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Abstract

Specific microalgae species are an adequate source of EPA and DHA and are able to provide a complete protein, which makes
them highly interesting for human nutrition. However, microalgae cultivation has also been described to be energy intensive and
environmentally unfavorable in pilot-scale reactors. Moreover, production in cold temperature zones has not been sufficiently
investigated. In particular, the effects of tube materials and cultivation season length have rarely been previously investigated in
the context of a comparative LCA of microalgae cultivation. A computational “top-down” model was conducted to calculate
input flows for Nannochloropsis sp. and Phaeodactylum tricornutum cultivation in a hypothetical tubular photobioreactor.
Cultivation processes were calculated according to detailed satellite climatic data for the chosen location in Central Germany.
This model was applied to a set of different scenarios, including variations in photobioreactor material, tube diameter, microalgae
species, and cultivation season length. Based on these data, a life cycle assessment (LCA) was performed following ISO standard
14040/44. The impact assessment comprised the global warming potential, acidification, eutrophication, cumulative energy
demand, and water scarcity. The results showed that a long cultivation season in spring and fall was always preferable in terms
of environmental impacts, although productivity decreased significantly due to the climatic preconditions. Acrylic glass as a tube
material had higher environmental impacts than all other scenarios. The cultivation of an alternative microalgae species showed
only marginal differences in the environmental impacts compared with the baseline scenario. Critical processes in all scenarios
included the usage of hydrogen peroxide for the cleaning of the tubes, nitrogen fertilizer, and electricity for mixing, centrifuga-
tion, and drying. Microalgae cultivation in a tubular photobioreactor in a “cold-weather” climate for food is sustainable and could
possibly be a complement to nutrients from other food groups. The added value of this study lies in the detailed description of a
complex and flexible microalgae cultivation model. The new model introduced in this study can be applied to numerous other
scenarios to evaluate photoautotrophic microalgae cultivation in tubular photobioreactors. Thus, it is possible to vary the facility
location, seasons, scale, tube dimensions and material, microalgae species, nutrient inputs, and flow velocity. Moreover, single
processes can easily be complemented or exchanged to further adjust the model individually, if, for instance, another downstream
pathway is required.
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material, which is available to authorized users The nutritional supply for a growing world population has

been widely discussed in the literature, where possible solu-
tions to meet the increasing food demands include a shift in
diet patterns toward plant-based options, further development
of technologies, reduction in food waste, land expansion, and
yield enhancement (Cazcarro et al. 2019). In this context,
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Microalgae have the potential to provide crucial nutrients
for human nutrition, such as vitamins including By, sterols,
polysaccharides, carotenoids, dietary fiber, and antioxidants
(MiSurcova et al. 2012; Wells et al. 2017; Borowitzka
2018). Relevant microalgae species can contain high percent-
ages of protein, including all essential amino acids (Safi et al.
2014; Gutiérrez-Salmean et al. 2015), which could be a decent
complement to more conventional high-impact protein
sources such as meat and dairy products, especially since it
is estimated that approximately 1 billion people today have
deficient protein intake (Caporgno and Mathys 2018).
Another promising characteristic of some microalgae species
is their elevated content of polyunsaturated fatty acids
(PUFAs), particularly eicosapentaenoic acid (EPA) and
docosahexaenoic acid (DHA), which are otherwise only
found in seafood. Oleaginous microalgae such as
Nannochloropsis sp. could thus help reduce excessive pres-
sure on the fish market.

The photoautotrophic cultivation of microalgae largely de-
pends on solar insolation and temperature. The outdoor loca-
tion of cultivation systems has been preferred to avoid exor-
bitant costs for radiation and temperature control. A great part
of microalgae that are cultivated for human nutrition today are
produced in open raceway ponds (ORPs) located in Asia.
Large plants also operate in Australia and Israel (Borowitzka
2013). However, the evaluation of microalgae cultivation in
different geographical and climatic locations is crucial to ex-
ploit their true potential in providing nutrients for humans
globally. In particular, cultivation in cold areas of temperate
climatic zones has only been investigated in a few studies
(Pérez-Lopez et al. 2017; Smetana et al. 2017). A previous
study by Schade and Meier (2019) suggested that
photobioreactors (PBRs) are the most suitable for production
in cold climates. Moreover, Nannochloropsis sp. has been
reported to be easily contaminated with bacteria, other
microalgae, or protozoa and is therefore best suited to closed
cultivation systems (Rocha et al. 2003). Furthermore, PBRs
are described to enable a higher photosynthetic efficiency than
ORPs and thus also a higher productivity. PBRs use less water
due to the absence of evaporation, and they allow more precise
management of ambient conditions (Enzing et al. 2014;
Huang et al. 2017), which is of high interest for the cultivation
of microalgae for food. In contrast, most of the life cycle
assessments (LCAs) on microalgae so far have focused on
the usage of microalgae as some form of bioenergy. Not only
do functional units and system boundaries differ from the
methodological settings of food LCAs, but also cultivation
standards cannot be guaranteed to be congruent with those
used for the production of food.

Precise data on the industrial-scale cultivation of
microalgae for food, especially in PBRs, are still scarce.
Moreover, former analyses tended to extrapolate data from
laboratory- and pilot-scale cultivation plants to obtain relevant
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input flows, thus using a methodological “bottom-up” ap-
proach (Lardon et al. 2009; Collet et al. 2014; Keller et al.
2017; Smetana et al. 2017). The present study relies on the
cultivation of the microalgae species Nannochloropsis sp. in a
hypothetical tubular PBR in Central Germany as an example
of a “cold-weather” temperate climate. Productivity is calcu-
lated after a 4-year average of location-specific satellite data
using the NASA Power Data Access Viewer (NASA—
National Aeronautics and Space Administration 2019). The
location-specific data are used in a set of calculations to con-
duct a life cycle inventory following a “top-down” approach.
Subsequently, the environmental impacts of microalgae culti-
vation are investigated using LCA following ISO standard
14040/44 (ISO Organization 2006).

The strength of the study lies in the complex and flexible
microalgae cultivation model, which can be applied to multi-
ple other scenarios to evaluate microalgae cultivation in tubu-
lar PBRs. Thus, it is possible to vary the facility location,
seasons, scale, tube dimensions and material, microalgae spe-
cies, nutrient inputs, and flow velocity. Moreover, single pro-
cesses can easily be complemented or exchanged to further
adjust the model individually, if, for instance, another down-
stream pathway is required.

This is the first part of a two-part study to analyze the
environmental impacts of industrial scale microalgae cultiva-
tion in photobioreactors in a “cold-weather” climate. Part 2 of
the study (Schade et al. 2020) is a comparative life cycle
assessment that uses relevant scenarios of part 1 as well as
additional scenarios and compares the environmental impacts
of microalgae in a “cold-weather” climate to those from dif-
ferent fish products based on the nutritional value of the prod-
ucts. The implementation of microalgae as a source of essen-
tial nutrients is extensively discussed, and their significance
for food is evaluated.

Materials and methods
LCA framework
Goal and scope

The objective of the study was to assess the environmental
impacts of generic industrial-scale microalgae production for
food in a horizontally stacked tubular PBR in Germany. To
meet this objective, this study aimed to develop a computa-
tional model for the calculations of relevant input flows during
microalgae cultivation. Furthermore, different scenarios for
the cultivation of microalgae were tested comprising varia-
tions in reactor design, the choice of microalgae species, and
different cultivation season lengths due to climatic precondi-
tions. More specifically, the scenarios differed in the choice of
tube material, as borosilicate glass and polymethyl
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methacrylate (PMMA) were used. Concerning the borosilicate
glass scenarios, two different tube diameters were tested,
namely, 40 mm and 36 mm. For the PMMA tubes, two dif-
ferent lifespans of 3 and 7 years (with reduced productivity)
were assumed. The microalgae species Nannochloropsis sp.
and Phaeodactylum tricornutum were assessed to test possible
variations due to the microalgae species. For each of the sce-
narios, three different cultivation season lengths were applied.

Modeling approach

An attributional modeling approach was chosen with alloca-
tion “at the point of substitution,” as it was considered the
most accurate for the application of waste treatment. Carbon
sequestration during cultivation was modeled as an avoided
burden. Waste treatment, including recycling, was modeled
for all reactor materials.

System boundaries

The system boundaries comprised all processes up to the dry
microalgae biomass. An overview of the system boundaries is
given in Fig. 1. As microalgae production for food was
assessed, the whole dry biomass as the target product was
assumed most appropriate given that microalgae are common-
ly sold in this form as supplements. Similar system boundaries
have rarely been used in preceding studies (Taelman et al.
2013; Zaimes and Khanna 2013; Pérez-Lopez et al. 2017).

In contrast, many studies relied on different kinds of down-
stream processing included in the system boundaries (Lardon
etal. 2009; Batan et al. 2010; Campbell et al. 2011; Khoo et al.
2011; Yanfen et al. 2012; Soratana et al. 2013; Collet et al.
2014; Pérez-Lopez et al. 2014; Quinn et al. 2014; Bennion
et al. 2015; Silva et al. 2015; Wu et al. 2017; Smetana et al.
2017).

Functional unit

For both the methodological calculations and the compilation
of the life cycle inventory, 1-kg DM (dry mass) was used as
the functional unit for microalgae, as dry biomass was chosen
to be the final product in this study. Previous studies often
included the use of an energetic functional unit in correlation
with the assessment of microalgae for energy or biofuels
(Collet et al. 2011; Hou et al. 2011; Khoo et al. 2011;
Yanfen et al. 2012; Grierson et al. 2013; Taelman et al.
2013; Zaimes and Khanna 2013;Woertz et al. 2014; Monari
et al. 2016; Wu et al. 2017; Raghuvanshi et al. 2018).
Occasionally, mass-based functional units corresponding to
a certain ingredient have been used, such as lipids or
astaxanthin (Pérez-Lopez et al. 2014; Keller et al. 2017;
Collotta et al. 2018). The mass-based functional unit in this
study was considered most appropriate given that groceries
commonly rely on 1 kg or 100 g to indicate ingredients and
nutrient contents.
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Fig. 1 System boundaries of microalgae cultivation in a tubular PBR
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Data source

A combination of different resources was relied on for the
foreground data. Foreground data were partly acquired
from the literature and supplemented with information
gained through expert interviews. Data derived from the
literature comprised the nutritional composition of the
microalgae species used, the photoconversion efficiency
(PCE), nutrient inputs during cultivation, cleaning sub-
stances, materials for the supporting structures of the
PBR, and flow velocity in the PBR. Detailed references
are given in “System design of microalgae cultivation” sec-
tion. Detailed climatic data were obtained from the NASA
Data Access Viewer (NASA—National Aeronautics and
Space Administration 2019). To assess the relevant input
flows for the conduction of the LCA, the selected data were
drawn from our own calculations. The Ecoinvent v3.4
“APOS” system model (“allocation at the point of substitu-
tion”) was used for the calculation of all background pro-
cesses (Wernet et al. 2016).

Life cycle impact assessment

For the life cycle impact assessment (LCIA) of the
microalgae scenarios, global warming potential was quan-
tified and expressed as CO,eq according to IPCC 2013
GWP 100a (IPCC 2014). Acidification and eutrophication
were recorded as SO,eq and PO, eq based on CML-IA
Baseline EU25 (de Bruijn et al. 2002). The calculation of
the cumulative energy demand was based on the method
published by Ecoinvent v2 and expanded by PR¢
Consultants (Frischknecht et al. 2007). To assess blue water
use, different methods were applied. Water scarcity was
analyzed using AWARE (Boulay et al. 2018) and the water
stress index according to Hoekstra et al. 2012 (Hoekstra
etal. 2012). Additionally, the values for water use conduct-
ed in the life cycle inventory (LCI) (Table S3) were ana-
lyzed according to cultivation stage.

Data quality analysis

A combination of methods was used to analyze the data qual-
ity. First, sensitivity analysis was carried out by assessing
different microalgae cultivation scenarios. In the second step,
Monte Carlo analysis was performed using [PCC 2013 GWP
100a in SimaPro (PR¢é Consultants B.V., Netherlands, version
8.5) to evaluate the variation in the results during the compar-
ison of different scenarios. The background processes in
SimaPro were supplied with a distribution factor.
Concerning the foreground processes, Pedigree matrices were
conducted in SimaPro using a lognormal distribution.
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System design of microalgae cultivation
Geographical setting

Central Germany was chosen as the geographical setting,
more specifically the city of Halle/Saale, which is located in
the temperate climatic zone and shows suitable climatic pre-
conditions for the cultivation of microalgae. The maximum,
minimum, and mean temperatures at 2 m in °C and all sky
insolation incidents on a horizontal surface in MJ m > day '
were evaluated as the key parameters for microalgae cultiva-
tion. The temperature was analyzed in detail for the years
2015-2018 to identify the months that were suitable for
microalgae cultivation. Insolation data were used for the cal-
culation of yield and productivity. A further description of the
method is given in “LCI processes: methodological approach”
section. Moreover, the minimum and maximum wind speeds
were examined and excluded from further calculation because
the maximum wind speed was too low to have a cooling effect
on the PBR. The same was found for precipitation rates. The
climatic investigations were based on detailed monthly satel-
lite data obtained from the NASA Power Data Access Viewer
(NASA—National Aeronautics and Space Administration
2019) for the years 2015-2018, and a 4-year average was used
for the calculations. The average maximum temperature
reaches a peak in August at 26.2 °C. Solar insolation can reach
18.2MJ m % day ' on average in June. Detailed climatic data
can be accessed in the supplementary material (Figs. S1-S2,
Tables S1-S2).

Microalgae species

Nannochloropsis sp. was chosen for cultivation in the hypo-
thetical industrial-scale tubular PBR. This species was consid-
ered due to its relatively high total lipid and protein contents.
However, the values for the nutrient content ranged drastically
across the literature which can be due to a great number of
varying parameters, such as nutrient inputs and climatic
characteristics.

The protein content of Nannochloropsis sp. was specified
to range between 25 and 36% of DM with most studies sug-
gesting a value of approximately 30% (Rebolloso-Fuentes
et al. 2001; Fabregas et al. 2004; Kent et al. 2015; Paes et al.
2016; Molino et al. 2018) which was also used in this study.
Hulatt et al. (2017) described a value of 50-55% of DM dur-
ing nutrient-replete conditions.

Concerning the total lipid content, the values fluctuated
vastly from 5 to 44% of DM under light-saturated, non-
stressed conditions with an EPA content between 1.1 and
7.48% of DM (Rebolloso-Fuentes et al. 2001; Fabregas
et al. 2004; Kent et al. 2015; Ma et al. 2016; Paes et al.
2016; Hulatt et al. 2017; Molino et al. 2018). These values
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resulted in mean lipid and EPA contents of 20.6% and 4.2%,
respectively, of DM.

To calculate the nutritional energy value, the mean carbo-
hydrate content was taken from the literature. The carbohy-
drate content of Nannochloropsis sp. ranged between 20 and
37.6% across the studies (Rebolloso-Fuentes et al. 2001;
Fébregas et al. 2004; Paes et al. 2016; Molino et al. 2018)
resulting in a mean value of 29%. The mean values of the
macronutrients contained in Nannochloropsis sp. were used
to calculate a nutritional energy value of 17.66 MJ kg . This
result is in accordance with the nutritional energy values in the
literature, which were between 16.8 and 25.7 MJ kg !
(Rebolloso-Fuentes et al. 2001; Sukarni et al. 2014; Hulatt
etal. 2017).

Khatoon et al. (2014) described a salinity of approximately
30 g L' as optimal, which was, on average, confirmed by
other studies (Gu et al. 2012; Bartley et al. 2014; Ma et al.
2016).

Biomass growth and composition reached a peak at a pH
between 7.5 and 9.0 (Bartley et al. 2014; Khatoon et al. 2014;
Kent et al. 2015; Ma et al. 2016; Paes et al. 2016) resulting in
an average pH of 8.3. Moreover, a temperature of 21 to 25 °C
has been reported to enable the maximum growth rate (Chini
Zittelli et al. 1999; Ma et al. 2016). The maximum cell density
reaches 4.7 g L™ (Hulatt et al. 2017).

As a second scenario, Phaeodactylum tricornutum was
cultivated in a glass tube PBR. Similar to Nannochloropsis
sp., this microalga is characterized by reasonably high pro-
tein and lipid contents as well as a favorable fatty acid
profile. The protein content can reach 36.4% of DM while
the total lipid content reaches 18% on average (Rebolloso-
Fuentes et al. 2007). The content of EPA fluctuated be-
tween 1.10 and 5.11% of DM, and the values for DHA
ranged between 0.15 and 0.13% of DM (Zhukova and
Aizdaicher 1995; Ryckebosch et al. 2014). Thus, EPA
and DHA contents of 3.11 and 0.14%, respectively, of
DM were assumed. Based on the macronutrient profile, a
nutritional energy value of 17.25 MJ kg ' was calculated.
The optimum cultivation temperature was described to be
approximately 20 °C, with a favorable pH of 7.7 (Silva
Benavides et al. 2013).

LCl processes: methodological approach

Yield and productivity The yield is usually calculated in a
“top-down” manner from the solar radiation rather than
conducting extrapolations from the lab scale. In terms of
autotrophic microalgae, it is commonly known that light
is the primary limiting factor. To cultivate microalgae on
a large scale, sunlight should be used to avoid extreme costs
due to energy use. The productivity of autotrophic
microalgae cultivation hence highly depends on the solar
radiation of a location. Another factor determining

productivity is the photoconversion efficiency (PCE),
which depends on the energy embodied in the microalgae
biomass and the irradiation flux. The maximum possible
solar energy converted to biomass has been described to
be 10% (Lundquist et al. 2010). A PCE of 5% on average
is described to be optimistic for a biomass energy value of
20 MJ kg~ ! dry weight (Posten 2012; Skarka 2012), where-
as other studies indicate a maximum PCE of only 1 to3%
after inclusion of all constraining effects, namely, light sat-
uration and photoinhibition as well as practical losses
through reflection, inactive absorption, respiration and high
oxygen rates (Lundquist et al. 2010; Benemann 2013). De
Vree et al. (2015) described the photosynthetic efficiency in
vertical photobioreactors to be high, ranging between 2.4
and 4.2% (De Vree et al. 2015). On average, the data ob-
tained from the literature result in a mean PCE value of
3.4%. Thus, in this study, a constant PCE of 3.4% was
assumed for the calculation of the expected yields.
Equation 1 is the equation used for the calculation of the
yield in kg m™? year ' which has been adapted from
(Skarka 2012).

PCE 12
Ya: Z (H[TAmXGm> (1)
Ho w1 \7

Y, yield, in kg m 2 year '

PCE  photoconversion efficiency, here 3.4%; 3.3% (for the
PMMA 7 years scenario)

H, nutritional energy value of the biomass in MJ kg™ ';
17.66 MJ kg for Nannochloropsis sp. and
17.25 MJ kg ™" for P. tricornutum

Ir,,  different temperature indicators € {0;1} for month m
with /7. ,, =1 for a suitable month for microalgae
cultivation and /7 ,,, =0 for an unsuitable month

G, total radiation in month m in MJ m >

A month was assumed to be suitable for microalgae culti-
vation when the mean temperature was between 0 and 35 °C,
whereas the minimum temperature must not fall below 0 °C
and the maximum temperature must not exceed 45 °C on more
than 5 days of that month (Skarka 2012). Following this hy-
pothesis and according to the climatic data (see supplementary
material), production would be feasible from April until
October. The climatic data were evaluated for the years
2015-2018. In October, the temperature usually did not fall
below 0 °C. In April, the temperature was slightly below 0 °C
on 2 to 5 days of the month. Accordingly, three different
scenarios for the yield calculation were assumed. In the opti-
mistic scenario, it was assumed that the whole months of April
and October were suitable for cultivation. Production hence
took place from April 1 until October 31 with 214 production
days and a yield of 5.92 kg m 2 year ' whereas 1 year a
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always comprises the total number of production days. In
contrast, the pessimistic scenario assumed that production in
April and October was not feasible, and only 153 production
days generated a yield of 4.78 kg m * year '. Production thus
took place from May 1 until September 30. An intermediate
scenario was added to account for these temperature differ-
ences between years and assumed production during half the
months of April and October resulting in 183 days (from April
15 until October 15) and a yield of 5.35 kg m > year .

The productivity Z, was calculated from the values for the
yield according to Eq. 2. The hypothetical facility comprises a
500-km long tube system over an area of 1.2 ha. The tubes
have a diameter of 40 mm, which gives a total production
volume of 628,000 L and thus a facility volume V,, of either
52.33 L m *or42.42 L m * for 36-mm tubes.

¥, % 1000
B ta X Vg

(2)

Z, productivity for the number of production days ¢, in
gL days™'

Y, annual yield for the number of production days ¢, in
kg m ? year '

t;  number of production days

V, facility volume per area, here 52.33 L m > and
4242Lm”

Infrastructure The horizontally stacked PBR consists of tubes
and corners made of borosilicate glass with a lifespan of
50 years. The tubes each have a length of 100 m, a diameter
of 40 mm, and a wall thickness of 2.0 mm. For further con-
struction and supporting structures, aluminum, steel, and syn-
thetic rubber are used (Pérez-Lopez et al. 2017). Whereas
aluminum and steel are also assumed to have a lifespan of
50 years, synthetic rubber is replaced after 10 years.

Alternatively, another borosilicate glass scenario was cal-
culated with a tube diameter of 36 mm, while the wall thick-
ness and PCE remained the same. This scenario is supported
by the assumption that despite the diameter being diminished,
the biomass concentration in the suspension will increase.
While the areal productivity remains unchanged, the volumet-
ric productivity increases, and electrical requirements as well
as water use are expected to decline.

As a third scenario, the tubes were assumed to be made of
acrylic glass, more specifically polymethyl methacrylate
(PMMA) with opaque corners made of polypropylene (PP),
while the supporting structure remained the same. PMMA is
described as a potential PBR material in the literature (Burgess
and Fernandez-Velasco 2007; Posten 2012) and has been used
in pilot-scale PBRs (Pérez-Lopez et al. 2017). Similar to bo-
rosilicate glass, PMMA has a high transmission of over 90%
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(Schultz and Wintersteller 2016). The acrylic glass tubes have
the same measurements as the borosilicate glass tubes.
However, the translucence of PMMA worsens by approxi-
mately 0.7% per year under full sun exposure (Schultz and
Wintersteller 2016). Consequently, it was assumed that the
PMMA tubes and PP corners needed to be replaced every
3 years to retain cultivation productivity and were subsequent-
ly recycled. PMMA is depolymerized to MMA through py-
rolysis and can be reused (Kaminsky and Eger 2001; Perugini
et al. 2005).

In an additional scenario, the acrylic tubes are maintained
for 7 years and subsequently recycled. In this scenario set, a
reduced PCE was assumed to account for the translucence loss
in the PMMA tubes that occurs over the years.

Nutrients The total nitrogen demand was calculated from the
average protein content of the microalgae species by applying
the nutrient-to-protein conversion factor k, which was adopted
from Templeton and Laurens (2015) and amounts to a mean
value 0f4.99. Thus, 1 g of nitrogen supplied per day translates
to 4.99 g of protein in biomass. Assuming a protein content of
30% in Nannochloropsis sp., a nitrogen input of 60 g kg™’
biomass would be appropriate. Nitrogen is applied as nitrate
which increases the pH due to the release of OH ™ ions (Safafar
et al. 2016).

An N:P ratio of 20:1 has been described as optimal for
biomass and protein growth and EPA accumulation (Rasdi
and Qin 2015), resulting in a phosphorus input of 3 g kg
of biomass. Concerning the protein content of P. tricornutum,
nitrogen and phosphorus supplies of 73 and 3.7 g kg ' of dry
biomass were applied.

The input of micronutrients was omitted because it was
considered negligible for the results of the environmental as-
sessment. Additionally, it was assumed that sufficient
micronutrients were included in the pumped water.

Approximately 1.8 kg CO, is required to produce 1 kg of
dry microalgal biomass (Chisti 2007; Patil et al. 2008; Lardon
etal. 2009; Ma et al. 2016) and is directly injected as pure CO,
to adjust the pH downwards (Rebolloso-Fuentes et al. 2001;
Safafar et al. 2016). The usage of CO, during cultivation was
modeled as an avoided burden.

Water Water is needed to fill the PBR and for cleaning. It was
assumed that a water supply well is available in the facility
area, providing freshwater for the cultivation of the
microalgae. To supply the water, energy for pumping is re-
quired. It is assumed that the complete tubular system is
cleaned chemically at the beginning and at the end of every
cultivation season with each cleaning using twice the amount
of water in the total reactor volume. In the first rinse, the tubes
are flushed with water sterilized with hypochlorite (2 mg L ™)
to kill any possible competing algae and protozoa (Pérez-
Lopez et al. 2017). In the second rinse, water disinfected by
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3% hydrogen peroxide is pumped through the tubes (Pérez-
Lopez et al. 2017). Throughout the cultivation phase, tubes are
cleaned mechanically.

Electricity

Water pumping The electricity requirement of the water pump
is calculated according to Eq. 3 (Engineering ToolBox
2003a). A 10-kW pump with a flow capacity of 300 m® h™'
(Tredici et al. 2016) is used to pump the groundwater from a
depth of 10 m. The pump is assumed to have an efficiency of
80% (Sills et al. 2013). Following Eq. 2, the water pump
requires electricity of 0.123 MJ m >,

Py X & X h
= (3)

E =
¢ My X 10°

E, electricity for water pumping, MJ m ™
p  density of water, 1000 kg m >

g  acceleration of gravity, 9.81 ms >

h differential head, 10 m.

n, pump efficiency, 80%

Initial water heating Assuming that the water coming
from the well has a temperature of 10 °C, the water
subsequently needs to be heated for cultivation to an
average temperature of 23 °C. To heat 1 g of liquid
water by 1 °C, 4.184 J are needed. To heat 628,000 L
of water for the initial filling of the tubes from 10 to
23 °C, 34,158.18 MJ are required. The 509,000 L sce-
nario requires 27,685.53 MJ of electricity for initial
heating. During the cultivation season, gray water from
the heat drying process is mixed with pumped water to
save water and heating costs.

Aeration Aeration is required to implement CO, into the
microalgae suspension. The equation from Sills et al. (Eq. 4)
was used to calculate the electrical power necessary for aera-
tion (Sills et al. 2013). The values for pressure and pump
efficiency were adopted from Sills et al. (2013). The specific
heat capacity of CO, (Engineering ToolBox 2005) is related
to a temperature of 300 K. The inlet temperature was set ac-
cording to the optimum for the cultivation of Nannochloropsis
sp. The electricity required for aeration amounts to

0.065 MJ kg ' CO.,.
I MJ 0.286
P\"
—e -1 4
(P i> ] @

AT Y,

Eaer -

"lp
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E,.. eclectricity for aeration, in MJ kg™' CO,
C,  specific heat capacity of CO,, 0.846 kJ (kg*K) !
T; inlet temperature, 297 K
n,  pump efficiency, 85%
P, outlet pressure, 2 atm
P; inlet pressure, 1 atm

Mixing Mixing is an essential process in the PBR to distribute
nutrients and CO, and to ensure that all cells are periodically
exposed to light (Greenwell et al. 2010; Enzing et al. 2014).
However, the mixing intensity needs to be adjusted precisely
according to the microalgae species to be cultivated to prevent
cell damage due to excessive mixing (Enzing et al. 2014).
Plant operation at a minimum velocity was preferred to inhibit
cell damage and reduce energy consumption. A safe flow
velocity to avoid photorespiration was described to be
0.5m s ' (Norsker et al. 2012). However, Acién Fernandez
etal. (2001) found that a reduction in flow velocity from 0.5 to
0.35 m s ' only slightly lowered productivity, whereas the
culture at 0.17 m s~ ' failed to attain a steady state.
Consequently, a minimum flow velocity of 0.35 m s ' was
assumed for this study. To calculate the daily electricity re-
quirement of the mixing pump, Egs. 5, 6, 7, and 8 were used
(adapted from Subramanian n.d.). The physical density of a
microalgae suspension usually varies between 1.00 and
1.03 kg L™, whereby temperature and salt content have a
negligible influence in the suspension (Petkov and Bratkova
1996). A mean value of 1.015 kg L™" or 1015 kg m > was
used.

0.001 kW 3.6 MJ
Py X O X g X hyx24h x X
o 1w 1 kWh
Emlx - (5)
"y
E.ix daily electricity input for mixing, in MJ d!

Ps suspension density, 1015 kg m>

0 volumetric flow rate; 0.00043982 m® s~ in this study
for 40-mm tubes and 0.00035626 m® s~' for 36-mm
tubes

g acceleration of gravity, 9.81 m s 2.

hy head loss, 2218.203 m

Mp pump efficiency, 85%

Q:%xszv (6)

D: tube diameter, here 0.04 m or 0.036 m.
v: suspension velocity, here 0.35 m s

hy=2f x (%) X (;—2> (7)
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f friction factor

L length of tube system, here 500,000 m
D tube diameter, here 0.04 m or 0.036 m
v suspension velocity, 0.35 ms !

g acceleration of gravity, 9.81 m s~

The friction factor f'in a turbulent flow can be calculated
using the Zigrang-Sylvester equation (Eq. 8) (Subramanian).
Therefore a glass roughness value of 0.0015 mm was applied
(Pipe Flow Software 2019).

3

13
1 o 5.02 o 13
= Axlogy |22 g [ 2 2 8
0810|357 g, X 0810 37 T Ry (8)

i

™

roughness value, 0.0000015 m

D  tube diameter, here 0.04 m or 0.036 m

Re Reynolds number; 14,210 for 40-mm tubes and 12,789
for 36-mm tubes.

The Reynolds number can be calculated as follows in Eq.
9. A reasonable value for the viscosity of green and blue-green
microalgae was specified between 0.9 and 1.2 mPa* s (Petkov
and Bratkova 1996) which results in a mean value of
1.05 mPa* s or 0.001 kg (m* ). Pump efficiency was again
assumed to be 85% (Sills et al. 2013). Following Eq. 8, the
applied parameters result in a Reynolds number of 14,210 for
the 628 m® PBR and 12,789 for the 509 m®> PBR. A velocity
with a Reynolds number of more than 2320 is described as a
turbulent flow.

Pg X VXD
Iz

Re =

ps  suspension density, 1015 kg m™

v suspension velocity, 0.35 m s !

D tube diameter, here 0.04 m or 0.36 m

p viscosity of microalgae suspension, 0.001 kg (m*s) '

The head loss due to the binders that connect the straight
circular tubes was not taken into account. It was calculated
that these binders cause an additional electricity requirement
of 0.01 MJ kg ' dry microalgae biomass, which was consid-
ered negligible.

Harvesting: centrifugation Microalgal biomass is continuous-
ly harvested during the daytime through microfiltration and
subsequent centrifugation followed by spray drying with nat-
ural gas. The average biomass concentration before entering
the centrifuge was calculated to be 1.4 g L™' (Al hattab et al.
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2015; Olofsson et al. 2015; Pérez-Lopez et al. 2017; Fasaei
et al. 2018). The total centrifuge electricity required to pro-
duce 1 kg of microalgal slurry with 15% TSS (total suspended
solids) is calculated following Eq. 10. To concentrate the
microalgae suspension to approximately 15% TSS, the centri-
fugeuses 0.7 to 1.3 kWh m> (Greenwell et al. 2010; Grierson
et al. 2013; Pahl et al. 2013; Barros et al. 2015; Fasaei et al.
2018), whereas the centrifugation works with an efficiency of
approximately 95% (Pérez-Lopez et al. 2014).

3.6 MJ
1 kWh

Ecen/m3
B xn,

Eeen = X

Ecen electricity for centrifugation in MJ kg ' dry
microalgae biomass

E....m3 clectricity use of centrifuge per m>, 1.1 kWhm>.

B average biomass concentration in suspension,
l4kgm™

Ne centrifuge efficiency, 95%

After centrifugation, the remaining water is reused and thus
reenters the cultivation system to decrease the environmental
impacts from excessive water consumption. Therefore, energy
for water pumping is required again, which is calculated using
Eq. 3. This time, a differential head of 1 m is assumed to return
the water to the system. To reduce the biomass concentration
in the suspension from 0.0014 to 0.15 kg L', 107 L of water
must be removed by the centrifuge per kg of suspension with
15% TSS, and this water is then pumped back into the system.
The total daily amount of water that needs to be pumped back
is calculated by determining the amount of water that is cen-
trifuged every day minus the daily biomass yield (Eq. 11). The
absolute daily biomass yield can be determined using Eq. 12.

v _Za_,  1m3
V=B 717 1000 kg

(11)

Vw  volume of water for repumping, m> day '

Z, absolute daily production mass, kg day !

B average biomass concentration in suspension, here
l4kgm™

1 kg
1000 g

Zy =2, x V x (12)

V  reactor volume; 628,000 L for 40-mm tubes and
509,000 L for 36 mm tubes
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Z; productivity for a number of production days ¢, in
~1 41
gL d.

Drying After the concentration phase through centrifugation,
the microalgae slurry has a dry matter content of approximate-
ly 15% and is spray dried with natural gas. The natural gas is
burned in an industrial boiler to generate heat for drying the
microalgae slurry from 15% TSS to 95% TSS assuming a
boiler efficiency of 75% (Zaimes and Khanna 2013). A low
water content in the microalgae biomass extends the shelf life
and reduces the weight for transport (Fasaei et al. 2018). The
energy required to evaporate the water is calculated following
Eq. 13 (Zaimes and Khanna 2013). Upon entering the boiler,
the slurry is assumed to have an average temperature of 23 °C.

y v X AT 1 M.
mx (Cy, + C, % )X J (13)
m 1000 &/

E dryNG —

E4yne  heat electricity for drying from burning natural gas
in a boiler, in MJ kg ' dry microalgae biomass

m mass of water needed to be extracted, in kg kg™’ dry
microalgae biomass, 5.33 kg kg

C, latent heat of evaporation of water, in kJ kgfl,
2256 kJ kg~ (Engineering ToolBox 2003b)

C, specific heat of water, in kJ kg-C ™', 4.187 kJ kg-C™"
(Engineering ToolBox 2003b)

AT change in temperature of water, in °C, here 77 °C

N boiler efficiency, 75%

It is assumed that part of the evaporated water is pumped
back into the cultivation system after having been mixed with
pumped water from the well to sustain the adequate cultiva-
tion temperature. Thus, 16% of the evaporated water at a tem-
perature of 90 °C can be mixed with 84% freshly pumped
water at a temperature of 10 °C to reach an adequate cultiva-
tion temperature. Consequently, 0.85 kg of evaporated water
will be recycled (repumped into the system), whereas 4.48 kg
of water must be freshly pumped for every kg of dry
microalgae biomass harvested.

Results

Yield and productivity of microalgae cultivation
scenarios

The yield and productivity of the different microalgae cultiva-
tion scenarios were assessed according to the PBR volume,
the PCE, the length of the cultivation season, and the
microalgae species, as shown in Table 1. Concerning the an-
nual values, 1 year a always comprised the respective length
of the cultivation season. The baseline scenario covers the

production of Nannochloropsis sp. in 40 mm borosilicate
glass and PMMA tubes. The yield and productivity of the
cultivation of P. tricornutum varied due to the different nutri-
tional profiles that affected the calculations. Phaeodactylum
tricornutum thus exhibited slightly higher values for yield and
productivity than Nannochloropsis sp. Cultivation in 36 mm
borosilicate glass tubes reduced the PBR volume from 628 to
509 m® due to the diminished diameter. The length of the tube
system remained the same. While it was assumed that the areal
productivity would be unchanged as a result of an increased
biomass concentration in the medium due to the enhanced
exposure to light, the volumetric productivity consequently
increased considerably. Hence, the scenario comprising pro-
duction in PMMA tubes for 7 years before they are recycled
was characterized by the lowest values for yield and produc-
tivity. This finding resulted from the reduction in the PCE of
0.1% to portray the reduced translucence in the acrylic glass
that occurs over the years of sun exposure. All scenarios
showed that the shorter the length of the cultivation season
was, the higher the volumetric productivity. However, the
areal yield significantly decreased in all scenario sets when
the cultivation season was short causing the highest total
yields in the optimistic long cultivation scenarios.

Environmental impacts of microalgae cultivation

The production of microalgae dry biomass results in green-
house gas emissions between 1.35 and 1.76 kg CO»eq kg ™'
DM (Table 2), except for the scenarios where PMMA was
used as the PBR material, which were clearly dominated by
emissions from infrastructure materials. The highest value of
4.70 kg CO5eq kg™ DM arose from the pessimistic PMMA
scenario with a 3-year usage of acrylic glass tubes. Even
though the 7-year usage of acrylic glass tubes before they
are recycled reduces productivity, this set of scenarios exhibits
significantly lower greenhouse gas emissions between 2.61
and 2.96 kg CO,eq kg ' DM than the 3-year usage of
PMMA tubes. Figure 2 shows that all scenarios profit from
the use of CO,, which is modeled as an avoided burden and
decreases the emissions from microalgae cultivation. The
greatest greenhouse gas emissions are caused by hydrogen
peroxide that is used at the beginning and at the end of each
cultivation season to sterilize the PBR tubes. Further critical
processes include nitrogen fertilizer, electricity for mixing
during cultivation, and electricity for centrifugation and dry-
ing to harvest the biomass. The high greenhouse gas emis-
sions for electricity processes mainly originate from the use
of fossil energy sources. Exact values for global warming
potential according to subprocesses can be found in the sup-
plementary material for all scenarios (Table S4).

All cultivation scenarios show similar values for the eutro-
phication potential according to the CML IA Baseline in Fig.
3. The eutrophication potential ranges between 0.008 and
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Environmental impacts per kg of dry microalgae biomass, according to cultivation scenarios

Table 2

Na.sp. PMMA

Na.sp. Glass Na.sp. Glass Na.sp. Glass Na.sp. Glass Na.sp. PMMA
3 years int.

Na.sp. Glass

Na.sp. Glass

3 years pes.

36 mm opt.

36 mm int.

36 mm pes.

40 mm int. 40 mm opt.

40 mm pes.

1.58 1.42 1.38 1.35 4.70 432

1.69 1.62
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Ph.tr. Glass
40 mm opt.

Ph.tr. Glass
40 mm int.

Ph.tr. Glass
40 mm pes.

Na.sp. PMMA

7 years opt.

Na.sp. PMMA

7 years int.

Na.sp. PMMA

7 years pes.

Na.sp. PMMA

3 years opt.

1.65
0.00445
0.00867
0.043
2.009

1.70
0.00459

1.76
0.00478

2.61
0.00822

2.77
0.00881

2.96
0.00953

4.02
0.01385

-1

Global warming in kg CO,eq kg™
Acidification in kg SO,eq kg

0.165
34.44

0.00872
0.047
2.192
0.182

35.71

0.00881
0.051
2421
0.204
37.38

0.00885
0.047
2.200
0.174

49.63

0.00892
0.051
0.193

2.408
52.53

0.00902
0.056
2.661
0.216
56.12

0.00943

0.050
2.336
0.169

-1
70.58

Eutrophication in kg PO, eq kg

WSIin m® kg!
Land use in m? kg !

AWARE in m® kg '
CED in MJ kg™

Sensitivity analysis

Sensitivity analysis was performed in terms of a series of
scenarios that evaluated fluctuations in climatic precondi-
tions and different technological design choices, which
might be a more optimized option. Microalgae cultivation
strongly depends on solar insolation and temperature.
Consequently, three different scenarios with varied lengths
of the cultivation season were considered. The detailed
evaluation of the climatic data revealed that temperatures
can occasionally drop below 0 °C in April and October. In
the optimistic scenario, it was assumed that temperatures
do not fall below 0 °C in April and October, and cultivation
would be feasible throughout these months. The interme-
diate scenario assumed production from mid-April until
mid-October. The pessimistic scenario expected April and
October to be too cold for cultivation and comprised cul-
tivation from May until September. The long (optimistic)
production period involved reduced productivity. The
analysis of the results revealed that a long production pe-
riod was always favorable over short cultivation seasons.
The optimistic scenarios portrayed the lowest environmen-
tal impacts for each microalgae scenario set.

As a second variation, the tube diameter was altered from
40 to 36 mm to investigate the corresponding shifts in the
impact results. The thin tubes dictated a reduced PBR volume,
while the productivity was expected to remain constant as-
suming that the biomass concentration in the suspension
would increase. Again, the optimistic, intermediate, and pes-
simistic scenarios were analyzed for the decreased diameter.
Consequently, the energy use per kg DM increased for fresh-
water pumping at the cleaning and cultivation stage and for
the initial heating of the PBR. However, all other processes
showed reduced environmental burdens. Thus, the 36-mm
scenarios overall mostly portrayed the least environmental
impacts.

Furthermore, PMMA as a material for the tubes and PP for
the corners were tested because they were classified in the
literature as appropriate PBR materials and have already been
applied in pilot-scale facilities. Since PMMA quickly de-
grades under UV radiation, production scenarios over 3 and
7 years with subsequent recycling of the tubes were evaluated
with each option being tested in the optimistic, intermediate,
and pessimistic scenarios. The 7-year usage of PMMA com-
prised a reduced PCE to account for the degradation of the
material. Although the PMMA scenarios were mostly the least
favorable among the microalgae scenarios in terms of envi-
ronmental impacts, the difference in environmental impacts
was not tremendous. Thus, it is worthwhile to compare the
environmental impacts from the PMMA scenarios to those
from other food groups on a nutritional basis. Microalgae
cultivation in PMMA tubes should not per se be excluded as
a compatible option.
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Fig. 2 Global warming potential 6.5
of microalgae cultivation in 6.0
CO,eq kg ' DM, according to
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B Hypochlorite
Ammonium nitrate, as N

m E, water pumping, filling

® E, mixing

B E, drying

E, water pumping after harvest

Moreover, the cultivation of another microalgae species,
namely, P. tricornutum, was assessed in 40 mm borosilicate
tubes to evaluate the variations arising from a microalga with
slightly different nutritional values. The choice of a
microalgae species with slightly different nutritional values
had only a marginal impact on the overall results, which were
comparable with those from the cultivation of
Nannochloropsis sp. in 40-mm borosilicate glass tubes. The
P. tricornutum scenarios, however, were found to have slight-
ly higher yields but also marginally higher environmental im-
pacts than the Nannochloropsis sp. scenarios.

Uncertainty analysis

Monte Carlo simulation was applied for the analysis of uncer-
tainty. As background processes were taken from Ecoinvent
v.3.4, these data were already supplied with a distribution
factor. Concerning data from our own calculations, uncertain-
ty was assessed using the Pedigree matrix and a lognormal
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int.  opt. pes. int. opt. pes. int. opt. pes. int. opt

W Hydrogen peroxide 1 E, water pumping, cleaning

m Phosphate fertiliser, as P205 u CO2
m E, initial heating m E, aeration with CO2

m Infrastructure incl. Recycling m E, centrifugation

= E, re-pumping after centrifugation = E, re-pumping after drying

distribution. The uncertainty for all electrical processes was
calculated as 1.07 using the Pedigree matrix. The uncertainty
for all other processes (PBR materials, nutrients, land and
water use) was calculated as 1.13 from the Pedigree matrix.
Screenshots of the filled Pedigree matrices can be accessed in
the supplementary material (Figs. S3—S4). The baseline sce-
nario (Nannochloropsis sp., 40-mm borosilicate glass tubes,
intermediate cultivation season) was tested against all other
scenarios (diameter variations, optimistic and pessimistic cul-
tivation seasons, 7-year PMMA lifespan, and microalgae spe-
cies variations). Additionally, the PMMA scenario with a 3-
year lifespan of tubes was tested against the scenario with the
7-year lifespan. Monte Carlo simulations were always run
1000 times for each scenario comparison using IPCC 2013
GWP 100a. The exact results of the Monte Carlo simulations
are shown in Table 3, including the 95% confidence interval,
median, and outcome for every scenario combination. The
uncertainty analysis confirmed the differences between the
microalgae scenarios to be significant with a confidence
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Fig. 3 Acidification potential in
kg SOseq kg ™' DM and
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interval of at least 95%. Figures on the Monte Carlo analysis
can be accessed in the supplementary material (Figs. S5-S10).

Discussion

Our analysis assessed the environmental impacts of industrial-
scale microalgae cultivation in Germany using a computable
“top-down” approach to investigate the relevant input flows. It
was shown that the developed methodology could possibly be
applied to different microalgae cultivation scenarios, including
different locations worldwide, using satellite climatic data.
Parameter variations were tested concerning the tube diameter,
the tube material, an alternative microalgae species, and different
cultivation season lengths. Borosilicate glass as the tube material
was found to be favorable, although PMMA did not perform
tremendously worse and could be a decent option for the reactor
tubes. A small tube diameter was clearly favorable and had the
least environmental impacts in all scenarios. Moreover, it was
determined that an extended cultivation season from April until
October is preferable, if possible. Even though productivity was
reduced in spring and fall (solar insolation in April on average is
decreased by 3.9 MJ m 2 day ' compared with that in May,
whereas it drops by 5.2 MJ m ? day ' on average from

int.  opt. pes. int. opt. pes. int. opt. pes. int. opt.

September to October), a longer cultivation season still had
smaller environmental impacts than a shorter season with in-
creased productivity. More specifically, the global warming po-
tential was reduced by 0.11 kg CO,eq kg ' DM when cultivation
took place every year from April 1 until October 31 instead of
from May 1 until September 30. For the same cultivation season
shift, acidification decreased by 0.33 g kg ™' DM, eutrophication
decreased by 0.14 g kg”' DM, and the CED decreased by
2.93 MJ kg'' DM. Land and water use (WSI) declined by
0.04 m* kg”' DM and 9 L kg' DM, respectively. An even
longer cultivation season before April and after October was
not investigated, as it would not have been consistent with the
methodological approach in this study, which excluded months
where the temperature was lower than 0 °C.

Critical processes in all scenarios above all were the usage
of hydrogen peroxide for the sterilization of the PBR tubes at
the cleaning stage. Moreover, nitrogen fertilizer had relatively
high environmental impacts. Another bottleneck was electric-
ity use, in particular for mixing of the suspension in the tubes
during cultivation and for centrifugation and drying at the
harvest stage. The high impacts of the electricity processes
were mainly due to the application of a regular electricity
mix that was primarily composed of nonrenewable energy
sources, such as hard coal and lignite.
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Fig. 4 Cumulative energy
demand in MJ kg ' DM, (E,
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The comparison to the results of preceding environmental
assessments of microalgae cultivation is difficult due to dif-
fering system boundaries, functional units, target products,
and cultivation systems. Additionally, numerous types of
LCIA methods exist, which distort comparisons to some ex-
tent. The greatest restraint for comparison is probably finding
analyses with similar system boundaries and scales. As de-
scribed in “Materials and methods™ section, many preceding
studies focused on the production of microalgae for some kind
of biofuel. Thus, the results were often shown for the whole
production process, including downstream processing, rather
than giving results for particular stages of production. As in

Fig. 5 Water stress index Cleaning

according to Hoekstra et al.
(2012) and blue water use in
m’® kg™ DM
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this study, the cultivation stage up to dry biomass was inves-
tigated; thus, a comparison to biofuel assessments is
inappropriate.

Concerning productivity, Silva et al. (2015) reported a dry
biomass production rate of 1.5 kgm > day ' (1.5gL " day ")
for a tubular PBR located in Brazil. This rate is almost three
times the productivity determined in this study (baseline,
0.56 g L™ day "), which could partly be attributed to more
favorable climatic conditions in Brazil. Taclman et al. (2013)
assessed microalgae biomass production on a 2.5 ha scale in
Spain (extrapolated from the pilot scale) where
Nannochloropsis sp. was cultivated in ProviAPT

m Filling after harvest s \\/S|
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photobioreactors (plastic bags). This system generated a car-
bon footprint of 0.09 kg CO,eq MJ ' of exergy DM (~ 1.6 kg
CO,eq kg ' DM), which is similar to the baseline scenario in
this study. Collotta et al. (2018) investigated the production of
Chlorella vulgaris dry biomass in Canada in an ORP with
similar system boundaries as this study. A climate change
potential of 1.641 kg CO,eq kg”' DM was reported.
Armstrong assessed the cultivation of Nannochloropsis salina
in a PBR in Colorado, USA, with comparable system bound-
aries (Armstrong 2013). The growth rate of
57,165 kg ha ' year ' (57.2 t ha ! year ') is similar to the
baseline scenario in this study (53.5 t ha ! yearfl). The total
energy consumption during cultivation was 7.42 MJ kg '
DM, while the baseline scenario of this study had increased
energy consumption of 10.6 MJ kg ™' DM.

To use the model under other conditions, various changes are
easily feasible due to the transparent construction of the system.
Thus, it is possible to vary the facility location, seasons, scale,

int.  opt. pes. int. opt. pes. int. opt. pes. int. opt

tube dimensions and material, microalgae species, nutrient in-
puts, and flow velocity. Moreover, single processes can easily
be complemented or exchanged to further adjust the model indi-
vidually, if, for instance, another downstream pathway is re-
quired. For the extraction of single nutrients, for example, indi-
vidual calculations for downstream processing could be added,
either starting from the dry biomass or omitting the drying stage
for wet extraction. Upon the variations in these parameters, fur-
ther aspects that will shift because of the variation need to be
considered. Hence, the cultivation of another microalgae species
could possibly require other cultivation conditions, such as an-
other optimum temperature and different nutrient requirements.
The constant adaptation of the suspension temperature through
mixing of evaporated and freshly pumped water should make
further heating or cooling redundant. However, in a previous
study by the authors, it was observed that cultivation in PBRs
might be most suitable in locations where solar insolation does
not exceed 21 MJIm 2 dayf1 (Schade and Meier 2019). A drastic

Table 3 The 95% confidence

interval, median and outcome for Scenario calculation

2.5% 97.5% Median Outcome

Monte Carlo simulations of

scenario comparisons Na.sp., glass, 36 mm, int. (A)
minus

Na.sp., glass, 40 mm, int. (B)
Na.sp., glass, 40 mm, opt. (A)

minus

Na.sp., glass, 40 mm, int. (B)
Na.sp., glass, 40 mm, pes. (A)

minus

Na.sp., glass, 40 mm, int. (B)
Na.sp., glass, 40 mm, int. (A)

minus

Na.sp., PMMA, 7 years, int. (B)
Na.sp., PMMA, 3 years, int.

minus (A)

Na.sp., PMMA, 7 years, int. (B)
Na.sp., glass, 40 mm, int. (A)

minus
Ph.tr., glass, 40 mm, int. (B)

-0.294 —0.203 —0.244 GWP (A)<GWP (B)

—0.075 —0.026 —0.046 GWP (A)<GWP (B)

0.035 0.095 0.061 GWP (A)>GWP (B)

~1.294 -0.975 ~-1.142 GWP (A)<GWP (B)

1.371 1.758 1.553 GWP (A)>GWP (B)

—0.128 —0.036 —0.071 GWP (A)<GWP (B)
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variation in the tube diameter should entail a reconsideration of
the PCE, which should be corrected downwards with a remark-
ably increased diameter. The flow velocity should be set in ac-
cordance with the microalgae species to avoid settling caused by
too little velocity or cell destruction provoked by a rather high
flow velocity.

Some aspects could not be covered in this study but should be
investigated in future studies. One scenario used a slightly re-
duced tube diameter and relied on the assumptions that the areal
productivity remains constant. It could be evaluated at the labo-
ratory and pilot scales how exactly microalgae cultivation pro-
ductivity responds to alterations in tube diameter. In this context,
the evaluation of further suitable microalgae species is advisable,
as the usage of alternative microalgae species can significantly
alter the results. The results also suggested that PMMA could be
a feasible material for the reactor tubes, as the 7-year scenario
performed drastically better than the 3-year PMMA scenario. A
comprehensive investigation of acrylic glass for reactors should
be conducted, above all concerning the safety concerning the
production of edibles. This study further relied on the usage of
an average electricity mix for Germany regarding the energy
processes for microalgae cultivation. As this electricity mix
mainly comprised nonrenewable energies, it would be very rel-
evant to repeat the assessment with an increased share of renew-
able energy sources.

At some points of the study, foreground data were derived
from the literature, which we indicated in the methodological
section (“Materials and methods™ section.). However, if pos-
sible, average data were adopted from different studies with
similar conditions concerning the particular parameter.
Additionally, only values that were consistent with the system
settings were used in this study.

The methodological approach conducted in this study can
be applied in further analyses on tubular PBRs, while the
parameters can be adjusted to a multiplicity of different sce-
narios. Furthermore, the detailed microalgae data obtained
from this study can be used in other environmental assess-
ments to compare the impacts of microalgae or products made
of microalgae to other products and product categories. The
exact LCI and LCIA values were included per kg DM in the
supplementary material, which should provide a good basis
for further studies. Moreover, the LCIA categories used are
relevant on a global scale.

Conclusion

Our computational model can be utilized to assess the com-
plete input flows to microalgae cultivation in a tubular
PBR. Parameter variation is possible to a great extent which
allows application of the model to numerous different loca-
tions and settings. The testing of the model in a location in
Germany, as an example of a “cold-weather” climate,

@ Springer

showed that microalgae cultivation in such a climate can
be sustainable. Even though productivity is decreased in
spring and fall due to reduced solar insolation and temper-
atures, it is nevertheless preferable to have a long cultiva-
tion season comprising April and October instead of having
a short cultivation season with a high average productivity.
Moreover, a reduced tube diameter could be favorable to
reduce the cultivation costs. The most critical processes
comprised the use of hydrogen peroxide for cleaning and
energy processes at the harvest stage.
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