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A B S T R A C T   

Carbon and nitrogen present in residual water streams can be converted into microbial protein and used as 
animal feed in aquaculture. While microbial protein is thought to be more environmentally sustainable when 
compared to proteins made from fish residues or plants, nothing is known about how it performs in an absolute 
sustainability perspective, relative to planetary boundaries. Here, a systems-oriented analysis using life cycle 
assessment (LCA) linked to the planetary boundaries framework was conducted to assess environmental per-
formance of a pilot-scale microbial protein production from starch-rich process water using aerobic heterotrophs. 
Results showed that while this microbial-protein indeed performed significantly better than just fishmeal or 
soybean meal for impacts related to nitrogen (N) and phosphorus (P) flows, none of the three feeds were found 
sustainable in relation to all planetary boundaries. This constitutes an opportunity for technology developers 
when the microbial protein production is scaled up and matures.   

1. Introduction 

Global food and feed production is generally considered unsustain-
able, using ca. 30–50% of arable land, 70% of fresh water, and 20% of 
global energy production (Foley et al., 2011). The use of resources and 
energy is expected to increase, mainly due to increasing population and 
increasing middle class in developing regions of the world (Wiedmann 
et al., 2020). Thus, it is challenging to meet increasing demand for food 
and feed without pressing the Earth system beyond its environmental 
boundaries. 

Food and feed supply systems can be made more sustainable by 
decoupling animal food production from crop production through the 
use of microbial protein, i.e. proteins derived from microbial biomass 
(Matassa et al., 2015; Pikaar et al., 2018). Different organisms can be 
used for protein production, including yeasts (Aggelopoulos et al., 
2014), microalgae (Rasouli et al., 2018; Sui et al., 2019) or bacteria 
(Hülsen et al., 2018; Khoshnevisan et al., 2019; Matassa et al., 2016). 
Microbial protein has been traditionally produced using synthetic 
cultivation media or even natural gas (Westlake, 1986). Current 

research focuses on the development of potentially more sustainable 
second generation processes, whereby residual resources, like 
starch-rich process water, can be used as water, energy, carbon and 
nutrient sources to grow microbes rich in protein content (Hülsen et al., 
2018; Khoshnevisan et al., 2019; Rasouli et al., 2018). Cultivation of 
aerobic heterotrophs in high rate activated sludge systems, where bac-
teria are subjected to low solid retention times that promote carbon 
assimilation, has been proposed as a mean to enhance energy recovery 
(Meerburg et al., 2015) and recently as a process for microbial protein 
production from food and beverage residual waters (Muys et al., 2020). 

Environmental sustainability assessment of microbial protein can be 
done in two complementary ways: (1) by quantifying environmental 
impacts attributed to microbial protein and comparing them with im-
pacts of traditional protein sources, like fishmeal or soybean meal (i.e., 
relative sustainability assessment) (Järviö et al., 2021; Spiller et al., 
2020); or (2) by relating impacts attributed to microbial protein to 
sustainable level of impacts, like those defined by the environmental 
boundaries of the Earth system (i.e., absolute sustainability assessment) 
(Bjørn and Hauschild, 2015). 
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For the relative approach, life cycle assessment (LCA) has tradi-
tionally been used (ISO, 2006). The life cycle inventory (LCI) phase of 
the LCA quantifies the flows of resource consumptions and emissions 
that are associated with a specific good or service (e.g., production of 1 
ton of aquaculture feed), when considering all the processes that are 
involved in the whole underlying life cycle. In the life cycle impact 
assessment (LCIA) phase these input and output flows are translated into 
potential environmental impacts using substance-specific indicators for 
different categories of environmental impacts (like climate change, 
terrestrial eutrophication, water use, etc.) (Hauschild and Huijbregts, 
2015). 

The planetary boundaries framework (PB), originally proposed by 
Rockström et al. (2009) and updated by Steffen et al. (2015) has iden-
tified 9 key Earth system processes and defined quantitative planetary 
boundaries which delimit a “safe operating space” for humanity to act 
within. Recent developments on linking LCA to the planetary boundaries 
framework include: (1) development of LCIA indicators in metrics cor-
responding to those of the control variables of the planetary boundaries 
(Ryberg et al., 2018b, 2016), and (2) development of approaches to 
calculate a share of the safe operating space that can be attributed to a 
specific product, service or sector (Bjørn et al., 2020; Hjalsted et al., 
2020; Ryberg et al., 2020a). These developments make existing LCA 
modeling tools and inventory databases useful for assessment of per-
formance products in technologies in relation to planetary boundaries 
(Algunaibet et al., 2019; Ryberg et al., 2018a; Wheeler et al., 2020). The 
planetary-boundaries based metrics can also be used for relative as-
sessments, by comparing indicator scores directly among product groups 
fulfilling the same function, as done using conventional LCIA methods 
(Owsianiak et al., 2014). 

Sustainability implications of second-generation microbial protein 
used as feed have been discussed in the literature and assessed using 
conventional LCA (Järviö et al., 2021; Matassa et al., 2015; Pikaar et al., 
2018; Sillman, 2020; Spiller et al., 2020). However microbial protein 
has not yet undergone sustainability assessment in relation to planetary 
boundaries. Absolute assessments are needed to inform about the 
environmental sustainability performance of microbial protein in rela-
tion to absolute environmental boundaries. The used absolute environ-
mental boundaries are founded in natural science and subsequently 
specified to align with the evaluated technology. This allows for (i) 
target driven development where products are developed to respect the 
product specific boundaries; and (ii) evaluation of existing technologies 
with regard to whether the technology contributes to staying within the 
environmental boundaries and, thus, can be considered sustainable in an 
absolute sense (Bjørn et al., 2020). This is in contrast to conventional 
LCA where product environmental performance can be related to e.g. 
similar technology benchmarks, which allows for evaluating if a tech-
nology is more sustainable than technology alternatives, but not if it can 
actually be considered sustainable in an absolute sense. Thus, absolute 
sustainability assessments provide relevant added value that is com-
plementary to the information provided by conventional LCAs (Bjorn 
et al., 2020; Ryberg et al., 2016). In the microbial protein context, it is of 
particular interest to examine how microbial protein performs in rela-
tion to the planetary boundary for nitrogen flows, as microbial protein 
based feeds are thought reduce amount of reactive nitrogen (fertilizers) 
that is needed for production of conventional feed (Matassa et al., 2015). 

This study aims to quantify relative and absolute environmental 
sustainability performance of second-generation microbial-protein 
based aquaculture feed produced from starch-rich process water using 
aerobic heterotrophs. The relative assessment was done by comparing 
impact scores of the microbial protein based feed (containing 20% of 
microbial protein and 80% of fishmeal, selected on the basis of nutri-
tional criteria in relation to the zootechnical performance), with those of 
sole fishmeal and sole soybean used as shrimp feeds in aquaculture. The 
absolute assessment was carried out by relating impact scores of the 
three feeds to planetary boundaries downscaled to each of the feed 
product. For both assessments, indicators developed by (Ryberg et al., 

2018b), which are available for a total of 85 elementary flows recog-
nized as dominant contributors to transgressing specific planetary 
boundaries, were used. 

2. Methods 

2.1. Microbial protein 

Diluted process streams, originating from the potato processing in-
dustry, which are otherwise lost or even a cost, are upgraded to valuable 
microbial protein (SCP or single cell protein). The upgrading technology 
is a patented aerobic fermentation process using a mixed microbiome 
(Verstraete et al., 2015). Briefly, aerobic heterotrophic bacteria are 
grown in a continuous flow bioreactor fed with starch-rich waters from a 
potato processing factory. The bioreactor is equipped with a fine bubble 
aeration system, with air coming from an air blower, and a centrifugal 
pump is used to recirculate the mixed liquor and avoid dead zones. 
Mixed liquor is pumped using a submersible pump into a centrifuge 
which separates cells from the liquid. The resulting paste containing 
microbial protein is dried using low temperature drier, consisting of a 
conveyor belt running over a heated hot water. An airflow of slightly 
heated air is additionally applied on top of running belt to improve 
evaporation and provide evaporative cooling of the microbial protein. 
The dried paste takes a form of flakes. These flakes are removed from the 
conveyor belt by applying limited shear. Process wastewater originating 
from separation of cells from liquid is first treated using an up-flow 
anaerobic sludge blanket (UASB), followed by conventional waste-
water treatment. Details of the fermentation process are presented in the 
SI, Section S1. 

2.2. Life cycle assessment linked to planetary boundaries 

The LCA was conducted in accordance with the requirements of the 
ISO 14,044 standard and the guidelines of the European Commission’s 
ILCD Handbook (EC-JRC, 2011; ISO, 2006). Following the guidelines of 
Ryberg et al. (2018b), changes had to be made in some specific aspects 
of the LCA methodology to allow indicators of planetary boundaries to 
be used in the LCIA phase of the LCA. They will be explained where 
relevant. 

2.2.1. Functional unit 
The primary function of feed is to provide nutrients for shrimp 

growth in pond systems. The functional unit was therefore defined as: 
“provision of nutritional value to edible whiteleg shrimp (Litopenaeus 
vannamei) required for production of 1 tonne per year of shrimps in an 
intensive aquaculture production system, at feed conversion ratio be-
tween 1.2 and 1.8 and yield of at least 61 tonnes per hectare of pond”. 
This definition allows for a fair comparison between feeds with slightly 
different nutritional values (feed conversion ratio ranging from 1.5 to 
1.7 in our systems), while still being appropriate for intensive aqua-
culture, where achieving sufficient yield is important. Expression of the 
functional unit in mass per unit of time is not common in LCA, but was 
necessary as the planetary boundary based LCIA method requires that 
function is assumed to be provided continuously (Ryberg et al., 2018b). 
A secondary function that the microbial protein system provides is the 
treatment of starch-rich process water, and this function was also 
considered in the assessments. 

2.2.2. Scenario analysis 
Belgium is the primary geographical scope because this is where the 

technical installations are located. Shrimp farms were assumed to be 
located in Europe (which is the second biggest importer worldwide 
shrimps) and in Ecuador, Vietnam, and Thailand, which are some of the 
main producers of whiteleg shrimp (Garlock et al., 2020). A quarter of 
total production was distributed to each of these four locations. In the 
baseline scenario (Scenario 1), the MP-based feed is made from 20% of 
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the actual microbial protein and 80% of fishmeal. 
Sensitivity of the results to discrete parameters (e.g., feed composi-

tion, plant scale, and composition of electricity grid mix) presented in 
Table 1 was conducted by comparing impact scores for these scenarios 
with those of the baseline scenario (Rosenbaum et al., 2018). Experi-
mental studies showed that this is the most likely composition of the 
MP-based feed (Mullem et al., 2018). Five other scenarios were con-
structed to compare the MP-based feed with alternative protein sources 
and to illustrate potential of the technology when optimization measures 
for the MP production are implemented. The alternative protein sources 
were either sole fishmeal (Scenario 2) or sole soybean meal (Scenario 3) 
produced at full commercial scale (Van Nguyen et al., 2018; Yang et al., 
2015; Yun et al., 2017). In addition, we included a hypothetical, but not 
unrealistic, scenario where microbial protein is the only protein source 
(Scenario 4). Microbial protein has similar amino acid profile and di-
gestibility when compared to the either soybean or fishmeal (see 
Table S1 in the SI, Section S1), and has similar effects on shrimp growth 
in terms of resulting feed conversion ratio and yield when compared to 
fishmeal and soybean meal (Pikaar et al., 2018). Finally, we tested two 
potential future optimization scenarios as particularly relevant to 
consider by the MP producer. MP production can be optimized by 
decreasing energy inputs (per unit of MP produced) as the production 
scale increases from pilot to full commercial scale. As the extent of this 
reduction is not so straightforward to estimate basing on plant scale data 
and in the absence of flowsheet simulations, we included a scenario (that 
is, Scenario 5) where heat and energy inputs (per unit of shrimp pro-
duced) needed for aeration, pumping, centrifuging and drying are 
reduced by a factor of 5 relative to the baseline scenario. The producer 
considers this value to be in higher range of realistic values. Further, 
consistently with long-term expectations about development of future 
energy systems in Belgium, we additionally included a hypothetical 
scenario where the current Belgian electricity grid mix is replaced by 
power from offshore wind turbines (Scenario 6). This represents 
long-term vision of the protein producer (Matassa et al., 2015). An 
overview of all scenarios is given in Table 1. 

2.2.3. Modeling framework 
Production of MP-based feed and its use in aquaculture is a relatively 

new technology and its implementation is not expected to cause large 
scale consequences (like the need to install new power plants, etc.). 
Therefore, the current LCA is considered a micro-level decision support 
situation (referred to as “situation A” in the ILCD handbook) (EC, 2010). 
This implies that: (i) system expansion is the preferred way to solve 
multifunctionality, and (ii) average processes are used to model the 
background system of the study. Note that dominant databases of life 
cycle inventories, however, including ecoinvent (Wernet et al., 2016), 
are not fully in line with these two recommendations. For example, in 
ecoinvent either system expansion using marginal processes is system-
atically used in the consequential version of the database, or allocation is 
systematically used in the allocation-based versions of the database 
(Wernet et al., 2016). To model the background system of the MP-based 
feed, we therefore chose to use the allocation version (cut-off). This 
version is deemed more appropriate for absolute environmental sus-
tainability assessments because it does not introduce avoided processes 
in the assessment. The problem with avoided processes is that result 
becomes dependent on the associated avoided impacts and, thus, rela-
tive to the avoided processes (which occur in the consequential version 
of ecoinvent) (Ryberg et al., 2020b). For the same reason, we applied 
actual system expansion (that is, expanding compared systems rather 
than giving impact offsets to the system of interest) to solve multi-
functionality in the foreground system. Although the use of 
allocation-based (cut-off) version of ecoinvent to model foreground 
system is a source of uncertainty, the use of the consequential database 
was expected to lead to larger bias owing to important differences be-
tween average and marginal electricity mixes in Belgium. 

2.2.4. System boundaries 
Fig. 1 shows system boundaries for the three feeds. The system 

boundaries of the MP-based feed, include pumping of starch-rich process 
water from a neighboring potato processing facility into the MP pro-
duction site, construction of reactors and supporting equipment 
(aerator, centrifuge, dryer), cultivation of aerobic heterotrophs and re-
covery of resulting protein (including supply of electrical energy for 
centrifuging and drying of microbial biomass), treatment of rejected 
water from centrifuging and drying (further referred to as process 
water), production of the resulting feed by mixing with fishmeal protein, 
transportation of the feed and their use in shrimp aquaculture, man-
agement of biowaste (shrimp feces), and decommissioning of the pro-
duction installations (Fig. 1a). As the fishmeal and soybean meal 
product systems were expanded to consider incumbent management of 
starch rich process water, benefits from CO2 fixed into potatoes when 
they were grown were not accounted for. However, biogenic emissions 
of CO2 during organic carbon oxidation had to be attributed to the mi-
crobial protein production as they belong to the microbial protein life 
cycle. For all feeds, aquaculture ponds are dried for two months every 
year, and dried feces are disposed onto agricultural soils. System 
boundaries of the fishmeal and soybean feeds also cover the full life 
cycles, and are mainly based on existing ecoinvent 3.5 processes 
(Fig. 1b,c). To make the comparison between the three feeds fair and 
product systems functionally equivalent, systems for the fishmeal and 
soybean meal were expanded by adding incumbent treatment of the 
starch-rich process water, modelled using average technology consis-
tently with ILCD recommendation for the micro-level decision support 
situation (EC-JRC, 2011). Note, that shrimp aquaculture was not 
modelled as it was not required to fulfill the functional unit. 

2.3. Relative assessments 

Planetary-boundary specific impact scores were calculated for each 
feed by multiplying elementary flows rates contributing to given plan-
etary boundary by their corresponding metrics (in LCA referred to as 
characterization factors, CF), and summing resulting indicator scores 
(Eq. (1)). 

Table 1 
Overview of scenarios considered in the LCA.  

No. Sensitivity 
parameter 

Feed 
composition 

Production system Electricity grid 
mix a 

1 Baseline Microbial- 
protein based 
feed (20% MP, 
80% fishmeal) 

Pilot-scale current Belgian 
electricity grid 
mix 

2 Protein 
source 

Fishmeal Full commercial 
scale 

current Belgian 
electricity grid 
mix 

3 Protein 
source 

Soybean Full commercial 
scale 

current Belgian 
electricity grid 
mix 

4 Protein 
source 

Microbial 
protein only 
(100% MP) 

Pilot-scale current Belgian 
electricity grid 
mix 

5 Production 
system 

Microbial 
protein only 
(100% MP) 

Pilot-scale with 
optimized energy 
consumption (20% 
of baseline energy 
use) 

current Belgian 
electricity grid 
mix 

6 Electricity 
grid mix 

Microbial 
protein only 
(100% MP) 

Pilot-scale with 
optimized energy 
consumption (20% 
of baseline energy 
use) 

Electricity grid 
mix based on 
100% offshore 
wind power  

a Belgian electricity grid mix as used is based on: 6.66% coal, 27.71% natural 
gas, 13.48% nuclear power, 0.05% hydropower, 1.52% wind power, solar, etc.; 
7.04% biofuels and waste and 43.53% oil (Wernet et al., 2016). 
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If ,b =
∑

i
mi⋅CFi,b (1)  

where If,b is the impact score of feed f for the planetary boundary b, mi is 
the elementary flow rate of substance i (either emission or resource 
input) that is reported in the inventory of feed f, CFi,b is the character-
ization factor for substance i, indicating the potential of that substance 
to contribute to the impact on planetary boundary b. The set of char-
acterization factors developed by (Ryberg et al., 2018b) was used. Note, 
that to be consistent with the functional unit which is fulfilled each year, 
these characterization factors are expressed per unit of elementary flow 
rate (i.e., in mass per time) rather than just per unit of the elementary 
flow (i.e., in mass). Details of the planetary boundaries are presented in 

Table 2. Details of their selection are presented in the SI, Section S2. 
To illustrate the significance of the planetary-boundaries method 

when used in relative assessments, impact scores calculated using the set 
of characterization factors of Ryberg et al. (2018) were compared with 
those calculated using ReCiPe 2016 at midpoint for hierarchist 
perspective (version 1.05, as attached to SimaPro, version 9.2.0.2) 
(Huijbregts et al., 2016). 

2.4. Absolute assessments 

To determine whether a given feed can be considered sustainable in 
relation to planetary boundaries, impact scores quantified using Eq. (1) 
must be compared to the feed- and boundary-specific safe operating 

Fig. 1. System boundaries of the (a) microbial protein based feed composed of microbial protein (20%) and fishmeal (100%); (b) fishmeal; and (c) soybean meal. 
Red dashed line indicates system expansion, applied to make the fishmeal and soybean meal systems functionally equivalent to the MP-protein based feed. This 
system expansion was done by adding the incumbent management of starch-rich process water to the fishmeal and soybean meal product systems. 

Table 2 
Planetary boundaries used as impact categories in the life cycle impact phase of the LCA. Ranges indicate uncertainties in planetary boundary values and resulting full 
safe operating space (Steffen et al., 2015).  

Planetary boundary Unit Planetary boundary value 
(min-max) 

Natural background 
level 

Full safe operating space, Sfull,b 

(min-max) 
Human contribution to the 
current value 

Climate change (energy 
imbalance) 

W m− 2 1–1.5 0 1–1.5 2.3 

Climate change (CO2 

concentration) 
ppm CO2 350–450 278 72–172 118.5 

Ocean acidification Ωaragonite 2.75–2.408 3.44 0.688–1.032 0.55 
Stratospheric ozone depletion DU 275–260 290 15–30 90 
Phosphorus flow - regional Tg P 6.2–11.2 0 6.2–11.2 14 
Nitrogen flow Tg N 62–82 0 62–82 150 
Land system change % 75–54 100 25–46 44.7 
Freshwater use km3 4000–6000 0 4000–6000 2600  
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space downscaled to the each feed product, Sdownscaled,f,b (Eq. (2)). For a 
feed to be considered sustainable in relation to a given planetary 
boundary, the ratio of the impact score If,b to the downscaled safe 
operating space must be below 1. This ratio is referred to as occupied 
share of the safe operating space downscaled to each feed product 
(aoccupied,f,b) (Eq. (2)). 

aoccupied,f ,b =
If ,b

Sdowscaled,f ,b
(2) 

The Sdownscaled,f,b is a product of the share of the full safe operating 
space assigned to each feed, aassigned,f, and the full safe operating space 
for the planetary boundary b, Sfull,b (Eq. (3)). The Sfull,b values are given 
in Table 2. 

Sdowscaled,f ,b = aassigned,f ⋅Sfull,b (3) 

Currently, there is no consensus on which approach to use for 
calculating aassigned,f, and different approaches are available (Bjørn et al., 
2020; Ryberg et al., 2020a). Some of the most widely used approaches 
are based on three dominant principles: (1) non-egalitarian principle 
based on acquired rights (also referred to as status quo), where larger 
shares are assigned to those activities which historically caused largest 
impact (Banuri et al., 1996); (2) egalitarian principle, where safe oper-
ating space is equally distributed among people; or (3) utilitarian prin-
ciple, which takes into account the value (i.e. utility) that a given sector 
or company delivers to people. Here, in line with Hjalsted et al. (2020), 
as default approach, we used the egalitarian principle for downscaling to 
the human population at the regional level where the shrimps are 
consumed, combined with an utilitarian principle using an economic 
indicator, the final consumption expenditure (FCE). Here, consumption 
expenditure is used as a proxy for contribution of a given product or 
service to human wellbeing. Thus, feed products are entitled to occupy 
the share of the full safe operating space proportionally to the level of 
spending on shrimps in relation to spending on all other products and 
services by the population in a given region (Eq. (4)). Note, that the 
share of the full safe operating space assigned to each feed does not 
depend on the planetary boundary in this approach. 

aassigned,f =

(
Mshrimp⋅FCEshrimp + Vwwt⋅FCEwwt,f

FCEx

)

⋅
Px

Pworld
(4)  

where Mshrimp (in kg) is the mass of shrimp output per functional unit 
delivered (here, equal to 1 tonne for all scenarios), FCEshrimp (in USD/ 
tonne) is the average consumption expenditure on the feed to grow 1 
tonnes of whiteleg shrimps in Thailand, Ecuador, Vietnam, and Europe 
(equal to 1328, 1360 and 1280 USD/tonne of shrimp, as of 2018 (FAO, 
2018); Vwwt (in m3) is the volume of starch-rich process water that is 
diverted for production of microbial protein (equal to 0.0089 m3 for 
Scenario 1; 0 m3 for Scenarios 2 and 3; and 0.04 m3 for Scenarios 4–6, as 
modelled in the present study); FCEwwt,f is the consumption expenditure 
for treatment of 1 m3 of wastewater in Belgium (equal to 5.1 USD/m3 as 
of 2018; (EurEau, 2020), FCEx is the total consumption expenditure in 
Thailand, Ecuador, Vietnam and Europe (equal to 1.24•1013 USD as of 
2018; (Worldbank, 2021a), Px is the total number of people living in 
Thailand, Ecuador, Vietnam and Europe in 2018 (equal to 6.24•108 

people), and Pworld is the total number of people living in the world in 
2018 (equal to 7.592•109 people) (Worldbank, 2021b). 

2.5. Uncertainty analysis 

To explore uncertainty associated with downscaling planetary 
boundaries to feed products, we compared our default approach to share 
safe operating space (see Eq. (4)) with that based on the status quo 
principle. This approach assumes that the assigned share of the full safe 
operating space to the feed product is equal to the current contribution 
of the feed to total environmental impact (Eq. (5)). 

aassigned,f ,b =

(
If ,b

Iworld,b

)

(5)  

where Iworld,b is the current global level of impact on the planetary 
boundary b (that is, the human contribution to the current value; see 
Table 2). It was calculated as the current value of impact in that plan-
etary boundary minus the natural background level impact (see Table 2) 
(Ryberg et al., 2018a). Note, that although the share of the full safe 
operating space assigned is both boundary- and feed-specific in the 
status quo approach, the occupied share of the safe operating space 
becomes feed-independent (Eq. (6)). This should be interpreted as a 
need for all feeds to improve their environmental performance (for those 
planetary boundaries for which aoccupied,b>1) by the same factor, irre-
spective of their current level of pressure on planetary boundaries. 

aoccupied,b =
If ,b

Sdowscaled,f ,b
=

If ,b
If ,b

Iworld,b
⋅Sfull,b

=
Iworld,b

Sfull,b
(6) 

Uncertainties in the position of planetary boundaries were consid-
ered based on original uncertainty estimates of Steffen et al. (2015) 
(Table 2). Uncertainties in the life cycle inventories for the foreground 
processes were estimated using the Pedigree matrix approach (Ciroth 
et al., 2016). Uncertainties in the background processes were based on 
geometric standard deviations already assigned to flows in the ecoinvent 
processes. Monte Carlo simulations (1000 iterations) were carried out to 
compare the sensitivity scenarios while keeping track of the correlations 
between uncertainties of the compared systems. Impact scores were 
considered statistically significant if at least 95% of all 1000 Monte 
Carlo runs were favorable for one scenario. 

3. Results and discussion 

3.1. Comparison between feeds 

Impact scores for the three feeds (i.e., the MP-based feed composed 
of 20% microbial protein and 80% fishmeal, the fishmeal and the soy-
bean meal) are presented in Table 3. There are statistically significant 
differences in impact scores between the feeds (except impacts on 
freshwater use between all three feeds, and land system change between 
the MP-based feed and fishmeal). The MP-based feed performs best in 
two impact categories (N flows and P flows), and the worst in 4 cate-
gories (the two categories for climate change, ocean acidification and 
ozone depletion). Fishmeal does not perform best in any impact cate-
gory, but is never seen as the worst. Soybean performs best in 4 impact 
categories (the two categories for climate change, ocean acidification 
and ozone depletion) but it is the worst in 3 categories (N flows, P flows 
and land system change). 

Process contribution analysis shows that the MP-based feed out-
performs the soybean meal on land-system change boundary mainly 
because of the land use by soya agriculture (Fig. 2). The MP-based feed 
performs best in relation to N and P flows mainly due to nutrient 
emissions from incumbent treatment of starch-rich process water which 
is included in system boundaries of soybean meal and fishmeal. Differ-
ences in impact scores for the freshwater use boundary were statistically 
insignificant due relatively large uncertainties associated with water 
inputs of ecoinvent processes for fishmeal and soybean meal, and it is 
therefore not known how the MP-based feed performs relative to fish-
meal or soybean meal for this boundary. Water used for irrigation is the 
dominant driver of impacts from soybean agriculture, while tap water 
used for maintenance (cleaning) of the fishmeal plant, together with 
decarbonized water used for generation of power in a pressurized water 
reactor, are dominant water inputs to the fishmeal life cycle. These two 
processes are important for the MP-based feed mainly through the in-
clusion of 80% of fishmeal in the MP-based feed, but also through 
generation of power needed for the MP production. 

Comparisons with ReCiPe 2016 as alternative LCIA methodology 
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shows that differences in extent of modeling of impact pathway can 
change ranking of the feeds (see Table S7-S8 of the SI, Section S3). For 
example, different ranking is observed for global warming (where unlike 
in the planetary boundaries, the microbial-protein based feed performs 
better than soybean) and freshwater eutrophication (where the micro-
bial protein is seen the worst, as opposed to its best performance in the 
planetary boundaries). By contrast, ranking of the three feeds with re-
gard to marine eutrophication caused by emissions of nitrogen- 
containing compounds and with regard to land use is consistent across 
the two LCIA methodologies. However, we observed that the choice of 
LCIA methodology influences determination of top contributing pro-
cesses and substances (see Table S9). For example, avoided treatment of 
starch-rich process water is seen as dominant contributor (95% of total 
impact) to total impact on the nitrogen flows boundary due to direct 
emissions of nitrogen, while ReCiPe 2016 gives relative high share (31% 
of total impact) to wastewater from microbial production when ac-
counting for marine eutrophication. Furthermore, ReCiPe 2016 iden-
tifies ammonia dominant stressor to this impact category. Differences 
between PB and ReCiPe 2016 are caused by consideration of ammonia- 
specific fate and exposure mechanisms in the latter as relevant for im-
pacts on marine ecosystems, rather than just considering total nitrogen 
(back-calculated into amount of nitrogen fixed from the air) that is more 
relevant in the context of planetary boundaries and keeping the Earth in 
its stable, Holocene-like state. Although some differences between 
planetary boundaries and ReCiPe 2016 are apparent, our relative 
assessment results are generally consistent with earlier findings showing 
that microbial protein can be advantageous over traditional protein 
sources made from agricultural crops in terms of land use, and that 
energy use for microbial protein production can be an environmental 
hot spot (Järviö et al., 2021; Sillman, 2020; Spiller et al., 2020). 

3.2. Performance in relation to planetary boundaries 

Fig. 3 shows performance of the three feeds relative to planetary 
boundaries, which were downscaled to the feed products employing 
final consumption expenditure as default approach to share the safe 
operating space. The green zone indicates that the impact is within the 
downscaled planetary boundary. The yellow zone indicates exceedance 
of the downscaled planetary boundary and that the score is within the 
zone of uncertainty of the downscaled boundary. The red zones indicates 
impacts are outside of the zone of uncertainty and, thus, that the eval-
uated activity is substantially contributing to breaching of the envi-
ronmental thresholds that are governed by the planetary boundaries. 
The results show that none of the feeds is sustainable relative to all 
planetary boundaries. In terms of the number of boundaries which are 
exceed, the performance of MP-based feed is generally the same as that 
of sole fishmeal or soybean (again, due to inventory uncertainties, it is 
not known whether freshwater use boundary is exceeded for any of the 
three feeds). The MP-based feed is within the downscaled planetary 
boundaries for stratospheric ozone depletion and land system change, 
but remaining boundaries are exceeded. The largest exceedance is for P 
flow and N flows (by a factor of 1500 and 280, respectively), followed by 

climate change, and ocean acidification (by a factor of 180 and 60, 
respectively). High exceedance of the boundaries for P and N flows for 
by the MP-based feed is a consequence of treatment of process water and 
resulting discharge of residual N and P. Fishmeal and soybean meal 
show similar profiles, although their performance is either worse (N and 
P flows) or better (climate change) when compared to the MP-based 
feed. Worse performance of fishmeal and soybean meal for N and P 
flows stems from incumbent management of the starch-rich water and, 
again, resulting discharges of residual N and P. 

All three feeds are seen to perform within the planetary boundary for 
land system change. Land use impacts for fishmeal and MP-based feeds 
are very small and stem from onshore extraction of petroleum for diesel 
production and piping for production of power from natural gas. Land 
use impacts from soybean are significantly higher, albeit still within the 
global land system change boundary. They stem from soybean agricul-
ture. Although these results suggests that microbial protein made from 
soybean can be sustainable in relation to planetary boundaries, this 
should not be interpreted as soybean agriculture being sustainable in 
general. This will depend on the type of soybean-based product 
considered (feed, food but also industrial and consumer products such as 
building materials or lubricants), as it determines which share of the 
planetary boundary is assigned to a given product. 

The status quo approach used as alternative approach to downscale 
planetary boundaries to feeds resulted in significantly smaller values of 
occupied share of safe operating space when compared to the default 
approach based on final consumption expenditure (Table S6 of the SI, 
Section S3). However, only two boundaries (ocean acidification and 
land use) were not exceeded, which is due to the fact that their current 
level of control variable is below the planetary boundary values, and this 
propagates to occupied share of safe operating space which is assigned 
to each feed in the status quo approach (see Eq. (6)). 

3.3. The influence of feed composition and wind power electricity 

The performance of sole microbial protein (Scenario 4) used as the 
only protein source in the feed formula, and two optimization scenarios 
where sole microbial protein production requires reduced energy inputs 
(Scenario 5) and respectively where these (reduced) energy inputs are 
fully based on wind power (Scenario 6) as presented in Fig. 3 and in 
Table S5 of the SI, Section S3. Results for these optimization scenarios 
show three main trends. First, there is generally large improvement in 
performance for those boundaries, which were exceeded to the largest 
extent in the first three scenarios. This is particularly true for the N and P 
flows boundaries, where impacts are reduced by a factor of ~10 and 
~20, respectively, in Scenario 4 when compared to the baseline Sce-
nario 1. This reduction is caused mainly by replacing all fishmeal in the 
original MP-based feed with the microbial protein. This is beneficial due 
to avoiding incumbent management of the starch-rich process water 
when it is diverted for microbial protein production, and associated 
avoided emissions of residual N and P. This improvement is, however, 
still insufficient to make the MP perform within N and P flows bound-
aries, because there are emissions of residual phosphate, nitrate and 

Table 3 
Characterized impacts calculated using planetary boundaries based LCIA method of Ryberg et al. (2018b) and accoampanying 95% confidence intervals from Monte 
Carlo simulations, expressed in boundary-specific units for Scenarios 1 - 3 (Table 1).  

Planetary boundary Unit Impact score (95% confidence interval) 
MP-based (20% MP, 80% fishmeal) (Scenario 1) Fishmeal (Scenario 2) Soybean meal (Scenario 3) 

Climate change - Energy imbalance W m− 2 1.7•10− 9 (1.5•10− 9–2.0•10− 9) 1.2•10− 9 (1.0•10− 9–1.4•10− 9) 8.2•10− 10 (7.0•10− 10–1.0•10− 9) 
Climate change - CO2 concentration ppm 1.2•10− 7 (1.1•10− 7–1.4•10− 7) 8.6•10− 8 (7.5•10− 8–1.0•10− 7) 5.2•10− 8 (4.3•10− 8–6.7•10− 8) 
Ocean acidification Ωaragonite 3.8•10− 10 (3.3•10− 10–4.4•10− 10) 2.6•10− 10 (2.3•10− 10–3.2•10− 10) 1.6•10− 10 (1.3•10− 10–2.1•10− 10) 
Stratospheric ozone depletion DU 5.4•10–12 (3.9•10− 12–8.2•10− 12) 3.9•10− 12 (2.4•10− 12–6.5•10− 12) 3.0•10− 12 (2.0•10− 12–4.8•10− 12) 
Biogeochemical flows - Regional P Tg P 8.7•10− 8 (8.6•10− 8–8.8•10− 8) 1.1•10− 7 (1.1•10− 7–1.1•10− 7) 1.1•10− 7 (1.1•10− 7–1.2•10− 7) 
Biogeochemical flows - N Tg N 1.6•10− 7 (1.6•10− 7–1.7•10− 7) 2.0•10− 7 (1.9•10− 7–2.0•10− 7) 2.2•10− 7 (2.0•10− 7–2.3•10− 7) 
Land-system change - Global % 9.4•10− 13 (− 7.4•10− 12–8.5•10− 12) 5.7•10− 13 (− 5.2•10− 12–6.7•10− 12) 1.2•10− 10 (9.9•10− 11–1.5•10− 10) 
Freshwater use - Global km3 1.0•10− 7 (− 2.7•10− 6–2.3•10− 6) 4.0•10− 8 (− 1.2•10− 6–1.0•10− 6) 4.9•10− 8 (− 8.6•10− 7 – 9.2•10− 7)  
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nitrogen oxides from treatment of the process water. The two planetary 
boundaries for climate change witness an increase impacts by a factor of 
2 when fishmeal in the MP-based feed (Scenario 1) is replaced with 
microbial protein (Scenario 4). The increase is mainly caused by 

biogenic emissions CO2 from the cultivation of aerobic heterotrophs. 
The third observation is that all impacts, including climate change im-
pacts, decrease when energy use and carbon intensity of the power mix 
are optimized in Scenarios 5 and 6, albeit not to the level that would 

Fig. 2. Process contribution analysis for the MP-based feed, fishmeal, and soybean meal (Scenarios 1, 2 and 3 in Table 1).  
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Fig. 3. Performance of three feeds (Scenarios 1- 6 in Table 1) relative to downscaled safe operating space using the final consumption expenditure based principle, 
expressed as occupied share of safe operating space that is assigned to each feed product, aoccupied,f ,b (Eq. (2)). A value of 1 indicates impacts within planetary 
boundaries (corresponding to aoccupied,f ,b < 1). The green zone is the downscaled safe operating space. The yellow zone is the uncertainty range of each downscaled 
safe operating space. The red zone represents impacts exceeding the downscaled safe operating space. Note, that differences in aoccupied,f ,b values can be large between 
scenarios, but may not be immediately apparent due to log10-scale (spanning a range of 7 orders of magnitude). Tabulated aoccupied,f ,b values are reported in the SI, 
Section S3. 
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make the microbial protein sustainable in relation to planetary bound-
aries. In these energy optimization scenarios, climate change impacts 
are driven mainly by CO2 emission from cultivation, combined with CO2 
emission from transoceanic transport, rather than CO2 emissions from 
power generation. Overall, five out of eight boundaries are still exceeded 
where energy use and energy mix are optimized in Scenario 6. 

3.4. Uncertainties 

Four main sources of uncertainties must be considered when inter-
preting results of the present study: (1) impact coverage of the planetary 
boundaries framework; (2) extent of modeling of impact pathways using 
indicators of planetary boundaries; (3) approach to downscale the 
planetary boundaries to feed products; and (4) life cycle inventories of 
unit processes. 

First, although the characterization factors that were used is the only 
available set that consistently expresses impacts in units of control 
variables of the planetary boundaries, the planetary boundary frame-
work itself is limited to those types of impacts, which have the potential 
to destabilize the Earth system out of Holocene. Thus, the planetary 
boundaries framework does not consider human health (e.g., exposure 
to chemicals or fine particulate matter), and fossil and mineral resource 
use impacts, as they are irrelevant for keeping the Earth in the Holocene 
(Ryberg et al., 2016). 

Second, the planetary boundary based characterization factors used 
in the present study are mainly simple inventories (e.g. use of fresh-
water, land) or express environmental fate only (e.g. radiative forcing 
increase from emissions of greenhouse gasses), disregarding exposure 
and resulting effects on ecosystems (which are commonly modelled as 
part of characterization factors in LCIA) (Hauschild and Huijbregts, 
2015). Further, there are important differences between planetary 
boundaries and environmental problems traditionally covered in LCIA, 
even if they address seemingly similar issue. Deficiencies in modeling 
impact pathways in the planetary boundaries method therefore stress 
the need to carefully consider relevance of using planetary boundaries in 
relative sustainability assessments. 

Third, in the absolute sustainability context, the approach to 
downscale the planetary boundaries to products is a significant source of 
uncertainty (Ryberg et al., 2018a). The selection of a specific approach is 
always likely to favor certain products or activities over others in terms 
of the assigned share of the downscaled planetary (Bjørn et al., 2020; 
Ryberg et al., 2020a). None of the approaches commonly used in ab-
solute environmental sustainability assessments enjoys broad accep-
tance, and all have important shortcomings. The main limitation of the 
status quo approach is that it does not factor in current or future envi-
ronmental performance (that is, eco-efficiency) of a given product or 
service. This penalizes those technologies which perform (or have the 
potential to perform) better than alternatives. This is particularly rele-
vant to microbial protein, which may have real potential to improve 
performance as the fermentation technology is scaled up and matures. 
The approach based on final consumption expenditure reflects current 
consumption pattern, which is not necessarily sustainable, rather than 
sustainable consumption pattern. Food and feed to produce food may be 
assigned larger share as they fulfill basic human needs, but there is no 
approach yet which captures this properly. Given these limitations, re-
sults of our absolute assessments must be interpreted with care. 

The fourth main source of uncertainty lies in life cycle inventories for 
treatment of the starch-rich process and the process wastewater, which 
were developed using removal rates measured for Danish wastewater 
treatment plants (Ryberg et al., 2020b). Given that these removal rates 
are important for the sustainability performance of the microbial protein 
further research should focus on providing solid data for nutrient 
removal rates. 

3.5. Toward performance within planetary boundaries 

We quantified the extent of environmental improvements needed to 
make microbial protein sustainable in relation to planetary boundaries 
and identified those which are transgressed to largest extent. Largest 
improvements are needed with regard to the nitrogen flow and climate- 
related boundaries. Biogenic CO2 emissions are an important contrib-
utor to climate change and cannot reduced via the energy optimization 
scenarios. Easiest would be reducing the solids retention time to increase 
organic carbon assimilation instead of oxidation by catabolism (Van 
Winckel et al., 2019). However, this approach cannot reach zero emis-
sions. Thus, technology developers should explore the use of the 
bioreactor off-gas as carbon source for hydrogen oxidizing bacteria 
(Matassa et al., 2016), purple phototrophic bacteria (Capson-Tojo et al., 
2020) or green microalgae (Maurya et al., 2021). These microbes are 
also studied as microbial protein sources and can further assimilate 
nutrients from wastewater, potentially improving the performance with 
regard to other planetary boundaries, including nitrogen flow. Both 
production of hydrogen oxidizing bacteria and microalgae using resid-
ual resources exist at pilot scale and are therefore the most promising 
options. Co-cultivation of algae and bacteria in the same reactor could 
also be considered, whereby bacteria produce CO2 that is fixed by algae 
while algae produce oxygen for bacterial metabolism (Rasouli et al., 
2018). This strategy would lead to more compact systems compared to 
the treatment of the off-gas in a different reactor, while also decreasing 
the energy demand for aeration. Indeed, previous LCA studies identified 
co-cultivation of microalgae and aerobic heterotrophs as more sustain-
able than aerobic heterotrophs by themselves (Spiller et al., 2020). 
However, in carbon rich wastewaters, like in our case study, bacteria 
typically outcompete algae and this option may not be feasible (Maurya 
et al., 2021). Another key contributor to climate change is the down-
stream processing, whereby microbial protein is dewatered and dried. 
Biomass harvesting compromises the sustainability of many bio-based 
valued chains, either because of the need of energy intensive processes 
(e.g., centrifugation or pressure driven filtration) (Spiller et al., 2020) or 
the use of chemicals for bio-flocculation (Fang et al., 2016). Forward 
osmosis could be used for dewatering instead of centrifugation, where 
water is selectively transferred across a membrane due to differences on 
osmotic pressure, with relatively small energy input (Valverde-Pérez 
et al., 2020). To further improve sustainability performance, draw so-
lutions can be taken from process waters from other industries, like 
brines from desalination. Finally, microbes can be directly fed for 
instance to small crustaceans (e.g., copepods), which are directly eaten 
by fish larvae without the need of any processing (Ahrens et al., 2019). 

All these potential options, while realistic in a foreseeable future, will 
require separate studies to evaluate how they perform in relation to 
environmental boundaries of the Earth system. Indeed, future studies 
should look further into these potential options and evaluate to what 
extent they contribute to making the technology perform within the 
downscaled safe operating space. This could aid development of future 
pathways for making the technology absolutely sustainable in relation to 
the planetary boundaries. 

4. Conclusions 

Our relative assessment results corroborate earlier LCA studies by 
showing that better performance of the MP-based feeds relative to 
soybean meal for N and P flows stems not only from using starch-rich 
process water as main N source for protein, but also from replaced 
incumbent management of the starch-rich process water and avoided 
emissions of residual N and P. However, they also show that perfor-
mance of the microbial-protein based feed depends on the impacts 
stemming from production of the microbial protein, but also on the 
impacts stemming from the fishmeal that, for zootechnical reasons, is 
present in large amount in the formulated aquaculture feed. Benefits 
from substituting one constituent with another depend on the planetary 
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boundary. 
Absolute assessment showed that none of the three feeds was found 

to be within all planetary boundaries. The extent of improvements in 
eco-efficiency which are needed to make microbial-protein based feed to 
perform witching planetary boundaries is the largest for the nitrogen 
flow and climate-related boundaries, and we show that greener energy 
mix (e.g. based on wing power) will not be sufficient to make microbial 
protein sustainable in absolute terms. This presents a challenge to 
technology developers, but can also be seen as opportunity. We consider 
the use of the bioreactor off-gas as carbon source for hydrogen oxidizing 
bacteria, purple phototrophic bacteria or green microalgae as most 
promising options to make microbial protein not only more sustainable 
than conventional feed products, but also sustainable in relation to 
planetary boundaries. These findings stress the need for larger scale 
assessments of alternative proteins as alternative food and feeds. 
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Algunaibet, I.M., Pozo, C., Galán-Martín, Á., Huijbregts, M.A.J., Mac Dowell, N., Guillén- 
Gosálbez, G., 2019. Powering sustainable development within planetary boundaries. 
Energy Environ. Sci. 12, 1890–1900. https://doi.org/10.1039/c8ee03423k. 

Banuri, T., Goran-Maler, K., Grubb, M., Jacobson, H.K., Yamin, F., 1996. Climate change 
1995: economic and social dimensions of climate change. In: Bruce, J.P., Yi, H., 
Haites, E.F. (Eds.), Climate Change 1995: Economic and Social Dimensions of 
Climate Change-. Contribution of Working Group III to the Second Assessment 
Report of the Intergovernmental Panel On Climate Change, Climate Change 1995: 
Economic and Social Dimensions of Climate Change. Cambridge University Press, p. 
339.  

Bjorn, A., Chandrakumar, C., Boulay, A.-.M., Doka, G., Fang, K., Gondran, N., 
Hauschild, M.Z., Kerkhof, A., King, H., Margni, M., McLaren, S., Mueller, C., 
Owsianiak, M., Peters, G., Roos, S., Sala, S., Sandin, G., Sim, S., Vargas-Gonzalez, M., 
Ryberg, M., 2020. Review of life-cycle based methods for absolute environmental 
sustainability assessment and their applications. Environ. Res. Lett. 15, 083001 
https://doi.org/10.1088/1748-9326/ab89d7. 

Bjørn, A., Chandrakumar, C., Boulay, A.-.M., Doka, G., Fang, K., Gondran, N., 
Hauschild, M.Z., Kerkhof, A., King, H., Margni, M., McLaren, S., Mueller, C., 

Owsianiak, M., Peters, G., Roos, S., Sala, S., Sandin, G., Sim, S., Vargas-Gonzalez, M., 
Ryberg, M., 2020. Review of life-cycle based methods for absolute environmental 
sustainability assessment and their applications. Environ. Res. Lett. 15. 

Bjørn, A., Hauschild, M.Z., 2015. Introducing carrying capacity-based normalisation in 
LCA: framework and development of references at midpoint level. Int. J. Life Cycle 
Assess. 20, 1005–1018. https://doi.org/10.1007/s11367-015-0899-2. 

Capson-Tojo, G., Batstone, D.J., Grassino, M., Vlaeminck, S.E., Puyol, D., Verstraete, W., 
Kleerebezem, R., Oehmen, A., Ghimire, A., Pikaar, I., Lema, J.M., Hülsen, T., 2020. 
Purple phototrophic bacteria for resource recovery: challenges and opportunities. 
Biotechnol. Adv. 43, 107567 https://doi.org/10.1016/j.biotechadv.2020.107567. 

Ciroth, A., Muller, S., Weidema, B., Lesage, P., 2016. Empirically based uncertainty 
factors for the pedigree matrix in ecoinvent. Int. J. Life Cycle Assess. 21, 1338–1348. 
https://doi.org/10.1007/s11367-013-0670-5. 

Commission, E., 2010. ILCD handbook: general guide for life cycle assessment - detailed 
guidance. 

EurEau, 2020. The governance of water services in Europe 2020 edition. 
European Commission - Joint Research Center (EC-JRC), 2011. ILCD handbook: 

recommendations for life cycle impact assessment in the European context. https:// 
doi.org/10.278/33030. 
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