD 
process [19] is scaled up to model the one in Pittem. Two 
readily available CHP processes are selected with the same 
load for the CHP unit.

Digestate treatment (Subsystem 2)

After disclosing the data used for the AD plant and the 
CHP unit, subsystem 2 (see Figs. 4, 5, 6) considers the 
treatment of the digestate before adding it to the culti-
var. In addition to the on-site treatment of the digestate 
at the AD plant, where separation of the solid digestate is 
essential for fertilizing applications, the digestate is fur-
ther treated at the pilot facility for sterilization and fur-
ther separation of the concentrate. The technology used at 
each location and its details are described in the following 
subsections.

Langage‑SU  At Langage-SU, the digestate is treated at the 
microalgae facility through filter membranes. A 0.2-μm 
mesh size filter membrane is used along with a dirty pump 
for 2 h for every 150 L digestate treated. The solid part is 
separated and dried and added to the solid fertilizer. The 
liquid portion is stored in a 1, 000-L intermediate bulk con-
tainer (IBC) tank at the facility to be ready for use during 
the cultivation process.
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Table 1   Inputs and outputs of 
the LCA model of the three 
ALG-AD pilot plants

ALG-AD pilot plants

Langage-SU CNRS-UBO Innolab-UG Unit

Greenhouse 140 - 52 m2
Subsystem 2: digestate treatment
Inputs
Untreated digestate 5 1.56E + 05 1.6 ton/yr
Filter membrane 1 - - Items
Electricity 77 36,500 - kWh/yr
Mobile pump 1 - - items
Polyethylene 12.7 - - kg/yr
Paper filter - - 1 Items
Centrifuge - 1 - Items
Polyacrylamide - 5.00E + 04 - ton/yr
Output
Treated digestate 4 1.70E + 05 1.5 ton/yr
Subsystem 3: microalgae cultivation and harvesting
Inoculation
Inputs
Glass tube 0.01 2 0.01 kg/yr
Polyethylene 0.0005 1 0.0005 kg/yr
F/2 media 2.5 - - g/yr
Glucose - 46 - kg/yr
Yeast - 0.2 - kg/yr
Sea salt - 34.5 - kg/yr
Water 1 6.8 0.5 m3
Electricity - 2 - MWh/yr
Output
Inoculum 1 6.9 0.5 ton/yr
Photo-bioreactors
Inputs
Polyethylene 500 - 9 kg
Polymethyl methacrýlate 505 - - kg
Polyvinylchloride 590 40 40 kg
Galvanized steel 5.7 - 0.4 ton/yr
Borosilicate glass - - 133 kg
Stainless steel - - 20 kg
Polyethylene terephthalate - 67 - kg
Cultivation
Inputs
Electricity 51 26.3 0.74 MWh/yr
Treated digestate 4 4.3 1.6 ton/yr
Inoculum 1 6.9 0.5 ton/yr
CO2 450 - 35 kg/yr
Glucose 132 2, 590 - kg/yr
Fluorescent lamp 40 - - Items
Heat pump 1 - - Items
Water 66 144 10 m3/yr
Nitrogen  − 147  − 100  − 35 kg/yr
Phosphates  − 2.5  − 3  − 0.08 kg/yr
Potassium  − 29  − 27  − 21 kg/yr
Pumps 3 2 1 items
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CNRS‑UBO  At Lamballe, France, the digestate is treated in two 
stages, the first is through a decanting centrifuge with the addition 

of polymer, and the second is through an evapo-concentrator. The 
treated digestate is then stored in a 1, 000-L IBC tank.

Table 1   (continued) ALG-AD pilot plants

Langage-SU CNRS-UBO Innolab-UG Unit

Yeast - 3.8 - kg/yr
Seawater - 1.44 - ton/yr
Blower - 1 - items
Outputs
Cultivar 11.26 144.5 8.8 ton/yr
Harvesting
Inputs
Electricity 0.96 9 0.12 MWh/yr
Cultivar 11.26 144.5 8.8 ton/yr
Filter membrane 1 1 1 items
Centrifuge 1 - - items
Pumps 2 1 2 items
Output
Biomass paste 0.82 7.2 0.44 ton/yr
Wastewater 11 130 9 m3/yr
Cleaning
Inputs
Water 348 713 84 m3/yr
Bleach 150 - - kg/yr
Sodium hydroxide - 240 - kg/yr
Sulphuric acid - 176 - kg/yr
Sodium metasilicate 54 - - kg/yr
Output
Wastewater 346 670 84 m3/yr
Subsystem 4: algal biomass treatment
Incubation
Inputs
Electricity 1.2 2.4 0.6 MWh/yr
Biomass paste 0.82 7.2 0.44 ton/yr
Enzyme 16.32 144.6 8.8 kg/yr
Polyethylene 12.7 12.7 12.7 kg/yr
Incubator 1 1 1 items
Water 0.82 7.23 0.44 m3/yr
Output
Hydrolysate 1.63 14.6 0.89 ton/yr
Spray drying
Inputs
Electricity 1.27 2.5 0.63 MWh/yr
Hydrolysate 1.63 14.6 0.89 ton/yr
Antioxidant 44 87 3.4 kg/yr
Drying agent 220 433 17.6 kg/yr
Spray dryer 1 1 1 items
Output
Dried powder 0.48 0.95 0.039 ton/yr
Wastewater 1.15 13.6 0.85 m3/yr
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Innolab‑UG  After treating the digestate at the AD plant in 
Pittem, some 80 L per week are transported to the microalgae 
facility in Oostkamp. The digestate is further filtered using 
the paper filtration technique to eliminate more solid chunks.

Microalgae Inoculation, Cultivation, and Harvesting 
(Subsystem 3)

This is considered to be the main subsystem of the ALG-
AD technology. It includes inoculation, cultivation of the 
algal species, and harvesting the algal biomass. For the 
three facilities, the inoculation process differs mainly in the 
algal species inoculated and the frequency of inoculation. 
There are many differences between the facilities for the 
cultivation, as will be discussed in the following subsec-
tions. This is also true for the different harvesting processes 
and frequencies.

Langage‑SU  The inoculation process starts in three lab-scale 
glass flasks of 1 L each and then moved to carboy bottles of 
5 L each before they are added to three 80-L polyethylene 
bags filled with water for final inoculation. The nutrients 
used during inoculation are in the form of F/2 media. After 
treatment, the growth medium is moved to the 7, 000-L 
vertical tubular PBR (V-PBR) and diluted with fresh tap 
water. The tap water is chemically treated with bleach and 
sodium thiosulphate and is set in continuous motion using 
pumps to prevent bacterial contamination. The cylinders 
of the V-PBR are made of polymethyl methacrylate sheets 
(PMME), whereas the pipework and valves are made of 
polyvinylchloride (PVC). Stainless steel frames are used to 
support the PBR structure.

During cultivation, filtered digestate from subsystem 2 
is added at an average of 90 L/batch. Liquid CO2 (31 L/h), 
which comes in pressurized bottle packs, is continuously 
added to adjust the pH of the culture. A heat pump and a 
lighting system consisting of fluorescent lamps with an 
annual energy consumption of 34 MWh and 1.8 MWh 
are employed. For the circulation of the culture, a pump 
is used with an annual energy demand of 2 MWh. After 
5 days of cultivation, around 15% of the cultivar is filtered 
in a 0.2-μm mesh size filter membrane to concentrate 
the culture preparing for the mixotrophic phase. The 
mixotrophic bioreactor (MBR) is a downsized version of 
the PBR, where only around 250 L of the cultivar can be 
grown before centrifugation. The algal biomass production 
increases from a concentration of 0.4 g/L in the PBR to 
6 g/L after membrane filtration and finally to 12 g/L after 
48-h growth period in the MBR. The mixotrophic phase 
requires an additional carbon input provided in the form of 
3 kg dextrose per batch of 250 L. A suspended centrifuge 
runs for 6 h every batch for the harvesting process, yielding 
270 g/L algal biomass paste.

CNRS‑UBO  This ALG-AD pilot CNRS-UBO differs from the 
other two ALG-AD facilities as here no prokaryotic micro-
algae but a unicellular eukaryotic heterotrophic fungus-like 
clade of Stramenopiles is applied. [20] Since they are con-
sidered as an increasingly important source of polyunsatu-
rated fatty acids (PUFAs) for biotechnological industries, 
these organisms are subsequently referred to in some litera-
ture and marketing sources as being derived from “algae”, 
despite their non-photosynthetic source organism. [21] The 
species Aurantiochytrium m. applied in CNRS-UBO belongs 
to the family of Thraustochytrids, which are associated with 
two main features responsible for the increasing interest in 
this family of microorganisms. They display high growth 
performance, reaching very high cell concentrations in a 
few days, and exhibit the striking ability to produce and 
accumulate docosahexaenoic acid (DHA). [19] In contrast 
with most microorganisms that produce saturated fatty acids 
as energy storage lipids, Thraustochytrids synthesize long 
chain-polyunsaturated fatty acids (LC-PUFAs), like DHA, 
as energy storage.

Aurantiochytrium m. is cultivated under heterotrophic 
conditions in batch system production. This entails that the 
inoculation is freshly prepared for every batch. The inoculum 
is prepared in 1-mL cryovials stored at − 80 °C then left for 
6 days with the addition of 20 g glucose, 2 g yeast, 2 g peptone, 
and 15 g sea salt for every litre. The inoculum is then moved 
into 24-L carboy bottles filled with water. The bioreactor used 
at CNRS-UBO comprises three PET columns of 800 L total 
volume and 500 L active volume each. As the cultivation type 
is heterotrophic, this eliminates the application of lighting 
systems and carbon dioxide. However, to ensure optimal growth 
conditions, the aforementioned additives are added with the 
following quantities: 2.5 t/year of 900 g/L corn syrup as a 
source of glucose, tap water, and sea salt for digestate dilution 
and a mixture of yeast and peptides of around 4 kg/year each, 
diluted in tap water. Three IBC tanks of 1 m3 each are used 
to store those three additives. Circulation pumps are used at 
the beginning of each batch during the addition and starting 
of the culture, whereas an air-blower running at one-fourth 
of its power rating is operating continuously. The reactors are 
cleaned after every batch with water. The cultivar is harvested 
twice a week through a tangential flow filtration system that 
concentrates the diluted algal biomass to an average of 90 g/L 
biomass paste to be further processed in subsystem 4.

Innolab‑UG  At Innolab-UG, the inoculation is like that at 
Langage-SU, done only at the beginning of the cultivation 
period. Lab-scale inoculum preparation follows almost similar 
procedures like the one at Langage-SU with the only differ-
ence regarding the source of nutrients, whereas at Innolab-UG 
treated digestate in place of F/2 media is applied. A horizontal 
tubular PBR (H-PBR) with a volume of 800 L is used for the 
cultivation process. The lifetime of the H-PBR at Innolab-UG 
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is estimated at around 10 years as it is made of glass, whereas 
that made of plastic would attain scratches from scrubbing and 
cleaning that would impact the light penetration through the 
tube walls, hence estimated to have around only 5 years life-
time. After filling the H-PBR with the inoculum and adding 
UV-treated tap water, the cultivation process runs for almost 
3 weeks before being harvested. During this period, liquid car-
bon dioxide (12 L/h) is supplied through pressurized bottles 
to adjust the pH of the cultivar. The cultivar grows on sunlight 
during the daytime; however, few fluorescent lamps are utilized 
to keep the culture from crashing during dark hours. The treated 
digestate is supplied at a rate of 30 L/month. After reaching a 
biomass concentration of around 2.7 g/L, about 500 L of the 
cultivar are filtered in a 0.2-μm mesh size filter membrane 
reaching a concentration of 150 g/L.

Biomass Treatment (Subsystem 4)

Subsystem 4 covers the post-treatment of the algal bio-
mass. The hydrogenation of the harvested algal biomass 
is carried out once for all three facilities simultaneously. 
Therefore, the data used for the LCA model is identical for 
all ALG-AD pilot facilities. However, each facility would 
be modelled to have the hydrolyzation equipment on-
site. These are incubation tank with temperature and pH 
control, settling tank, and spray dryer. During the hydro-
genation process, water for dilution is added depending 
on the amount of the harvested biomass with a 1:1 ratio 
and protease as the enzyme for hydrolyzation. Then, the 
hydrolysate is heated to 90 °C to stop the enzyme activ-
ity. After hydrolyzation, the hydrolysate is left to settle in 
an IBC tank as a conditioning step before going through 
the spray dryer. Modified starch is added to the biomass 
being dried as a protective agent to the algal biomass and 
ascorbyl palmitate, which acts as an antioxidant.

Soybean Meal Production (Reference Scenario)

Data used to model the soybean meal (SM) scenario is based 
on “Life cycle inventories of bioenergy”. [22] which consid-
ers materials energy consumption, Land transformation and 
emissions. In contrast, data for overseas transportation is 
acquired from [23] the Central West (CW) scenario in Brazil, 
where more deforestation and transport take place.

Life Cycle Impact Assessment (LCIA)

One of the limitations of environmental impact assessment 
(LCIA) is that it can never account for all impacts, espe-
cially not in one analysis. However, a significant number of 

methods provide a reliable and, in most cases, good over-
view of the product’s impact on the environment. ReCiPe 
2016 midpoint (H) is the chosen assessment methodology in 
this study. The authors of this method chose human health, 
ecosystem, and resource scarcity as the focus areas. For the 
NWE region, some of the most relevant and essential impact 
categories are addressed through this method: global warm-
ing potential (GWP), eutrophication, eco-toxicity, water 
depletion, and land use.

Mass Balance

The mass balances for the three ALG-AD pilot facilities are 
shown in figures S1, S2, and S3 in the supplementary infor-
mation. The mass balances depict the amounts of inputs and 
outputs to the main processes of the systems. A unit refer-
ence of 1 week was chosen as the average harvesting fre-
quency between the three facilities. The difference between 
the diagrams in mass and volume units of the harvested bio-
mass is due to the different measurements conducted by the 
technical partners and was left to avoid inaccurate calcula-
tions. The facility CNRS-UBO does not have an integrated 
CHP plant, so it was not included in the Figure. In subsys-
tem 2, the mass balance shows the amounts of raw digestate 
being treated either at the biogas plant or on-site at the pilot 
facility. Most digestate are depicted as an out of boundary 
value with a dashed line.

Results and Discussion

Base Scenario (LCA)

In this study, the environmental impacts of three ALG-AD 
pilot facilities in different locations in the NWE region 
were analysed. The study comprises the LCA of micro-
algae cultivation while utilizing the NRD digestate from 
AD plants. The digestate composition and the efficiency of 
nutrient removal by the microalgae are shown in Table 2. 
Moreover, the study incorporates the end product of the 
ALG-AD technology, which is 1 kg of animal feed. A 

Table 2   Digestate composition of the three regions and the efficiency 
of nutrient removal through microalgae cultivation

*Data from Scherer, Marisa Daniele, et al. 2017 [24]

Element Langage-
SU 
(mg/L)

CNRS-
UBO 
(mg/L)

Innolab-
UG 
(mg/L)

Assumed efficiency 
of nutrient removal 
(%)*

Nitrogen 4, 474 2, 480 2, 370 92.5
Phosphorus 135 138 9.6 51.9
Potassium 1, 360 1, 054 2, 130 62.9
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sensitivity analysis is also carried out to demonstrate and 
endorse possible technological improvements. Table 3 dis-
plays the different values of environmental impact catego-
ries based on the ReCiPe 2016 Midpoint (H) for the three 
base scenarios in the UK, France, and Belgium and the 
soybean meal imported from Brazil (reference scenario).

Following the endpoint area of protection approach, where 
the impact indicators are referred to three fundamental cat-
egories (human health, ecosystems, and resources through 
damage pathways) [25], the values in Table 4 could be col-
lated and plotted as shown in Fig. 7a. The vertical axis is the 
relative impact of each of the three ALG-AD facilities on the 
three areas of protection (AoP). The Innolab-UG facility has 
the highest impact in each of the three AoP: human health, 
ecosystems, and resources. This is due to the relatively low 
biomass powder production of only 38.5 kg annually and the 
energy source coming from the electricity grid of Belgium. 
Although the Langage-SU facility has a more complex system 
comprising two-step cultivation and extra filtration cycle with 
relatively larger capacities and high-energy consumption from 
continuous heating and illumination, its contribution to all AoP 
is minimal compared to the other two facilities. This is mainly 
due to the internal usage of energy from the AD plant and the 
relatively high biomass powder production of 484 kg annually.

Figure 7a also presents the impact of SM import from Bra-
zil to Europe. It is evident that the difference in environmental 
impacts compared to all three ALG-AD pilot plants is immense 
in the category of resources. However, an established industry 
like soybean production would generally have the edge over all 
other immature technologies, not to mention the difference in 

scale. What is abundant through assessing the three systems is 
that the potential of the ALG-AD pilot facilities to produce at 
least twice their current capacity is easily attainable with only 
a slight increase in energy and material consumption. This 
would narrow the gap between the two industries even at the 
pilot scale. Langage-SU is already close to having the same 
footprint as SM even though only 300 L is harvested weekly 
from the mixotrophic reactor. As per S.E. Taelman et al., in 
the upscaling scenario, a decrease by a factor of 23 could be 
achieved in the consumption of natural resources [26]. That 
goes back to nutrients and other consumables recycling, like 
water and flue gas recovery, PBR design optimization, and 
more energy-efficient equipment.

Table 3   Impact results of the base scenarios of the ALG-AD pilot facilities and the reference scenario SM of 1 kg FU

Impact category Unit Langage-SU CNRS-UBO Innolab-UG SM

Freshwater ecotoxicity (FET) kg 1, 4-DCB 0.32382 0.58425 1.26337 0.02855
Freshwater eutrophication (FE) kg P eq 0.00297 0.00667 0.01287 0.00056
Human carcinogenic toxicity (HT) kg 1, 4-DCB 0.78197 0.93444 2.98562 0.0577
Marine ecotoxicity (MET) kg 1, 4-DCB 0.47109 0.84049 1.82017 0.04421
Ionizing radiation (IR) kBq Co-60 eq 0.66336 82.47724 69.34049 0.02635
Stratospheric ozone depletion (SOD) kg CFC11 eq 8.9645E-06 5.40E-05 7.22E − 05 6.26E-06
Ozone formation, terrestrial ecosystems (OF-TET) kg NOx eq 0.01608 0.05068 0.09577 0.00981
Terrestrial ecotoxicity (TET) kg 1, 4-DCB 57.68807 79.6957 180.26584 2.70577
Mineral resource scarcity (MRS) kg Cu eq 0.06621 0.13714 0.39741 0.00689
Fine particulate matter formation (FPM) kg PM2.5 eq 0.0138 0.04745 0.13067 0.00932
Human non-carcinogenic toxicity (HNT) kg 1, 4-DCB 11.02283 19.51126 33.29799 0.84371
Ozone formation, Human health (OF-HH) kg NOx eq 0.01525 0.0496 0.09238 0.00899
Terrestrial acidification (TA) kg SO2 eq 0.03625 0.20585 0.68174 0.00873
Water consumption (WC) m3 1.17977 1.80172 3.69232 0.00532
Marine eutrophication (ME) kg N eq 0.00227 0.0156 0.02194 0.00248
Land use (LU) m2a crop eq 0.02525 0.09626 0.15355 6.60511
Global warming (GW) kg CO2 eq 7.61395 24.61413 66.87257 1.46029
Fossil resource scarcity (FRS) kg oil eq 2.45168 8.37444 24.83046 0.27643

Table 4   Present electricity mix of each country where the three ALG-
AD pilot facilities are located (2019)

*Data from 2019 (data and 
statistics—IEA)

Electricity production mix (%)

UK France Belgium

Natural gas 40.92 6.69 27.52
Hard coal 2.38 1.13 2.71
Oil and other fossil fuels 0.32 1.25 0.5
Hydro power 2.38 10.89 1.26
Wind power 19.81 6.07 10.21
Solar power 3.92 1.99 4.22
Nuclear power 17.36 69.90 46.55
Bioenergy 12.91 1.96 7.03
Tide energy 0.004 0.08 -
Geothermal energy - 0.02 -
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The other sub-figures of Fig. 7 depict the impact of the 
main processes of each facility following the usual Midpoint 
approach. Figure 7b assesses the Innolab-UG facility’s base 
scenario and displays a remarkable result that contradicts 
many literature findings [16, 27, 28] and the other two facili-
ties, claiming that the microalgae cultivation process, and 
especially in tubular PBRs, is usually responsible for more 
than 80% of the total impact, since the productivity was aver-
aged over 1 year with only a few weeks of poorly functioning 
cultivation, the facility engineers applied neither heating nor 
artificial lights at the reactor. This results in a significant 
decrease in consumables and equipment for the cultivation 
process. The biomass treatment is manifested in the case 
of Innolab-UG, due to the employment of the same post-
treatment equipment as the ones in the other two facilities, 
however, with a significantly lower production rate.

In the case of Innolab-UG and CNRS-UBO, the digestate 
treatment process is prominent. This goes back to the inten-
sive polymer use as a flocculant during the decanting cen-
trifuge process, as shown in Fig. 8b and c. The cultivation 
process at the CNRS-UBO facility is dominant compared 

to the other three main processes; however, when looking at 
the overall impact, it contributes to around 60% in each of 
the impact categories, which is less than the 80–90% from 
literature and as evident from Langage-SU in Fig. 7b. One 
of the reasons for that different behaviour is the intensive 
use of flocculants, as mentioned above; the other reason is 
the highly frequent operation of the harvesting membrane, 
demanding high-energy consumption from filtration and 
cleaning processes.

Figure 8 presents a more in-depth look into the different 
processes at each facility. The major hotspot between CNRS-
UBO and Innolab-UG pilot facilities and in literature is the 
electricity demand [26, 28]. For Innolab-UG and CNRS-
UBO, the electricity is provided through the national grid; 
the data used are from the electricity share in 2019, as listed 
in Table 4. The nuclear power share is the dominant one; 
hence, the unfavourable environmental impact goes along 
with natural gas. It is, however, predicted to decrease sig-
nificantly in the coming years if the energy transition con-
tinues and will reach considerably higher shares of renew-
able energy supply at the national scale. Dissimilarly, the 
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Fig. 7   a Overall contribution of the three ALG-AD pilot plants to 
the three main indicators of environmental impact, human health, 
ecosystems, and resources. b Main process impact assessment of the 
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gage-SU facility. d Main process impact assessment of the CNRS-
UBO facility
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electricity consumption at the Langage-SU facility is rela-
tively low due to the dependence of the pilot facility on the 
internally produced energy from the biogas plant. However, 
it should be mentioned that with a scale of 3, 000 m3 for 
Langage AD with annual electricity production of around 
4, 200 MWh, it is a lot smaller than those associated with 
the pilot plants in Innolab-UG and CNRS-UBO and yet only 
contributes an average of 20% to the environmental impact 
categories (Fig. 8a). The second hotspot of the Langage-SU 
facility is the PBR. The relatively large volumetric capacity 
coupled with a short lifetime and a low production capacity 
lead to the dominance of the bioreactors in the Langage-SU 
hotspot assessment.

The use of cleaning detergents is frequent at the Langage-
SU facility, especially in tap water treatment which is done 
on-site to prevent contamination while maintaining the 
water at a warm temperature. The impact of bleach, neutral-
izing agent, and sulphuric acid is rarely highlighted in the 
literature; it is usually ignored or manifested in water con-
sumption. The need for intensive cleaning of the harvesting 
membrane at the CNRS-UBO facility and the high harvesting 
frequency also made the impact of cleaning for CNRS-UBO 
noteworthy. For CNRS-UBO and Innolab-UG facilities, the 
high ratio of flocculant use in the decanting centrifugation 
process for initial digestate treatment has significantly influ-
enced the overall environmental impact of the two facilities. 
The drying additives are also considered hotspots in the case 
of the three facilities due to the high environmental impact 
of maize starch which acts as the raw material of those addi-
tives. Although used at a small ratio, enzymes produced from 
potato starch and bacterial strain and utilizing heat and elec-
tricity are also evident in the hotspot analysis, especially in 
the case of CNRS-UBO due to the relatively large biomass-
paste quantities. Finally, since carbon dioxide is essential for 
phototrophic cultivation, pressurized carbon dioxide bottles 
were used regularly for pH regulation. The high processing 
and material demand in producing these bottles are reflected 
in the hotspot analysis of Innolab-UG and Langage-SU.

The difference in production capacity of Langage-SU 
to that of Innolab-UG, although cultivating the same 
species, is due to the application of a mixotrophic process 
at Langage-SU. Even though the harvested capacity 
of Langage-SU is only 300 L, whereas the capacity at 
Innolab-UG is 400 L, the final algal biomass production 
of Langage-SU is more than 10 times that of Innolab-UG. 
However, the mixotrophic phase is more prone to crashing 
due to contamination, so the need for a sterile medium 
is crucial [29]. On the other hand, the heterotrophic 
cultivation at CNRS-UBO has the edge over the other 
facilities due to the frequency and amount of harvest, 
twice per batch and 1, 500 L per batch, respectively. These 
factors have overcome the advantage of the mixotrophic 
phase at Langage-SU, having the highest biomass 

productivity. Heterotrophic seems advantageous as a 
cultivation type, especially in regions with shorter and 
weaker daylight, as it avoids the need to supply carbon 
dioxide and lighting. The benefits can be captured in 
regions like NWE, with low average temperatures and 
less sunlight during wintertime, as here mixotrophic 
algae cultivation is a balanced compromise between good 
insulation for lower heating load, thus impeding light 
penetration open-air or greenhouse while consuming more 
heat energy [30].

Without any technological improvement, the facilities 
within the ALG-AD could increase their production capac-
ity within the same available space; PBRs can be larger in 
volume while occupying the same surface area due to the 
possibility of having multi-layer H-PBR and taller V-PBR. 
However, this upgrade would require more material and 
energy consumption, like more inputs to the culture, more 
reactor construction materials, and more operating hours of 
equipment. The yield of such a simple upgrade would lead 
to a drastic change in the environmental impact, although 
staying at a pilot scale. According to Smetana, Sergiy et al., 
studies showed that a 2.5 m3 heterotrophic reactor, 25 m3 
PBR, and an open raceway pond of 300 m3 could yield 
(1.4–1.8 t/year) dry algal biomass [31], in comparison to 
the ALG-AD facilities where the 1.5 m3 heterotrophic reac-
tor at the CNRS-UBO facility, yields around 1 ton/year of 
dried biomass, bearing in mind the change in growth rates 
between species. And at Langage-SU, a 0.3 m3 mixotrophic 
bioreactor being harvested weekly, which yields around 0.5 
ton/year of dried biomass. From these values, it is feasible 
to conclude that it is feasible to maximize the production 
capacity of the facilities with at least a factor of 2 with-
out requiring new resource-intensive equipment nor facility 
expansion.

Comparison Between the Base and Reference 
Scenarios

Soybean meal is modelled and assessed at 1 kg, matching 
the functional unit of 1 kg algal dried biomass. Comparing 
the impact of the SM from Brazil in this study with the one 
from [23], it shows that from this model, the impact of SM 
is twice as much as the one from them. Having only used 
their transportation data implies that the differences are 
due to SM’s plantation, processing, and local transporta-
tion. As seen from Table 4, the impact on acidification is 
around 8.7 kg SO2 eq, whereas in their study, the acidi-
fication impact in case of the CW scenario is 4.6 kg SO2 
eq for 1 t of SM; also, climate change impact was 960 kg 
CO2 eq in their case while in this study, 1460. In da Silva, 
Vamilson Prudêncio et al., they fed their model with data 
from a Spanish report, and due to the language barrier, it 
was hard to pinpoint the key differences [23].
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Microalgae as a feed source have been mentioned 
many times in literature to be a good substitute for SM 
and even have health benefits that SM lacks regarding 
protein content, carotenoid contents, and omega 3 fatty 
acids [32–34]. Moreover, the decentralization and local 
economic goals can be empowered through improving 
and encouraging local production. However, compar-
ing an immature technology as microalgae cultivation to 
a mature one, SM, is made not to declare a winner but 
rather show the potential and hotspots for improvement 
so that the developing technology could replace or be an 
alternative for diversity. Taelman et al. pointed out that 
as a result of a sensitivity analysis, they found out that 
microalgae cultivation could impact the same scale as SM 
if the energy sources are dependent on renewable energies 
and by using more efficient equipment [10]. Our results 
support this conclusion.

Sensitivity Analysis

The sensitivity analysis aims to assess the significance of 
potential improvements to the system and to present sci-
entific recommendations for the sustainable development 
of the technology. Three different hypothetical scenarios 
were conducted regarding the source of electricity, recov-
ery of CO2, and heat. All data used to replace the relevant 
inputs for the sensitivity analysis can be found in the sup-
plementary information in Table S3.

Source of electricity  This scenario differs from the base sce-
nario in that the energy source for the pilot plant Langage-
SU comes from the electricity grid of the UK. The electricity 
mix of the UK is shown in Table 4 along with the one of 
France and Belgium. On the other hand, in case of Innolab-
UG and CNRS-UBO, the electricity source is modelled to be 
coming from the biogas plant through a CHP unit.

CO2 recovery from a biogas plant  This scenario differs from 
the base scenario in that the CO2 needed during the auto-
trophic phase comes from the AD plant instead of using 
industrial CO2 bottles. There are three main types of CO2 
separation, either pre-combustion, post-combustion, or oxy-
fuel combustion [35]. A commonly applied CO2 separation 
method is used for the hypothetical scenario purpose, pre-
combustion with the absorption process [35, 36]. Data used 
for the model could largely deviate in real life as it is mainly 

based on assumptions and approximations due to the lack of 
data in the literature regarding CO2 recovery technologies.

Waste heat recovery  In the case of Langage-SU and CNRS-
UBO, heat from the CHP unit at the biogas plant is trans-
ported to the microalgae facility. This hypothetical scenario 
aims to show the impact of using the heat already produced 
at the biogas plant. Since this is not considered as waste heat, 
the CHP unit thermal parts were considered alongside the 
heat exchanger, vents, and ducts to transfer the heat. All data 
are acquired from ecoinvent database v3.5 and scaled-down/
up in line with approximations based on area and load [37].

Sensitivity Analysis Results

A sensitivity analysis was carried out using four hypothetical 
scenarios; the results are shown in Fig. 9. The plot depicts 
the deviation of the scenarios from the base scenario, a value 
of more than 1, meaning more significant impact and vice 
versa.

Langage‑SU  In the case of Langage-SU, changing the 
energy source to the electricity grid instead of the biogas 
plant resulted in a significant increase in the environmen-
tal impact from 9 indicators, as shown in Fig. 9a. The IR 
increase of a factor of 26 is due to the nuclear share in the 
electricity mix of UK Table 4. In contrast, the increase from 
the SOD, FPMF, and TA indicators comes from the percent-
age of bioenergy in the grid. The boost in the GW, FRS, 
FF-HH, and OF-TE impacts results from the share of natural 
gas and hard coal in the UK grid, which contributes most to 
the land use indicator. The other two scenarios, heat from the 
CHP unit and CO2 recovery from flue gases, do not depict 
any significant increase or decrease in the environmental 
impact.

In the case of internal usage of heat, the increase in the 
impact from some indicators originates from the extra instal-
ments necessary to transfer the heat. Finally, the recovery 
of CO2 from the biogas plant is almost only dominant from 
an impact point of view compared to the base scenario in 
the FRS indicator, which is due to the handling processes of 
pure CO2. The fluctuation of the Langage-SU_IC scenario 
compared to the base scenario is small and thus should be 
neglected due to the inaccuracy of the IC scenario model.

CNRS‑UBO  As a heterotrophic cultivation facility, glucose 
from a waste source like cellulose or factory waste (waste-
water) would have projected less environmental impact than 
the highly concentrated corn syrup used at CNRS-UBO [38]. 
However, there is no experimental data that suggests the 
same productivity and if at all, growth of Aurantiochytrium 
m., so only two scenarios were chosen for the sensitivity 
analysis of this facility. As shown in Fig. 9b, the use of 

Fig. 9   Sensitivity analysis of three hypothetical scenarios for the 
three ALG-AD pilot plants, with electricity from the grid (EM), heat 
from the biogas plant (IH), carbon dioxide recovery from the biogas 
plant (IC), and electricity from the biogas plant (IE). a Langage-SU, b 
CNRS-UBO, and c Innolab-UG

◂
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internal heat generated in the AD plant has led to a decrease 
in the environmental impact in all impact categories. This 
is due to lowering the electricity consumption from the grid 
and relying instead on a heat pump from the CHP unit. The 
lower impact of internal energy utilization is even more 
redundant for the other scenario CNRS-UBO_IE, where all 
electricity used at the pilot facility comes from the biogas 
plant. The maximal impact reduction in IR indicator is a 
result of nuclear power evasion, which shares 70% of the 
electricity grid mix (see Table 4). A significant reduction 
in MRS is also due to avoiding nuclear-based energy pro-
duction. Other footprints reduction results from avoiding 
power generation from conventional power plants like in 
GW and FRS. The major hotspots of the French electricity 
grid are nuclear, traditional power plants, and gas engine 
energy sources.

Innolab‑UG  For the scenario Innolab-UG_IE in Fig. 9c, 
where the facility depends on energy generated at the AD 
plant, the environmental footprint has also significantly 
improved similarly to the CNRS-UBO case. The differences 
in the magnitudes of improvement like in GW and other 
indicators are due to the more significant share of natural 
gas and bioenergy and the smaller share of nuclear in the 
Belgian electricity grid compared to the French one. For 
the other scenario where CO2 is recovered from flue gases 
instead of being supplied in bottles, the potential of improve-
ment exists but not at small scale.

Significance of the Results and Their Limits

With primary experimental data from three microalgae 
pilot facilities with individual settings at different locations 
to feed the life cycle assessment (LCA) model, this study 
aims to bridge the data and knowledge gap identified in 
the literature. With the LCA, we help to close the knowl-
edge gap on the environmental chances and challenges of 
combining microalgae cultivation with biogas production 
to create added value and establish a reliable and resilient 
circular bio-economy at local scale. In theory, coupling of 
microalgae and biogas technology looks like a win–win-
constellation by reducing biogas plants’ negative environ-
mental impacts by supplying nutrients and electricity, heat, 
and CO2 to microalgae cultivation. The three investigated 
facilities Langage-SU, CNRS-UBO, and Innolab-UG were 
all performing as bio-refineries in correspondence to exist-
ing AD plants.

The comparison of the environmental impacts of the 
young microalgae technology with the well-established 
soybean meal production is limited since the technologies 
are at different stages of maturity. The LCA results of the 
three facilities indicate that further development and experi-
ments are needed to improve the existing technologies and 

processes and investigate how coupling of biogas and micro-
algae technology can be reached in a more environmentally 
friendly way. One reason for the less favourite results of the 
algal-based feed production is that technologies and pro-
cesses are still under development and not yet commercial.

In addition, conducting an LCA for microalgae technolo-
gies is challenging to develop a consistent and comparable 
data inventory with real data from pilot plants. This requires 
a structured and consistent approach, e.g. a detailed ques-
tionnaire, a profound biological and technical understanding 
of both technologies, an iterative and multi-layered literature 
search, and close cooperation with the technicians of the 
pilot plants.

Performing sensitivity analysis helps to understand poten-
tial improvements while changing specific criteria for the 
technological performance and the process settings. The 
hypothetical scenarios used for the sensitive analysis were 
based on sustainable means of improving the technology, 
particularly the internal usage of electricity and/or heat and 
CO2 recovery. The results indicate that the environmen-
tal benefits of electricity use from biogas plants are much 
more significant than internal heat or CO2 use. It has to 
be noted that the uptake of nutrients from the digestate has 
environmental advantages, but large algae cultivation units 
operating at a continuous mode are needed to uptake sig-
nificant amounts of the liquid and pretreated digestate from 
biogas plants as the nutritional source for growing microal-
gae. The second main advantage is using the harvested and 
post-treated algal biomass as a source for animal feed, thus 
replacing imported soybean meal and closing in the regional 
nutrients cycle.

There is a broad scope of scenarios to investigate poten-
tial technological improvement from the environmental 
footprint perspective. However, the sensitivity analysis for 
this study was limited to only a few studies for each facility 
due to time and data availability limitations. Hypothetical 
scenarios to investigate the maximum production capacity 
according to space limitation would conclude an eviden-
tial assessment of the sustainability of this technology and 
thus its applicability at an industrial scale. Another scenario 
could be the recycling of wastewater to reduce water demand 
and the water footprint of algae cultivation which would 
have to be well treated for other than cleaning purposes to 
prevent the culture from contamination. Electricity sup-
ply from other renewable energy sources would also be a 
very promising analysis compared to electricity from the 
biogas plant. Depending on the region and the feedstock of 
the biogas plant, more efficient digestate treatment methods 
should be applied, which are less energy and material inten-
sive, like paper filtration. Given these many and different 
proposals for improving combining the microalgae and the 
biogas technology identified, further research in this area is 
considered highly promising.
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Conclusions

Nitrogen is an essential nutrient to support life but is 
poorly managed and mainly neglected in many transition 
pathways to sustainable agriculture. On the one hand, in 
regions with a high density of livestock farms and biogas 
plants, sustainable nitrogen management is a challenge 
that needs to be addressed with novel strategies to reduce 
the negative impacts on the environment, ecosystems, 
and human health. On the other hand, microalgae cultiva-
tion as a source of renewable biomass with many poten-
tial applications faces the challenge of finding a possible 
nutrient source acceptable for supplying at a large scale. 
Combining the innovative microalgae technology with the 
established biogas technology is an uncomplicated techno-
logical approach to sufficiently reduce the nutrient load of 
the biogas digestate. It offers two main advantages. First, 
pretreated biogas digestate provide suitable nutrients for 
microalgae cultivation. Thus, in regions with intensive live-
stock farming based on feedstock imports and biogas pro-
duction, groundwater is prevented from a further increase 
in nitrate content, as the microalgae extract parts of the 
nitrogen contained in the biogas digestate. Second, the 
produced algal and post-treated algal biomass can be used 
as a source for animal feed, thus replacing imported soy-
bean meal and closing the regional nutrients cycles. How-
ever, the LCA results show that imported soybean meal 
has significantly lower environmental impacts on human 
health and ecosystems than algal feedstock production. 
More research is needed to investigate further the impact 
of changing feeding strategies of the biogas fermenters and 
microalgae cultivation approach on the uptake of nutrients, 
the quality and quantity of algal feedstock produced, and 
the environmental impacts.
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