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• Environmental impact of C2C12 cells
grown in hollow-fiber bioreactor were
estimated.

• Culture medium production had the
highest contribution to the environmental
impacts.

• Results were most sensitive to cell metab-
olism andmass increase in differentiation.

• Optimization of the culture medium com-
position helps to reduce the impacts.

• Use of renewable energy sources reduces
the environmental impacts.
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The aim of cellular agriculture is to use cell-culturing technologies to produce alternatives to agricultural products. Cul-
tured meat is an example of a cellular agriculture product, made by using tissue engineering methods. This study aims
to improve the understanding of the potential environmental impacts of cultured meat production by comparing be-
tween different bioprocess design scenarios. This was done by carrying out a life cycle assessment (LCA) for a
bioprocess system using hollow fiber bioreactors, and utilizing bench-scale experimental data for C2C12 cell prolifer-
ation, differentiation and media metabolism. Scenario and sensitivity analyses were used to test the impact of changes
in the systemdesign, data sources, and LCAmethods on the results to support process design decisionmaking.We com-
pared alternative scenarios to a baseline of C2C12 cells cultured in hollow fiber bioreactors using media consisting of
DMEMwith serum, for a 16-day proliferation stage and 7-day differentiation stage. The baseline LCA used the average
UK electricity mix as the energy source, and heat treatment for wastewater sterilization. The greatest reduction in en-
vironmental impacts were achieved with the scenarios using CHO cell metabolism instead of C2C12 cell metabolisim
(64–67 % reduction); achieving 128 % cell biomass increase during differentiation instead of no increase (42–56 %
reduction); using wind electricity instead of average UK electricity (6–39 % reduction); and adjusting the amino
acid use based on experimental data (16–27 % reduction). The use of chemical wastewater treatment instead of
Energy Demand; CHO, Chinese Hamster Ovarian; CIP, Clean-in-place; CMB, CulturedMeat Baseline; CMB128, CulturedMeat Baseline
ed Meat Combined; DMEM, Delbecco's Modified Eagle Medium; FBS, Fetal Bovine Serum; FU, Functional Unit; GWP, Global warming
ct Assessment; SIP, Steam-in-place.
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heat treatment increased all environmental impacts, except energy demand, by 1–16 %. This study provides valuable
insights for the cultured meat field to understand the effects of different process design scenarios on environmental
impacts, and therefore provides a framework for deciding where to focus development efforts for improving the envi-
ronmental performance of the production system.
1. Introduction

A product of cellular agriculture, cultured meat (i.e. cultivated, clean,
cell-based or in vitro meat), is produced by cultivating muscle cells in a
bioreactor utilizing tissue engineering technologies and methods (Post
et al., 2020). The technology is currently in the development phase for
this application. Cultured meat has potential to provide a way to produce
meat with lower negative environmental impacts and reduced utilization
of animals than conventional livestock production, and provide benefits
to human health (Stephens et al., 2018). Currently, agriculture is one
of the main contributors to negative environmental impacts (Campbell
et al., 2017), and the predicted increase in the consumption of animal-
sourced foods has been estimated to contribute to the global food systems
exceeding the safe limits for the planetary boundaries by 2050 (Willett
et al., 2019).

Previous prospective life cycle assessment (LCA) studies of cultured
meat (Tuomisto and Teixeira de Mattos, 2011; Mattick et al., 2015; CE
Delft, 2021) indicate that cultured meat production has relatively high
energy use, but lower land use when compared to livestock meat and
lower global warming potential (GWP) than beef. These studies all show
that production of the ingredients for the culture medium of cultured
meat and the energy requirement of the bioreactor used for the cultured
meat production are the major factors affecting the environmental impacts
of cultured meat production. Some studies have adapted the data from the
previous LCA studies, and found that the changes in the way of producing
culture medium ingredients (Smetana et al., 2015) or use of different
climate change assessment methods (Lynch and Pierrehumbert, 2019)
can have a major impact on the results of the study. As operational large-
scale cultured meat production facilities do not currently exist, all the
LCA studies of cultured meat are based on modelling and assumptions
(supplemented with confidential data collected from start-up companies
in a case of a non-peer reviewed report (CE Delft, 2021)), and therefore,
have large uncertainty.

The aim of this paper is to compare process design scenarios to each
other to improve the understanding of the sources of, and ways to re-
duce, the environmental impact of cultured meat (i.e. cultivated muscle
cells) production based on a more sophisticated bioprocessing system
design than in the previous studies. The main novelties of this cultured
meat LCA study are: i) comparison of different design scenarios for a
comprehensively-designed bioprocess; ii) the utilization of data for
nutrient requirements from laboratory-scale muscle cell line (C2C12)
culture proliferation and differentiation experiments, instead of solely
relying on modelling and assumptions based on other cell types (e.g.
Chinese Hamster Ovary (CHO) cells); and iii) the comparison of a
wide range of various system design scenarios to use as a framework
to make process design decisions for low environmental impact cultured
meat production. The results of this paper are compared with examples
of beef and poultry meat production systems to provide further illustra-
tion of the areas of development needs. As this paper is targeted at
comparison with different bioprocess design scenarios, it does not
provide a thorough comparison to the environmental impacts of con-
ventionally produced livestock meat across wide range of different
farming systems or a comparison of cultured meat with plant-based
foods and other alternative protein sources; for this readers are directed
to other papers comparing environmental impacts of different foods
(Rubio et al., 2020; Van Eenennaam and Werth, 2021). The findings
are intended as a framework to inform research and development to-
wards areas for improving the environmental performance of cultured
meat production systems.
2

2. Materials and methods

2.1. LCA scope, functional unit and system boundaries

LCA was used to estimate the environmental impacts of cultured meat
produced in a bioprocess using hollow fiber bioreactors located in Wales
in the United Kingdom (UK). A hollow fiber bioreactor was selected for
its compact design and benefits this brings in terms of reduced space,
stainless-steel use and cleaning and sterilization requirements relative
to other configurations per unit of product. Hollow fiber bioreactors
have been used to culture cells at 1–2 × 108 cells/mL of the intra- or
extracapillary space depending on the location of the cells (Blute et al.,
1988; Chresand et al., 1988; Scragg, 1991; Nankervis et al., 2018), com-
pared to up to 2 × 106 cells/mL for adherent cells on microcarriers in
stirred tank bioreactors (Jossen et al., 2018). The comparative holding
volume also decreases the amount of media and cleaning consumables
required. LCA method (ISO, 2006) was used to assess environmental im-
pacts of a functional unit (FU) of 1 kg (30 % dry matter content and 20 %
protein content) of cultured meat consisting of skeletal muscle cells. The
LCA was performed by using OpenLCA 1.10.12 software (GreenDelta),
and the ReCiPe Midpoint 2016 (H) method (Huijbregts et al., 2017) and
Cumulative Energy Demand (CED) (Ecoinvent) for the impact assessment.
The environmental impact categories were selected based on the relevance
to the product systems, including cumulative energy demand (later energy
demand), water consumption, terrestrial acidification, ozone formation,
land use, freshwater eutrophication, fossil resource scarcity and fine partic-
ulate matter formation (later particulate matter).

The system boundaries covered the main processes from extraction of
raw materials up to the factory gate as ‘pure’muscle cells, including extrac-
tion of rawmaterials, production of energy, production of inputs for the cul-
tured meat culture medium, energy requirements for bioreactor operations
and temperature control and cleaning of the bioreactor (Fig. 1). The build
of the facility and equipment (e.g. stainless steel) as well as the downstream
processing and packaging of the product were excluded from the analysis.
After the filtration process included in the study, the cells can be directly
cooked or used as an ingredient in processed foods, and therefore, the prod-
uct is analogous to fresh uncooked meat and considered as the same end-
point as conventional meat production. Also, the impacts of the production
of the bioreactors were not included as the bioreactors can be used for 20
years and the stainless steel can be recycled afterwards resulting in minimal
impacts per FU. Additional energy requirements envisioned by the authors,
which have not been accounted for in this study as they are secondary con-
siderations to the bioprocess design, include energy for unit operations such
as an oxygenator to supply the desired dissolved oxygen concentration, a
means of cell dissociation and separation during passaging, and a means of
mechanical or electrical stimulation during the differentiation phase. The ex-
traction of the starter cells and the upstream impacts of rearing the donating
animal were also excluded. The bioprocess produces lactate and ammonia as
co-products that were assumed to be extracted and utilized in other pro-
cesses. However, in the baseline scenario the environmental impacts of the
cultured meat production process were not allocated to the co-products but
all impacts were allocated to cultured meat and a cut-off principle was
applied to these products (i.e. the impacts that are associated with those
products after they leave the factory gate were not considered).

2.2. Baseline system

The bioprocess design for this study is based on current accepted prac-
tice for tissue culture of skeletal muscle in a hollow fiber bioreactor system.



Fig. 1. System boundaries and simplified process flow diagram representation of the cultured meat production process.
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The system design is explained in detail in the Supplementary Information
(SI) and summarized here. The system consists of a series of three different
sizes of hollow fiber bioreactors (1× 0.23 L, 1 × 12.6 L and 12 × 21.3 L)
that include polystyrene fibers as scaffolds. The cell culture is passaged
between the bioreactors starting from the smallest ending in the largest.
The final bioreactors are used for both proliferation and differentiation.
The bioprocess consists of 16-day proliferation stage when the cells dupli-
cate, and 7-day differentiation stage when the cells differentiate and fuse
together into myotubes and produce proteins. The fibers are assumed to
be used for 3 batches and the bioreactor is cleaned between the batches
by using sodium hydroxide solution at 77.5 °C and sterilized with saturated
steam at 121 °C and 2.1 bar. In the cultured meat baseline (CMB) scenario,
the culture medium consists of a high glucose Dulbecco's Modified Eagle
Medium (DMEM) basal media and fetal bovine serum (FBS) supplementa-
tion (10 % FBS during proliferation and 2 % FBS during differentiation).
The freshDMEMmedia components are added in powder form.A preheater
is used for heating themedia up to 37 °C before it enters the bioreactor. The
hollow fiber bioreactor includes a jacket to ensure an isothermal environ-
ment is maintained for the cells at a temperature of 37 °C. The jacket is ca-
pable of both heating and cooling, as the number of cells within the reactors
increases during the proliferation phase and so the heat of reaction released
increases with time. The system includes separations units for potentially
valuable side products (i.e. lactate and ammonia) and waste products (i.e.
cell debris), and therefore, enable water recycling. In order to inactivate
residual mammalian cells present in the media prior to drain disposal, the
spent culture medium is heat treated by exposure to 80 °C for 1 min.

2.3. Alternative scenarios

The impacts of various alternative bioprocess designs were compared as
explained below. The names of the scenarios that are later used in the
results section are indicated with bold italics.

1. Energy sources. In the CMB scenario, the average UK electricity mix
was assumed to be used for the direct energy use for the cultured meat
production process (e.g. bioreactor energy use, cleaning and water
sterilization) and the default energy sources for the inputs were used.
In the wind energy and solar energy scenarios the electricity source
3

for the direct energy use for the cultured meat production process, and
the energy source for amino acid production were changed to wind or
solar energy, respectively. The energy sources of the other inputs were
not changed, and therefore, the wind and solar energy scenarios are
not completely independent of fossil fuels.

2. Culture medium formulations. In the CMB scenario, the culture
medium was assumed to consist of DMEM and FBS (SI Table S7–8),
which are currently commonly used for mammalian cell cultures, with
DMEM requirements calculated as a function of the glucose consump-
tion from our experimental data (SI Sections 3 & 4.5). As the amino
acid content of DMEM is not optimized for cultured meat production,
a scenario adjusted amino acids was included. In that scenario, the
amino acid content of DMEM was adjusted according to the actual
amino acid intake by the cell culture as determined by laboratory exper-
iments (SI Table S9& S10). In this scenario, the use of FBS was the same
as in the baseline scenario.

As an aim in culturedmeat production is tominimize the use of animal-
based ingredients, the impacts of using serum-free medium were assessed.
In the serum-free baseline scenario, the culture medium consisting of
only serum-free Essential 8™ medium (Chen et al., 2011) was used in the
same quantity as the combined volume of DMEM and FBS used in the base-
line scenario. The population doubling time,medium requirements and the
cell yield were the same as in the CMB scenario. The impact on cell yield
was tested in serum-free experimental -scenario, where the experimental
population doubling time of the cells of 25.9 h was used (instead of 20 h
used in the CMB scenario) and the specific rate of glucose consumption
increased also based on experimental data for C2C12 cells cultured with
serum-free Essential 8™ medium.

3. Experimental population doubling time. The impact of shortening
the doubling time of C2C12 cells from 20 h to 16.6 h based on experi-
mental data was tested in the doubling time experimental scenario.
The shorter doubling time reduces the medium requirements (SI
Section 4.6).

4. Cell biomass increase during differentiation. Themost conservative
estimate used in the baseline model assumed 0 % dry mass increase
during the differentiation phase. The highest estimate of 128 % mass
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increase was based on a sensitivity performed in a previous study
(Mattick et al., 2015). This mass increase was confirmed experimen-
tally for C2C12 cells in this study based on the total protein increase
after a 7 day differentiation period (SI Figs. S5 & S6). The medium
level estimate of 63 % mass increase was selected as the mid-point
of those two estimates (SI Section 4.6.3).

5. Seawater for cooling the bioreactor. In the baseline scenario, elec-
tricity was assumed to be used for cooling the bioreactor. As this
plant is designed for the coastal location in Wales, cool seawater
could be used for cooling. In the seawater cooling scenario, sea water
in average temperature of 12.5 °C (World sea temperature, 2018) was
assumed to be used for cooling the bioreactor and replacing the elec-
tricity required for cooling. A simple filter and pumpwould be required
to remove debris, however this was not included in the process design.

6. Water recycling. In the baseline scenario, it was assumed that none of
the water used in the culture medium was recycled, whereas in the
water recycling scenario 75 % recycling of that water was assumed
based on the recovery of a reverse osmosis (RO) purification unit as-
sumed sufficient as feed media (made up from water for injection
grade water produced by RO/electro-deionization) was sterilized via
microfiltration prior to introduction into the system (SI Section 5.1).

7. Wastewater decontamination. In the baseline scenario, heat treat-
ment was used for decontamination of wastewater before drain dis-
posal. The chemical wastewater decontamination scenario, assessed
the impacts of using 10,000 ppm sodium hypochlorite (ECACC,
2010) treatment for the decontamination instead of the heat treatment.

8. Cell removal from scaffold. In the CMB scenario, the use of specific
substances for removing cells from the scaffold were not included.
The use of TrypLE™ for removing the cells from the scaffold was
included as a scenario in the sensitivity analysis.

9. Different cell types. In order to compare the results for C2C12 cells
with other cell types, the cultivation of cells with a more efficient me-
tabolism, scenario CHO cells,was modelled using literature values for
CHO cell specific consumption/production rates of metabolites. CHO
cells, having been optimized over decades for the biotechnology indus-
try, have been used to represent the possible properties of a potential
future cell line with optimized metabolism, designed for cultured
meat production (Mattick et al., 2015).

10. Culturedmeat – baseline (CMB), culturedmeat -baselinewith 128
%mass increase (CMB128) and Cultured meat – combined (CMC)
scenarios. To simplify the wide range of potential scenario combina-
tions, the CMB, CMB128 and CMC scenarios were created (Table 1):
CMB describes the baseline scenario that does not apply any of the im-
provement options, whereas CMB128 is similar to CMB but includes
128 % mass increase during the differentiation period. CMC consists
of a mix of improvement options selected from the categories pre-
sented above as shown in Table 1.

2.4. Bioprocess data

Energy use requirements of the system, proliferation and differentiation
medium requirements, and cell yields, are based on a combination of
Table 1
Characteristics of culturedmeat – baseline (CMB), cultured meat -baseline with 128%m
scenarios.

CMB

Cell type, differentiation time C2C12 cells, 7 days differentiation
Energy source Average UK electricity mix used for bioreactor

water sterilization and production amino acids
Culture medium DMEM+FBS, the amount of amino acids not o

Cell biomass increase during differentiation 0 %
Use of seawater for cooling of the bioreactor No
Water recycling No

4

experiments and modelling carried out by the authors. The detailed de-
scription is provided in the SI (SI Sections 3–5) and a brief overview is
given here. The estimates regarding the data for medium requirements
and amino acid use for the proliferation and differentiation of the immortal-
ized murine myoblast cell line C2C12s were based on well-plate experi-
ments. The authors acknowledge the range of primary and immortalized
cell options available and under development. The authors anticipate that
in the future, cell lines will be designed for the cultured meat field, as has
happened in the biotech industry with for example CHO cells, therefore
we see the C2C12 cell line as a good intermediatory between primary
cells and the hypothetical future cell line.

Experiments were conducted because to the authors' knowledge no lit-
erature data is available for the metabolic requirements during differentia-
tion of muscle progenitor cells to myotubes. The data for the medium
requirements of CHO cells during proliferation was based on data from
literature (Buchsteiner et al., 2018) and differentiation assumes a reduction
in metabolism to 30 % of proliferation metabolism based on the empirical
reduction seen for glucose consumption by C2C12 cells in this study. The
oxygen requirements are based on a literature consumption rate for
C2C12 cells (Li et al., 2013). The impact of a mass increase during differen-
tiation has been modelled as a reduction in the number of cells required
from proliferation to achieve the same final product mass. The media
requirements are based on the cell metabolic requirements and are largely
independent of the bioreactor design.

The bioprocess includes hollow fiber bioreactors used for both the prolif-
eration and differentiation phase with a theoretical design sized to satisfy
passaging at 80 % confluence with a confluence density of 1.1 × 108 cells
per mL of extracapillary space. The hollow fibers and scaffold for adherent
culture aremade of porous polystyrene as developed and used in the author's
lab (Luetchford et al., 2018). The different sizes of the bioreactor vessels
were used to estimate the reactor energy requirements for heating/cooling
to maintain isothermal conditions of 37 °C. The additional energy require-
ments of the bioprocess that have been accounted for include cleaning and
sterilization-in-place (CIP & SIP), media heating, mixing, sterile filtration,
and the pumping requirements for media supply and separation units of
ultrafiltration, nanofiltration, reverse osmosis and electro-deionization for
culture medium component recovery, by-product removal and water purifi-
cation and recycling.

2.5. LCA data

The detailed description of the life cycle inventory (LCI) and life cycle
impact assessment (LCIA) data sources are provided in the Supplementary
Data and an overview is shown in Table 2. As a general principle, Ecoinvent
3.6 database (Ecoinvent) was used when possible for inputs such as energy
and ingredients of the medium components. The recipes of the DMEM and
Essential 8™ were based on ingredients lists from the medium manufactur-
ers. The LCI data for amino acid production and production of other me-
dium ingredients were based on Marinussen and Kool (2010) and Mattick
et al. (2015). Regarding quantifying the impacts of FBS, substitution
approach based on the logic presented in Bier et al. (2012) was used
(explained in detail in SI Section 2). In the absence of LCI data for livestock
ass increase during differentiation (CMB128) and culturedmeat – combined (CMC)

CMB128 CMC

as CMB C2C12 cells, 7 days differentiation
energy, cleaning, as CMB Wind energy used for bioreactor energy, cleaning, water

sterilization and production of amino acids
ptimized as CMB Essential 8™ (no FBS), the amount of amino acids not

optimized
128 % 128 %
No Yes
No Yes



Table 2
Life cycle inventory (LCI) data for cultured meat baseline (CMB), cultured meat baseline 128 (CMB128) and cultured meat combined (CMC) scenarios and standard
deviations in brackets, for the functional unit of 1 kg of cultured meat.

Inputs Unit CMB CMB128 CMC LCI data source

Medium ingredients DMEM L 403.1 (77.1) 176.9 (33.8) 1, 2, 3
FBS (as urea) kg 0.19 (0.05) 0.08 (0.02) 3
Serum free medium L 176.9 (30.3) 1, 2, 3
Glutamine kg 0.10 (0.02) 0.04 (0.01) 0.04 (0.01) 1, 3
Tap water L 403.1 (77.1) 176.9 (33.8) 52.2 (8.9) 3

Bioprocess Average UK electricity MJ 19.2 (2.9) 8.4 (1.3) 3
Wind electricity MJ 8.4 (1.3) 3
Oxygen kg 0.56 (0.06) 0.24 (0.02) 0.24 (0.02) 3
Polystyrene kg 1.10 (0.01) 0.05 (0.005) 0.05 (0.005) 3

Cleaning of the bioreactor Average UK electricity MJ 1.71 (0.17) 0.85 (0.09) 3
Wind electricity MJ 0 0.85 (0.09) 3
Sodium hydroxide kg 0.06 (0.006) 0.03 (0.003) 0.03 (0.003) 3
tap water L 17.7 (1.77) 8.2 (0.82) 8.2 (0.82) 3

Wastewater sterilisation Average UK electricity MJ 15.5 (1.55) 6.8 (0.68) 3
Wind electricity MJ 1.78 (0.18) 3
Outputs
Cultured meat kg 1 1 1
Lactate kg 1.74 0.77 0.77
Ammonia g 2.2 1.0 1.0
Wastewater L 420.8 187.0 52.2 3

LCI data sources: 1 Mattick et al. (2015), 2 Marinussen and Kool (2010), 3 Ecoinvent.

Fig. 2. Contribution of different ingredients to the environmental impacts of the
culture medium used in CMB and CMB128 consisting of DMEM and FBS (Fetal
Bovine Serum) and serum-free medium (Essential 8™) used in CMC.
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production in the UK, the data for beef production in Ireland and poultry
production in Netherlands based on Agri-footprint database (Agri-
footprint 5.0) with economic allocation was used for the comparisons
with livestock meat. These systems were selected for the comparison due
to the suitability of the data with the impact assessment methods used in
this study and the availability of data from locations that are the closest
to the UK.

2.6. Uncertainty and sensitivity analyses

Monte Carlo analysis was used for estimating the uncertainty regarding
the data used for the CMB, CMB128 and CMC scenarios. The uncertainty
ranges used in the Monte Carlo analysis (Supplementary Data) were
based on the standard deviations of the bioreactor energy use and medium
requirement estimates, whereas for the polystyrene requirements, the im-
pacts of cleaning operations, the amount of wastewater generated and oxy-
gen inputs, the uncertainty ranges were set to±10% as more detailed data
was not available. The Monte Carlo analysis was carried out in Excel using
1200 replications based on uniform distribution for the random number
generation of the variables within the uncertainty ranges.

A sensitivity analysis was used for examining the impact of changes in
single input values to the results. In addition, the sensitivity of the allocation
method choices was tested. The impacts of allocating impacts to lactate as a
co-product of the cultured meat production system were assessed by using
two alternative methods: i) mass allocation and ii) product substitution
(details in SI Section 2). Regarding the impacts of FBS, in addition to product
substitution that was used in the baseline scenario, a combination of
economic and dry mass-based allocation was used (details in SI Section 2).

3. Results and discussion

3.1. Comparison of culture medium scenarios

When considering the scenarios for culture media alone, the highest
contribution to most of the environmental impacts of the culture medium
was the production of amino acids, followed by glucose, and vitamins and
minerals both in the case of the standard medium containing DMEM and
FBS (Fig. 2A) and the serum-free medium (Fig. 2B). The contribution of
FBS was 0.2–13 % of the total impact of the standard culture medium,
depending on the impact category, when substitution-based allocation
was used. The production of the growth factors contributed 0.5–1.7 % to
the impacts of serum-free medium.
5



Fig. 3. Comparison of the environmental impacts of different culture medium alternatives to the CMB medium consisting of DMEM and fetal bovine serum (FBS).
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The serum-freemedium (Essential 8™) had 28–44% lower environmen-
tal impacts compared to the culturemediumused in theCMB (Fig. 3), when
directly substituted for the baseline medium and assuming no reduction in
cell yield or change in cell metabolism. Of note is that the need for supple-
mentation of additional growth factors beyond those included in Essential 8
(insulin, FGF2 and TGFß1) has not been accounted for in the serum-free
medium scenario. The lowest impacts were achieved by using wind energy
for the production of amino acids combined with adjustment of the amino
acid supply according to the requirements of the cells instead of using the
standard DMEM formulation, indicating the importance of using a cell
line with relatively low amino acid requirements.

3.2. Comparison of cultured meat scenarios

The environmental impacts of the CMBwere 1.7–2.3 times higher com-
pared to the CMB128 and 3.8–5.7 times higher compared to the impacts of
the CMC depending on the impact category (Table 3).

The production of the culture medium had the highest contribution to
all impact categories both in the case of CMB and CMC (Fig. 4). Bioprocess
energy use and wastewater treatment were the second most contributing
processes for CMB, whereas in the case of CMC the second most contribut-
ing process varied between the impact categories (Fig. 4).

When comparing the range of scenarios to the CMB, the highest reduc-
tions in all the environmental impacts were achieved through changing the
cell type to CHO cells, and assuming 128%mass increase during differen-
tiation phase of C2C12 cells (Fig. 5). These reductions were mainly due to
the decrease in culture medium requirements from 426 L in the CMB, to
Table 3
Environmental impacts of cultured meat baseline (CMB), cultured meat baseline 12
deviations (SD) based on Monte Carlo analysis).

Impact category Unit CMB

Mean SD

Particulate matter kg PM2.5 eq 0.039 0.0
Fossil resource scarcity kg oil eq 7.60 1.3
Freshwater eutrophication kg P eq 0.01 0.0
Global warming kg CO2 eq 25.19 4.6
Land use m2a crop eq 6.89 1.3
Ozone formation kg NOx eq 0.052 0.0
Terrestrial acidification kg SO2 eq 0.12 0.0
Water consumption m3 0.54 0.4
Cumulative energy demand MJ-eq 532.78 32

6

187 L when assuming 128 % mass increase for the C2C12 cells during
the differentiation period, and to 138 L/kg of cultured meat when CHO
cells were assumed to be used. The 128 % mass increase reduces medium
requirements as less cells from the proliferation phase are needed per FU
when compared to the 0 % mass increase scenario. Relatively high reduc-
tions compared to the other processes were also achieved through use of
wind or solar energy instead of ‘average electricity mix’ in the bioprocess
and production of medium ingredients; with the adjustment of amino
acid inputs according to the experimentally deduced requirements of the
C2C12 cells (Fig. 5). As noted above, the use of serum-freemedium reduced
the environmental impactswhen a direct substitutewith the baselinemedia
recipe was considered (serum-free baseline), Fig. 5). The impacts of serum-
free experimental were increased by 1–19 % to that of CMB as a conse-
quence of the higher cell doubling time of 25.9 h observed in laboratory
experiments, compared to the 20 h baseline value. The doubling time
experimental scenario, with a cell population doubling time of 16.6 h,
reduced the environmental impacts by approximately 8–9 % compared to
CMB. The use of seawater as cooling water for the bioreactors reduced
the energy use for cooling, but this had only minor effect on the results
(Fig. 5), of less than 1 % impact reduction. Water recycling reduced the
environmental impacts due to reduction in the volume of water needed
to be sterilized before disposal and to be treated at the wastewater treat-
ment plant (Fig. 5). Using chemical decontamination instead of heat inac-
tivation for the used culture medium before drain disposal substantially
increased all impact categories except energy demand (Fig. 5). The use of
TrypLE™ for removing the cells from scaffold had only minor impacts on
the results (Fig. 5).
8 (CMB128) and cultured meat combined (CMC) scenarios (mean and standard

CMB128 CMC

Mean SD Mean SD

08 0.019 0.008 0.010 0.002
3 3.83 1.32 1.33 0.21
0 0.00 0.00 0.00 0.00
0 12.64 4.55 4.88 0.81
3 3.36 1.27 1.84 0.33
11 0.026 0.011 0.012 0.002
2 0.06 0.02 0.03 0.01
3 0.32 0.32 0.12 0.02
6.08 231.43 177.36 94.09 15.62



Fig. 4. Contribution of different processes on the environmental impacts of cultured meat baseline (CMB) scenario and cultured meat combined (CMC) scenario.
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3.3. Comparison of cultured meat with livestock meat

The comparison of the impacts of CMB, CMB128 and CMC with con-
ventionally produced beef and poultry shows that the relative differences
vary highly between the impact categories (Fig. 6). CMB had the highest
impact in five out of nine environmental impact categories, whereas beef
had the highest impact in the rest of the impact categories. Poultry had
the lowest impacts in all of the impact categories. CMC had lower impact
than beef in all impact categories, except freshwater eutrophication.
CMB128 had lower impacts than beef in all impact categories, except
Fig. 5. Comparison of the environmental impacts of different scenarios as
percentage change compared to the CMB scenario.
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particulate matter, fossil resource scarcity, freshwater eutrophication and
energy demand. The relatively high freshwater eutrophication impacts
in CMB, CMB128 and CMC scenarios were explained by phosphorus
emissions from non-agricultural sources, such aswastewater treatment pro-
cesses related to production of energy andmaterials used for the production
of inputs.

3.4. Sensitivity analysis outputs of data and methods

When considering only the uncertainties related to the bioprocess
design, the sensitivity analysis showed that the CMB system was the most
sensitive to the uncertainties regarding medium quantities, the difference
ranging between±10 and 18% depending on the impact category (Fig. 7).

However, the choices in the allocation methods had even higher impact
on the results. In this study, lactate is taken as a waste product, though it
should be noted that in theory, it may be economically feasible for waste
valorization, that is to say lactate could be considered as a co-product not
a waste product thus changing the LCA and resulting environmental im-
pacts. The use of dry mass-based allocation for lactate and cultured meat
(i.e. the environmental impacts of the whole production process were allo-
cated to cultured meat and lactate based on their dry matter mass) reduced
the impacts of culturedmeat by 85% in the CMB scenario compared to the
baseline where all impacts were allocated to cultured meat (Table 4). Dry
mass-based allocation used for FBS (i.e. the environmental impacts of
beef production were allocated to FBS as a basis of its dry matter weight
in relation to the dry matter mass of the rest of products from beef systems)
increased the impacts of CMB by 11–3041 % depending on the impact
category (Table 4).

3.5. Comparison of the results with previous LCA studies

Direct comparisons of the results from different LCA studies are not usu-
ally possible due to variation in the system boundaries, allocation methods
and background data sources, and therefore, the comparisons need to be
done carefully and with this in mind. The GWP of CMB was close to the
findings of Smetana et al. (2015) and within the upper end of the uncer-
tainty range in Mattick et al. (2015) (Table 5). The land use requirements
of CMB were also close to the upper end of the uncertainty found in
Mattick et al. (2015), whereas the land use in Smetana et al. (2015) was
substantially lower due to the assumption of using cyanobacteria as a
main source of nutrients. CMC had higher GWP than the renewable energy
scenario in the report by CE Delft (2021). This could be explained by the



Fig. 6. Comparison of the relative impacts of cultured meat baseline (CMB), cultured meat baseline with 128 % cell mass increase during differentiation (CMB128) and
cultured meat combined (CMC) scenarios with beef produced in Ireland and poultry in the Netherlands.
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fact that the direct electricity use for the bioreactors had the highest contri-
bution to the GWP in the report by CE Delft (2021), whereas in this study
the production of medium had the highest contribution to the GWP. Even
though wind energy was assumed to be used in the CMC scenario for direct
energy use at the production plant and for the production of amino acids,
relative high amount of fossil-based energy was still needed for the produc-
tion of other ingredients for the medium. The estimates by Tuomisto and
Teixeira de Mattos (2011) had the lowest impacts in all categories due to
the fact that the system design was based on a futuristic design using
cyanobacteria-based culture medium. The differences between the results
of this study and Mattick et al. (2015) are explained by the differences in
Fig. 7. Results of the sensitivity analysis related to the uncertainties of the process
design when single parameters are reduced by standard deviation (as shown in
Table 2).
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the system design, for instance, Mattick et al. (2015) assumed the use of
stirred-tank bioreactor and serum-free media with soya hydrolysate as a re-
placement of FBS. Furthermore, Mattick et al. (2015) assumed the produc-
tion to take place in the US, no cell passaging was reportedly accounted for
and a shorter differentiation period of 3 days compared to 7 days in this
study (SI Table S1).

As the study by Smetana et al. (2015) did not provide enough detail for a
comparison to be made to explain the differences between their findings
and other studies, additional informationwas gained by personal communi-
cation with the lead author. Even though Smetana et al. (2015) used data
from Tuomisto and Teixeira de Mattos (2011), their results for the environ-
mental impacts were substantially higher due to the assumption that the
cyanobacteria for the culture medium was cultivated in a bioreactor rather
than in an open pond leading to substantially higher energy consumption.

3.6. Identifying hotspots and where to focus research and development efforts

This paper utilizes biochemical engineering design methodologies and
laboratory experiments. However, aside from the cell culture data and
other data taken from experimental research papers, this bioprocess design
Table 4
Impact of lactate and FBS allocation choices to the environmental impacts compared
to the baseline scenario (CMB). ForCMB all impacts of the process were allocated to
cultured meat, lactate was regarded as by-product without any allocation, and
substitution-based allocation was used for FBS. Here we consider substitution, dry
mass and wet mass-based allocation for lactate and dry mass based allocation for
FBS (as explained in SI Section 2).

Lactate allocation FBS allocation

Substitution Dry mass
allocation

Wet mass
allocation

Dry mass

% % % %

Land use −5 −85 −63 3041
Global warming −35 −85 −63 252
Fossil resource scarcity −48 −85 −63 11
Freshwater eutrophication −29 −85 −63 85
Particulate matter −23 −85 −63 129
Ozone formation −35 −85 −63 97
Terrestrial acidification −20 −85 −63 241
Water consumption −28 −85 −63 348
Energy demand −32 −85 −63 28



Table 5
Comparison of the results for Global Warming Potential (GWP) and land use of the
cultured meat baseline (CMB) and cultured meat combined (CMC) scenarios in this
study with findings of the previous studies.

GWP (kg CO2-eq/kg
product)

Land use (m2/kg
product)

This study CMC 4.9, CMB128
12.6 CMB 25.2

CMC 1.8, CMB128 3.4,
CMB 6.9

CE Delft (2021) 2.5–13.5 1.7–1.8
Mattick et al. (2015) 3.0–25.5 1.5–9.5
Smetana et al. (2015) 23.9–24.6 0.4–0.8
Tuomisto and Teixeira de Mattos (2011) 1.9–2.2 0.2
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is still theoretical, and as such several assumptions have been made, as
described through this manuscript. This study does not aim to present a
final, fully-detailed bioprocess design but rather identify the impact on
the overall media requirements and environmental impact for an illustra-
tive set of bioprocess design scenarios that previous simplified designs
have not considered.

The results of this paper align with findings of previous LCA studies by
indicating that cultured meat could have potential to reduce the environ-
mental impacts of food production, especially when replacing beef and ap-
propriate design decisions are made. Though, the authors recognize that
wide-ranging and continually-improving conventional farming methods
mean there is considerable variation in environmental impacts, analysis
of which is beyond the scope of this bioprocess-focused study The results
here show that the major hotspot of the environmental impacts of cultured
meat is the production of the culture medium ingredients, in particular
synthetic amino acids. Further research is needed tofind alternative sources
for amino acids, for instance using hydrolysates from legumes, algae or
microbes. The areas to focus research and development (R&D) efforts are
biological and bioprocess design choices that are discussed here.

In terms of biological areas for development, there is currently limited
literature data available specific to skeletal muscle cell culture including
C2C12 cells. Cell mass, cell water content, cell protein content, heat of reac-
tion of cell growth and cell maintenance are based on literature values. To
account for the lack of information available on how cell metabolism
changes for skeletal muscle cells during differentiation, experiments with
C2C12 cells were conducted with the notable outcome that on a per nuclei
basis they consume less medium components when differentiating com-
pared to proliferating. The ratio of this decrease and metabolism change
is an important biological area to be explored formuscle cells fromdifferent
species. The mass increase during differentiation was identified as a key
area of uncertainty early on in this study, with a large effect on the environ-
mental impacts, consequently experimentswere undertaken in this study to
reduce this uncertainty. We determined the total protein increase of C2C12
cells during differentiation (SI Section 4.6.3). A linear relationship was
observed for protein increase against differentiation time (SI Fig. S6), up
to day 9 of differentiation. This highlights the length of the differentiation
phase as an area for optimization. Longer cell culturing time may be
required for achieving whole-cut cultured meat with more complex
media requirements if co-cultures are also used. Further R&D should also
investigate the extent of confluency required combined with the length of
differentiation phase needed for achieving a desired protein yield.

3.7. Medium formulation and the use of serum

The authors anticipate the elimination of animal derived products from
cultured meat production; however, they acknowledge the current wide-
spread use of serum. In this study FBSwas taken as the baseline scenario be-
cause it is still widely used in cell culture, due to the associated high-costs
and reported efficiency-disparity of serum-free alternatives. Alongside the
questionable ethics of serum use, it is associated with disadvantages of
batch-to-batch variation, limited availability, and the underlying require-
ment for using animals. Therefore, this study further evaluated the environ-
mental impacts of a chemically-defined, serum-free media alternative
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(Essential 8™) that is currently commercially available. The use of Essential
8™ is in our experience a potential alternative, noting that it is currently up
to 10 times the price of DMEM and FBS, and results in significantly lower
proliferation rates for C2C12s demonstrates that there is still development
work required on serum alternatives. Various research groups and compa-
nies are currently developing new formulations of serum-free medium
and animal-free growth factors, by using different ingredients that may
have vastly different levels of environmental impacts compared to this
study (Stout et al., 2021). There is potential that alternative amino acid
sources could help to reduce the impacts, with R&D needed here. R&D
will also be required to determine the quantity of different ingredients
needed for both the proliferation and differentiation phases, as well as
their stability in the chosen bioreactor system.

3.8. Whole-cut versus protein ingredient

This study produces a cell slurry, an ingredient to add to a recipe to
make the desired product. There is growing interest in whole-cut cultured
meat, which introduces other design challenges at all stages of bioprocess
design out of scope of this study. For example, some may wish to include
co-culture with adipocytes, plus consideration for how texture and struc-
ture is achieved.

3.9. Bioreactor optimization

Preliminary bioreactor design related to the minimum and maxi-
mum cell densities is based on literature for hollow-fiber bioreactors,
but are not specific to muscle cells alone. Bioreactor size is based on a
theoretical design achieved using chemical engineering design method-
ologies, and while it has not been built, it is within the size limits of
membrane units manufactured for other industries. The physical limits
associated with cell culture to satisfy oxygen requirements have yet to
be determined empirically. Further work is required to optimize design
for maximum cell (protein) yield, and minimum operating and capital
expenditures, as well as minimal environmental impact and maximum
ethical standards.

3.10. Bioprocess design

Due to the energy requirements for cultured meat production, the
use of renewable energy sources is key for achieving the climate bene-
fits. This choice of energy source is particularly important when consid-
ering the longer time frame impacts; the emissions of fossil CO2 are
more problematic than methane emissions as CO2 persists in the atmo-
sphere indefinitely whereas methane dissipates in 12 years (Lynch and
Pierrehumbert, 2019).

The bioreactor design here is based on chemical engineering bioprocess
design methodologies. An area of R&D focus is the detailed bioreactor
design in conjunctionwith empirical verification is required to take into ac-
count practical size limitations, mass transfer limitations for example asso-
ciated with oxygen supply, inoculation and passaging methods and seeding
efficiency. In addition, the separation units and their respective efficiency
and retention specific to the components and formulation of mammalian
cell culture medium is uncertain.

3.11. Full effects of livestock reduction

Further consequential LCA studies should also consider other wider
consequences of reducing livestock production. For instance, livestock
producesmany co-products that would need to be replacedwith other tech-
nologies if cultured meat were to replace livestock production in large
quantities. Also, due to the key role of extensive grazing-based livestock
production systems in the provision of biodiversity benefits and other
ecosystem services (Tälle et al., 2016; Filazzola et al., 2020), more holistic
environmental assessments of different food production systems would be
needed.
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3.12. Consumer studies and socio-economic analysis

The system design presented in this paper would produce a basic cul-
turedmeat as amuscle cell mass that could be used as an ingredient in proc-
essed meat products. While some studies have investigated the consumers'
perceptions of cultured meat (Bryant and Barnett, 2018; Stephens et al.,
2018), further studies are needed for organoleptic testing and consumer
tasting experiments. Furthermore, to develop the best cultured meat
bioprocess for the planet, people and profit, future analysis is recom-
mended in the socio-economic aspects of cultured meat, in addition to
the LCA.

4. Conclusion

This study provides a framework to compare between difference
bioprocess design scenarios based on environmental impacts. The
cultured meat combined (CMC) scenario, that consisted of currently
available improved technologies, had 73–82 % lower impacts than the
cultured meat baseline (CMB) scenario. The production of the culture
medium ingredients had the highest contribution to the environmental
impacts, varying between 48 and 89 % depending on the impact cate-
gory. The use of CHO cell metabolism, instead of C2C12 cells reduced
the environmental impacts by 64–67 %, whereas the use of chemical
wastewater treatment instead of heat treatment increased the impacts
0–16 %. When including dry mass-based allocation to the lactate by-
product, the impacts of CMB were reduced by 85 % compared to the
baseline where no allocation was included. CMB scenario had higher
environmental impacts than poultry in all impact categories and higher
impacts than beef in 5 out of 9 impact categories. CMC scenario had
lower impacts than beef in all impact categories, except freshwater
eutrophication, but higher or similar impacts with poultry. This knowl-
edge contributes to improving the understanding of the sources of, and
ways to reduce, the environmental impact of cultured meat by using
a comprehensively-designed bioprocess that utilizes hollow fiber biore-
actors, and the utilization of data for nutrient requirements from
laboratory-scale C2C12 culture proliferation and differentiation experi-
ments. Based on the LCA outputs, the authors are able to recommend
that the following five areas should be the focus of R&D for improving
the environmental performance of cultured meat production systems:
i) cell line development to improve culture medium use efficiency
and protein yield, ii) culture medium recipe development, iii) use of re-
newable energy in the bioprocess and production of culture medium in-
gredients, iv) bioreactor design to reduce energy use, and v) efficient
downstream process design to utilize by-products of the bioprocess.
We have chosen a range of scenarios that are feasible to illustrate this
framework, and encourage others wishing to manufacture cultured
meat to utilize this method of analysis of design scenarios as a basis
for their own bioprocess design scenarios, incorporating their own
data and design choices.
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