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Abstract

The environmental sustainability of the microalgae Nannochloropsis oceanica cultivation for total fatty acid (TFA) pro-
duction was analyzed using life cycle assessment (LCA). Pilot data provided by the plant operator from cultivation in Italy
using Green Wall Panel (GWP®) photobioreactors were upscaled to a 20-ha production process, and an LCA was conducted
and assessed for the Italian regions of Tuscany and Sicily. Two additional scenarios were modelled to analyze the influence
of more sustainable framework conditions, respectively nutrient recycling and renewable energy supply. The results show
that environmental impacts per functional unit are around 15% less at the site with optimal growth conditions. Between 60
and 80% of the impacts are due to the energy demand during plant operation, infrastructure, and nutrient demand. Nutrient
recycling and the gain of an energy credit from the separated biocrude with the hydrothermal liquefaction (HTL) process
reduce the environmental impacts in all six International Reference Life Cycle Data System (ILCD) impact categories by
an average of 11% compared to a scenario without nutrient recycling. The additional consideration of a renewable energy
supply allows for an average reduction of 36% and together with the nutrient recycling of an average of 45% for the global
warming potential (GWP) and most of the other impact categories.
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Introduction third-generation biofuels to produce energy while balanc-

ing the increasing demand for feed and food has pushed for

Microalgae are considered an innovative and alternative
source of lipids, proteins, and high valuable compounds
for both food and feed supplements for human and animal
nutrition. Additionally, microalgae are valued as a natu-
ral source of high-value compounds for the nutraceutical,
cosmetic, and pharmaceutical industries. The promise of
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the industrialization of bioenergy from microalgae across
the world [1-3]. Microalgae of the species Nannochloropsis
are well-known and already exploited for aquaculture due
to its high content in polyunsaturated fatty acids (PUFAs),
carotenoids, polyphenols, and vitamins [4—10]. Nannochlo-
ropsis is considered a possible source of third-generation
biofuels as it attains higher oil yields than currently available
agricultural crops and can be cultivated in seawater and on
non-arable land and thus does not trigger land use competi-
tion with food production [10-13]. Nannochloropsis can be
cultivated in an environmentally friendly way without the
use of pesticides and other chemicals to prevent biological
contaminations [14—16]. Although different food and cos-
metic applications of microalgae are already established in
the market, biodiesel from microalgae is not yet commercial-
ized [17-19].

Despite these advantages of microalgae, including
the potential to use wastewater and capture CO, from
exhaust gas emissions as a nutrient source (e.g., [20-23]),
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sustainably cultivating and applying the microalgae is chal-
lenging [24-26]. In this context, a transparent, detailed, and
comprehensive accounting of the environmental effects is
required. The method of choice in this work is life cycle
assessment (LCA) as it is a recognized and standardized
method to identify the environmental weaknesses of algal
production from cradle to gate by critically assessing the
sustainability of systems. Despite the high appreciation of
LCA among scientists, engineers, and politicians, the num-
ber of LCAs on products produced with Nannochloropsis
is very limited (e.g., [27, 28]). Furthermore, information
regarding the environmental impact of large-scale algae pro-
duction is scarce and therefore prompts the need for scenario
assessment before implementation [29]. It is indispensable
to carry out LCAs already at an early stage of development
to ensure that the desired goal of environmental compat-
ibility will be achieved with the technologies and processes
under development. Respectively, the impact of renewable
energy supply and the application of hydrothermal lique-
faction (HTL) for energy recovery and nutrient recycling is
crucial to assess since environmental impacts are expected
[30, 31].

A number of studies on the LCA of biofuel or feed
production from microalgae have been published in the
last decade. Although many of these studies deal with
microalgae cultivation in raceway ponds, several con-
sider production in closed systems (photobioreactors),
mostly tubular and flat panel reactors [32-39]. Differ-
ent cultivation systems may influence the results of the
assessment because of the different microalgae biomass
yield achievable (and thus nutrient consumption, water
use, etc.), of the different energy requirements for their
operation and for the impact due to the production of
their building materials. Focusing on those studies adopt-
ing the same typology of reactor used in this work, flat
panels, it has to be considered that they deal with the
production of different algal species and this may have
an impact on the assessment that should be considered
when comparing the results obtained. Dufour et al. [40]
found that flat plate reactors are the most remarkable for
the production of Nannochloropsis gaditana due to lower
power supply requirements and lower contamination rates
of the culture when compared to raceway ponds. Brentner
et al. [32] found that the impact for biodiesel production
from Scenedesmus dimorphus (25% triglycerides content)
in Arizona (USA), expressed as greenhouse gas (GHG)
emissions, is lower when flat panels are used instead of
raceway ponds, although the major differences are due to
application of different downstream processes (from har-
vesting to lipid extraction), while the cultivation process
shows similar contributions. Starting from the best case
reported by Brentner et al. [32], Monari et al. [34] ana-
lyzed biodiesel production from Nannochloropsis with
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algal cultivation in Denmark, including scenarios with
use of waste CO, and nutrients. These scenarios, coupled
with an increase of biomass lipid content from 29 to 60%,
led to much improved results in terms of GHG emissions
and use of non-renewable energy. However, the energy
balance for microalgae biodiesel was still negative and,
to improve this balance, energy requirements during the
cultivation phase represent the most important input to
reduce, whereas in terms of lipid extraction, as already
found by Brentner et al. [32], supercritical CO, appears
as the less impacting method. Two recent LCA analyses
deal with products different from biodiesel. Onorato and
Rosch [38] analyzed astaxanthin production in different
culture systems, including Green Wall Panels, although
integrated with LEDs. In this case, artificial illumination
becomes the higher contributor to all the impacts con-
sidered. Maiolo et al. [37] analyzed a Green Wall Panel
configuration very similar to that used in this work and
in a similar location (Italy), with the purpose to obtain
algal biomass (Zetraselmis suecica and Tisochrysis lutea)
as partial fishmeal substitute. The major contributors for
global warming potential (GWP) are fertilizers and pure
CO, production, while energy consumption is the major
score for all the other impacts considered (acidification,
eutrophication, water use, and cumulative energy demand).
High values were found for all impacts analyzed compared
to other protein sources (insects and poultry by-product).

From the reported literature, it clearly emerges that it is
important to know how the results of the LCA will change
under different scenarios. For instance, the German target
for a 100% renewable electricity supply by 2050 [41] would
implement a different energy scenario than at present, ulti-
mately creating different environmental LCA results than
with the present energy system. Beyond that, the concept of
a circular bioeconomy, as presented by the European Com-
mission as a Circular Economy Strategy and ‘Closing the
Loop’ Action Plan [42], is likely to be implemented in order
to increase resource efficiencies and reduce wastes and the
environmental burdens associated with them. In total fatty
acid (TFA) production from microalgae, the concept of a
circular bioeconomy would include the recycling of nutri-
ents in the production to reduce external inputs and reduce
waste [43].

At present, LCAs of total fatty acid (TFA) or biodiesel
production from microalgae, which consider these future
sustainability scenarios, do not yet exist in the scientific lit-
erature. Similarly, LCA of the Green Wall Panel (GWP®)
for the production of TFA from Nannochloropsis oceanica
does not exist. Furthermore, while some literature on LCAs
of nutrient recycling for algal biodiesel exist (e.g., [30, 44]),
the inclusion of upscaled production and renewable elec-
tricity to consider future socio-political targets is limited
within scientific literature. Conducting such an LCA is vital
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to understand the chances and challenges of the GWP®, as
well as of how hot spots of the process can be reduced or
even eliminated.

The aims of this study are:

(1) To provide valuable environmental system insights

in the ecological chances and challenges of LCAs on
TFA production with Nannochloropsis oceanica in
upscaled systems

(i) To compare different sites of production to assess the
impact of natural site conditions

(iii) To quantify the environmental impacts associated
with different scenarios for TFA production with
Nannochloropsis oceanica.

Methods and Materials

Against this background, an LCA was conducted for the
ecological evaluation of total fatty acid (TFA) production
for both feed and biodiesel production with Nannochlo-
ropsis oceanica. Building on real experimental data from
pilot scale production in Italy, we upscaled the pilot-scale
algae cultivation system at two different sites still in Italy
and developed two scenarios to consider changes to renew-
able energy supply and nutrient recycling. Recent work has
shown that nutrient recycling and electricity production
largely influence the energy and nutrient demands of the
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algal production process [21, 30, 43, 45-50]. By upscaling a
pilot-scale algae cultivation system into three scenarios, we
were focusing on those changes in production processes that
will have the most significant impacts on the LCA results
for TFA production.

This study considers the naturally occurring marine alga
Nannochloropsis oceanica for the production of TFA. The
environmental impact of the production of 1 kg of TFA is
quantified using three scenarios. The first scenario, consid-
ered to be the Baseline Scenario, is the upscaled production
of TFA production from pilot scale (28.1 m?) to industrial
scale with a plant size of 20 ha. For the upscaling approach,
we used actual, original data from a GWP® pilot plant pro-
vided by the University of Florence (UNIFI) and techno-
economic data for a 1-ha GWP® plant published by Tredici
et al. [51]. The second scenario is the Resource Efficiency
Scenario, in which the Baseline Scenario assumptions are
optimized using nutrient recycling and energy credit via
HTL. The third scenario is the Energy Transition Scenario,
in which the Resource Efficiency Scenario is further opti-
mized to consider the production of 1 kg TFA using a renew-
able electricity mix. Each scenario builds off the previous
scenario, and all scenarios utilize the GWP® photobioreac-
tor (PBR) in a two-stage cultivation process. The following
paragraphs describe the methods of the LCA of Nannochlo-
ropsis oceanica within a GWP® PBR, starting with the Life
Cycle Inventory (LCI), the straight-forward accounting of
the input and output flows within the system [52].
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Fig.1 LCA system boundaries for the Baseline Scenario of upscaled TFA production with microalgae (Nannochloropsis oceanica)
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Table 1 Main LCA categories considered for algal TFA production based on the ILCD Midpoint 2011 impact assessment method [55]

Impact category Default LCIA method Indicator Unit Classification
Climate Change IPCC 2007 [57] Radiative forcing as global kg CO, eq I
warming potential (GWP 100)
Particulate matter RiskPoll model [58, 59] Intake fraction for fine particles kg PM2.5 eq
Mineral, fossil and renew-  van Oers et al. 2002 [60], CML 2002 [61] Abiotic resource depletion kg Sb. Eq 11
able resource depletion
Eutrophication, freshwater ReCiPe2008 (EUTREND model [62]) Fraction of nutrients reaching kg Peq

Land use

Water resource depletion  Ecoscarcity [64]

Model based on Soil Organic Matter (SOM) [63]

freshwater end compartment
P)
Soil Organic Carbon kg C deficit  III

Water consumption m? water eq

Goal, Scope, and Functional Unit

The goal of the LCA is to define, assess, and compare the
environmental impacts of TFA production with Nannochlo-
ropsis oceanica considering scenarios of upscaled produc-
tion in novel GWP®s at different sites in Italy (Tuscany and
Sicily) to identify the ecological hot spots of the production
processes. The LCA for upscaled production under different
scenarios will give valuable insights concerning the setup
and implementation of large-scale TFA production and the
need to change socio-technical framework conditions to fur-
ther improve the benefits from microalgae.

The system boundaries of the 20-ha upscaled LCA are
shown in Fig. 1 and are similar to those reported by Khoo
et al. [53]. The upstream system includes algae cultiva-
tion and harvest with centrifuges. The downstream system
includes the process of cell disruption via homogenization,
the extraction of TFA, which includes the triacylglycerols
(TAGs) applicable for, e.g., biodiesel production, and sol-
vent vaporization to obtain the final TFA product. The con-
version of the TFA into feed or an algal biodiesel product
is considered to be outside the system boundaries of the
present work. Additionally, the first scenario to be assessed,
also referred to as the Baseline Scenario, does not include
the HTL process. No co-product allocation is considered.
The LCA software used to conduct this study was OpenLCA
version 1.7 with unit processes selected from the LCA data-
base Ecoinvent 3.4 [54] in accordance to ISO 14,040/44. The
functional unit of the LCA is defined as 1 kg TFA.

Life Cycle Impact Assessment Method

To quantify the environmental life cycle impacts, the ILCD
Midpoint 2011 impact assessment method, developed and pro-
moted by the JRC European Commission [55], was applied. In
the context of evaluating microalgae for TFA production, six
categories that are the most important to measure in regard to
algae biofuel and feed production were chosen (see Table 1).
These include the following: climate change, particulate matter
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formation, freshwater eutrophication, mineral resource deple-
tion, water resource depletion, and land use. The categories are
grouped into three classifications based on reliability. Therefore,
as water resource depletion and land use are relevant to algal
use [32, 56], these categories were chosen from classification
111, despite the ILCD warning that these categories should be
applied with caution.

Life Cycle Inventory and Data Collection

For data acquisition, a systematic and comprehensive ques-
tionnaire was developed to collect all relevant and detailed
information and data on the process design, technology, and
equipment used to model and calculate the LCA. This ques-
tionnaire was completed for the cultivation part by biologists
at the University of Florence (UNIFI) and at Fotosintetica
& Microbiologica S.r.l. (F&M) in Sesto Florentino, Italy, a
spin-off company of the University of Florence. Personal
exchange, virtual meetings, and email correspondence com-
plemented the collection of data and assumptions needed for
a comprehensive LCI. The final LCI was created using the
collected data and supplemented with literature data where
needed.

Two-Stage Algae Cultivation for Optimal Lipid Extraction

Since lipid accumulation in microalgae for TFA production
does not take place under natural growing conditions, lipid
accumulation in microalgae must be increased by different
stress factors such as temperature, light intensity, or nitro-
gen or phosphorus starvation [65, 66]. Under such stress
conditions, some microalgae synthesize lipids as energy
and carbon reserves and accumulate them as TAGs in the
cytoplasm [67].

However, applying any of these stress factors during cultiva-
tion to boost lipid accumulation decreases biomass productivity
[68]. In order to maintain a high biomass productivity, a two-
stage cultivation process is recommended [66]. Specifically,
algal growth can be optimized in the first stage with nutrient
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repletion. In the second stage, conversion of biomass into lipids
can be enhanced as well as TAG production by applying a stress
factor such as nutrient starvation. This strategy was reported to
be efficient for Nannochloropsis sp., reaching a fatty acid methyl
ester (FAME) content of approximately 30% dry weight after
the addition of sodium acetate [66] and a total lipid content of
48% dry weight when adjusting salinity [69]. However, the most
frequently used and effective strategy to induce lipid accumula-
tion is nutrient starvation, by which total lipid contents higher
than 50% biomass can be reached [14, 65].

Applying this strategy in a two-stage cultivation approach
requires a modification of the medium composition. To achieve
this medium change, several strategies are possible, depend-
ing on the volume of the culture. Under laboratory conditions,
for batch cultures the simplest way is to centrifuge the culture
grown in nutrient-replete medium and to resuspend it in N-free
medium. However, this approach is applicable only at small vol-
umes [16, 70]. At larger volumes, the easiest way to perform the
two-stage process is to grow the algae until it consumes a large
part of the nitrogen in the medium and then dilute it in the same
reactor or use it to inoculate a larger reactor or raceway pond,
thus achieving both very low initial nitrogen concentrations in
the culture medium and a high light availability to the cells,
which is fundamental to boost lipid accumulation [14, 16, 43].
In this way, centrifugation is limited to the final phase when
lipid-rich biomass is harvested and may be preceded by a pre-
concentration step (e.g., ultrafiltration) to reduce the impact of
the energy-intensive centrifugation process.

The cultivation of Nannochloropsis oceanica for TFA
production was conducted in a GWP® pilot scale reactor
operated by UNIFI personnel at F&M facilities in Sesto
Fiorentino, Italy. The GWP® reactor, commercialized by
F&M, is a flat disposable reactor containing a flexible cul-
ture chamber made of photosynthetic active radiation (PAR)-
transparent low-density polyethylene (LDPE) film within a
metal framework [71]. The pilot scale reactor used was a
novel GWP®-II, in which the width of the culture chamber
can be varied to suit the needs of the cultivated algae. The
pilot reactor was made of four 9-m-long rows connected by
manifolds. The reactor could be operated at full volume or
at half volume by filling only two rows. Full volume (V)
was 1.4 m>, directly illuminated surface (Si) was 23.9 m?,
with a Si/V ratio of about 17 m~!. Mixing was achieved
by bubbling air, provided by a blower, through a perforated
tube placed at the bottom of the culture chamber and by
circulating the culture by means of a membrane pump. The
culture was cooled by circulation through a titanium plate
heat exchanger in which tap water refrigerated by a chiller
was circulated. Cooling water was disposed of. The pH was
regulated by injecting CO, in the airflow. CO, also provided
carbon for algal growth. Culture parameters were regulated
through a programmable logic controller (PLC). Consump-
tion parameters (electric energy, cooling water, CO,) were

recorded. The reactor and ancillary equipment configura-
tion allowed simulation of the biomass production process
in larger, industrial GWP® reactors.

Tredici et al. [51] have conducted a techno-economic analysis
of a 1-ha GWP® plant located in Tuscany, which was used as
a reference for this study. The plant consists of eight GWP®-II
modules, each occupying a land surface area of 1250 m?. Air is
pumped at 0.12 bar through a perforated polyethylene pipe into
the culture chambers by means of a 7.5-kW three-lobe blower,
and CO, is injected at the blower level at need according to
pre-set pH values and functions as both carbon supply and pH
regulator for the culture. The culture is circulated through a tita-
nium-plate heat exchanger, which is cooled by seawater, in order
to regulate the temperature of the culture. Temperature, pH, air
bubbling rate, CO,, and O, levels are measured and controlled
via the PLC system that is contained within a polyethylene box
and mounted on a stainless-steel plate near the GWP® PBR.

Nutrient stock solution is produced from technical-grade
fertilizers within high-density polyethylene (HDPE) tanks on
the same site as the GWP® PBR. The stock nutrient solution
is composed of sodium nitrate (only during nutrient replete
growth), sodium dihydrogen phosphate, iron chloride chelated
by disodium EDTA and micronutrients (Mn, Zn, Co, Mo, Cu)
concentrated 100 times with respect to the final medium. The
(N:)P:Fe ratio is (80:)8:1, whereas micronutrients are provided
at aratio Mn:Zn:Co:Mo:Cu of 20:2:1:1:1, with a Fe:Mn ratio of
13:1. The stock is pumped via a 0.75-kW centrifugal pump and a
polyethylene pipeline to a growth medium tank, where the stock
and filtered seawater combine to become a growth medium. This
growth medium is transferred to the GWP® panels viaa 5.5-kW
centrifugal pump and polyethylene pipeline.

After the nitrogen-deplete phase, the culture is pumped
through a polyethylene pipeline into a centrifugal separator with
the use of open impeller pumps. The Westfalia centrifugal sepa-
rators (model SSD8) produce an algal paste of approximately
20% dry weight. The exhausted culture medium is disposed
of directly in the sea, as it is assumed that nutrients (mainly
phosphorous, as nitrogen was not added to the medium in this
phase) were completely utilized during algae growth and the
remaining organic load within the culture medium is below
the national and regional allowances for ocean discharge. Ital-
ian Regulation (D.L. 152/2006) [72] sets a chemical oxygen
demand (COD) limit of 125 mg/L for discharge; exhausted cul-
ture medium of Nannochloropsis salina was shown to contain
about 35 mg of soluble organic carbon per milliliter [73], corre-
sponding to< 115 mg/L of COD, using the conversion equation
for effluents by Dubber and Gray [74]. The discharged effluent is
pumped via open-impeller pumps and a polyethylene pipeline.
Assuming that the plant is located close to the sea, seawater is
pumped from the ocean via a polyethylene pipeline, through a
60-um filter, used to cool the heat exchanger, and finally back
into the sea using submersible pumps. An open impeller cen-
trifugal pump per module is used to transfer the culture through
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Table 2 Characteristics of the pilot reactor and 20-ha upscaled
GWP®-PBR plant

Parameter Unit Pilot reactor 20-ha plant

LDPE film thickness mm 0.3 0.3

Average light path cm 4.5 4.5

Land surface area m? 28.1 200,000

Directly illuminated surface area m? 239 128,000
(Si)

Total illuminated surface area m?>  47.8 256,000

Culture volume (V) m’ 1.4 6300

Si/V ratio m™! 17.1 20.3

the heat exchanger. Circulation pumps are used to pump the
CO,-enriched air through the chambers, the seawater through
the heat exchanger, and the culture between the panels of the
PBR modules.

Upscaling Upstream Data from Pilot to Industrial Scale

Data was provided by UNIFI for production of Nannochlo-
ropsis oceanica in a pilot-scale GWP® reactor. The cultiva-
tion trial, conducted in April 2018, used half of a GWP®
reactor with an occupied land area of 14 m? for the biomass
accumulation phase and full volume reactor (28.1 m? of
occupied land area) for the nitrogen starvation/lipid accu-
mulation phase. The progress of lipid accumulation during
the starvation phase was followed by daily determination of
total lipid content in the biomass. The pH of the culture was
set to a range of 7.5-7.8 and the temperature was set to a
maximum value of 27 °C. The biomass concentration when
leaving the PBR was 1.6 g/L culture. This pilot-scale culti-
vation data was upscaled to fit to a 20-ha industrial GWP®
plant. The plant is assumed to be made of several 1250-m?
GWP®-II modules structured as in Tredici et al. [51] (see
Online Resource 1'). The total volume of the plant is 6300
m?> with an Si of 128,000 m? (see Table 2) meaning that the
Si/V ratio is about 20, close to that of the pilot reactor.

To give greater perspective to the results, the 20-ha industrial
plant was assigned to two different geographical locations with
different solar radiation and growth temperatures throughout the
year: Tuscany (region of the pilot plant) and Sicily, for which
240 and 330 productive days per year are assumed, respectively,
to avoid the colder winter months with lower radiation, dur-
ing which TFA accumulation would last too long compared to
the other periods of the year (about 4-6 days in summer and
7-9 days in spring/autumn in pilot reactors). Sicily was chosen

1 Reprinted from Algal Research (M.R. Tredici, L. Rodolfi, N.
Biondi, N. Bassi, G. Sampietro, Techno-economic analysis of micro-
algal biomass production in a 1-ha Green Wall Panel (GWP®) plant,
253-263,2016) [51] with permission from Elsevier.
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as the second geographical location as it has been identified as
an ideal location for biomass fuel facilities based on the site
parameters such as irradiance and temperatures [75]. The TFA
concentration within the algal biomass was assumed to be 50%
at industrial scale, assuming an optimization of TFA content
from the data measured in the biomass obtained in the pilot reac-
tor (45% of dry biomass). It was estimated that a 20-ha industrial
site would be able to produce 10.5 t of TFA/ha/year in Tuscany
and 15 t of TFA/ha/year in Sicily.

The equipment and electricity demand for the cultivation
and harvesting from the 1-ha plant were linearly upscaled
(similar to [76, 77]) to fit a 20-ha plant, and a 15% reduction
in the linear upscaling of electricity was assumed thanks to
adoption of equipment with improved efficiency (see Fig. 3).
The Italian electricity mix from Ecoinvent 3.4 was used for
the 20-ha Tuscany and Sicily baseline scenarios. Nutrients,
cooling, and cleaning water were calculated per kg TFA
from the pilot reactor data and upscaled linearly based on
the productivity value for a 20-ha scenario (see Table 3).

As the pilot reactor trial in April 2018 did not include
downstream processes (cell homogenization, TFA extraction
via solvent and centrifugation, HTL and solvent vaporiza-
tion), these values for input flows (such as electricity, infra-
structure, water) per production volume were taken from
literature and calculated based on the volume of TFA pro-
duced on 20 ha.

Upstream Inventory Analysis: Data and Assumptions

Data assumptions were made for the upstream inventory to
produce an LCA with the most optimistic outcome. Nutri-
ent uptake efficiency is considered in a simplified way to
be 100% [51] knowing that nutrient uptake is not all due to
algae metabolism but also to bacteria that are associated to
algal cells in the cultures, as no axenic culture is currently
performable at large scale. When the culture is harvested,
the consortium of algae and bacteria cannot be separated
in the two components, and thus, to be extremely precise,
we should refer to algae/bacteria biomass. It is important
to point out that bacterial load is usually low in a healthy
algal culture; thus, biomass is substantially algal biomass.
Moreover, the algae biomass in our case is obtained under
nitrogen starvation, so no nitrogen is present in the culture
medium. In contrast, phosphate, which represents the other
major nutrient, is provided according to productivity to
avoid excess feeding and is often taken up rather quickly by
algae by virtue of luxury consumption mechanisms. With
these considerations, a 100% consumption of the nutrients
in the culture medium is an acceptable simplification.

The supply of CO, in higher concentrations than available
in the air is crucial to increase algal growth and achieve high
productivities [78]. Since the environmental benefits would
be counteracted if fossil-based CO, from a coal-fired plant
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Table 3 Life Cycle Inventory: pilot reactor and 20-ha upscaled plants

Parameter Ecoinvent 3.4 Process or Unit/functional ~ Pilot reactor (28.1m?) 20-ha 20-ha Source
Flow unit (1 kg TFA) upscale: upscale:
Sicily Tuscany
Electricity consumption
Skid electricity Electricity, medium volt-  kWh/kg TFA 272.69 14.73 15.30 [51], this work
age
Harvesting electricity Electricity, medium volt- ~ kWh/kg TFA 11.87 0.13 0.13 [51], this work
age
Seawater recycling Electricity, medium volt- ~ kWh/kg TFA 0.03 0.03 [51], this work
age
TFA extraction via Electricity, medium volt- ~ kWh/kg TFA 0.02 0.03 [82]
solvent and 3-phase age
separator
Cell homogenizer Electricity, medium volt- Ml/kg TFA 5.00 5.00 [80]
age
Solvent vaporization Electricity, medium volt-  kWh/kg TFA 222 2.22 [51]
age
Demand of nutrients
Sodium nitrate Sodium Nitrate kg/kg TFA 0.36 0.36 0.36 [51], this work
Sodium phosphate Sodium phosphate kg/kg TFA 0.07 0.07 0.07 [51], this work
Ferric chloride Iron (IIT) chloride, without kg/kg TFA 0.01 0.01 0.01 [51], this work
water, in 14% iron solu-
tion state
Other operational materials (CO,, cleaning materials, solvent)
Sodium hypochorlite Sodium hypochlorite, kg/kg TFA 0.83 0.83 0.83 Own calculations
without water, in 15%
solution state
Hydrogen chloride Hydrochloric acid, without kg/kg TFA 0.01 0.01 0.01 Own calculations
water, in 30% solution
TFA extraction via methyl tert-butyl ether kg/kg TFA 0.34 0.44 [82]
solvent and 3-phase
separator
Cell Homogenizer oil Lubricating oil kg/kg TFA 5.0E-6 7.14E-6 [81]
Land use Occupation, industrial land m?*kg TFA 0.67 0.95 Own calculations
Water consumption
Cooling water for Tap water kg water/kg TFA 105,413.47 Own calculations
chiller
Cleaning water Tap water kg water/kg TFA 735.72 735.72 735.72 Own calculations
Cell Homogenizer Tap water kg water/kg TFA 5.00 7.14 [81]

Water

or industrial non-renewable produced CO, would be applied,
we assume in all scenarios that biogenic CO, is provided,
e.g., by a biogas plant nearby. As the CO, is only tempo-
rarily removed from the atmosphere, the CO, consumption
was considered to be neutral and not used as an input flow
in the LCI. However, as CO, must be provided to the algal
culture to ensure pH regulation and provide carbon source,
the infrastructure and electricity needed for the pumping of
CO, from the production site to the blower were considered
[51]. The infrastructure and electricity needed for pumping
the air (at need enriched with CO,) to mix the culture and

avoid sedimentation and gradient formation [51] was also
considered.

Because the seawater used to cool the culture is pumped back
into the ocean, seawater was considered to be a neutral value,
but the infrastructure and electricity for pumping the seawater
is considered. Similarly, as 99% of the seawater in the culture is
removed from centrifugation and pumped back into the sea, the
seawater required for the culture is considered to be neutral. For
the same reasons as for the pilot reactor and 1-ha GWP reference
plant from Tredici et al. [51], the exhausted culture medium is
considered to be disposed of directly in the sea.
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Downstream Inventory Analysis: Data and Assumptions

In order to remove the TFA from the concentrated Nan-
nochloropsis oceanica biomass, the first critical step is to
completely disrupt the cell wall [79]. Techniques for cell
wall rupture have been widely explored in algal research, but
many are too energy- or cost-intensive. Cell disruption via
homogenization was chosen for this study, as it has proven
to be energy-efficient with Nannochloropsis sp. with up to
25% dry weight [80]. For the 20-ha plant, the GEA Ariete
NS2006 Homogenizer and High Pressure Pump [81] was
chosen, as this model is optimal for industrial-scale wet algal
biomass homogenization due to its maximum flow rate of
80 L/h and lower power consumption (1200 bar) when com-
pared to other models [80, 81]. This homogenizer requires
lubricating and cooling water, as well as lubricating oil for
proper functioning [81]. Materials considered for the down-
stream machinery were assumed to be stainless steel at 70%
of the overall weight.

Angles et al. [82] found that extraction of lipids from wet
microalgae (which have already been disrupted) was more
efficient than lipid extraction from dried algal biomass. This
downstream phase of lipid extraction involves the use of a
solvent and centrifugation of the solvent-wet biomass mix-
ture. Methyl-tert-butyl ether (MTBE) is used as a solvent

due to the low solubility in water and low heat requirement
for recycling via vaporization [82]. The concentration of
MTBE per g of dry algae is 3.73 ml [82]. The amount of
solvent required for the 20-ha plant was calculated based
on the final yield of dry algal biomass. The solvent-biomass
mixture is separated using a three-phase separator centri-
fuge (Flottweg, based on [83]). The three-phase separator
requires 6660 kWh/a in order to separate the solvent-bio-
mass mixture into solvent and TFA, residual slurry, and
residual water. This residual slurry is processed via HTL to
recover nutrients and energy from the biocrude oil within the
biomass. The HTL converts the protein and carbohydrates
into energy (e.g., oil), and the incorporated nutrients such as
nitrogen are released and have the potential to be re-used in
the cultivation process, which has implications for the LCA
[30, 84]. However, this nutrient and energy-recovery process
is only considered in the Resource Efficiency and Energy
Transition Scenarios; in the Baseline scenario, the residual
slurry does not pass through the HTL and is instead assumed
to be used for further refinery of valuable components (e.g.,
protein), for which only the energy and materials for transfer
to the next processing phase are included in the analysis. The
solvent and TFA mixture is vaporized to remove the TFA
and to allow the separated MTBE solvent to be recycled in
the following cycles. The emissions related to solvent use
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for lipid extraction can be reduced if the recovery of the
solvent is considered [85]. Methyl tert-butyl ether requires
the least energy (J) per mg of extracted lipids when com-
pared to 11 other viable solvents [82]. At lab scale, 235 J/
mg extracted lipids are required to vaporize the solvent from
the lipids; however, at large scale, the energy demand for
solvent recycling can be reduced to 8—10 J/mg due to an

Table 4 Components for the hydrothermal liquefaction (HTL) process

assumed increase in algae-to-solvent ratio. For this LCA, 8 J/
mg extracted lipids are assumed for recycling of the methyl
tert-butyl ether from the TFA. This equates to 666 MWh/
year at the 20-ha plant in Sicily and 466 MWh/year at the
20-ha plant in Tuscany. Due to this recycling consideration,
cultivation at the Sicily site would require 101 t MTBE sol-
vent/year and 93 t MTBE solvent /year in Tuscany.

Component Material [kg material/ha/year] Source

Reactor Stainless steel 0.228 Dimensions based on [88], own estimation
Principal pump Stainless steel 11.6 Selected based on [88], Dosing pump LDE3_LEWA
Solvent pump Stainless steel 0.58 Selected based on [88], Syringe pump ISCO 1820
Solvent tank Stainless steel 1.63 own estimation

Heat exchanger Stainless steel 2.1 Tranter HE based on [88]

3-phase separator Stainless steel 0.68 Flottweg Separator selected based on [83]

Ceramic filter Ceramic AI203 1.19710 own calculation based on [88]
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Table 5 Comparison of the baseline, resource efficiency, and energy transition scenarios

Category Baseline scenario

Resource efficiency scenario

Energy transition scenario

Nutrients Upscaled per kg TFA from

pilot reactor credit
Other operational materials
Tap water

Electricity Upscaled from Tredici et al.

[51] with a 15% reduction

Baseline Scenario +56% credit from
HTL-oil biocrude recovery via HTL
process applied

63% of N and 90% of P recycled via HTL process and considered as nutrient

HTL infrastructure and electricity added as downstream process
No change from Baseline Scenario

Resource Efficiency Scenario+change
to Norwegian electricity mix (98%
hydroelectricity)

The residual water separated from the solvent-biomass
mixture is pumped back into the ocean after centrifugation
via open-impeller pumps.

Inventory Analysis: Scenarios

In addition to the 20-ha industrial-scale plant, which is
referred to as the Baseline Scenario, two scenarios were
explored in this study in order to determine the influence of
more efficient processes.

Resource Efficiency Scenario There is evidence that after the
extraction of algal fatty acids, the residual biomass should
be valorized in order to improve the overall efficiency of the
process, e.g., by utilizing the energetic output and recycling
of nutrients (see Fig. 2). For this study, the hydrothermal
liquefaction (HTL) process has been considered the most
suitable technology to convert the residual algae biomass
(see Fig. 3 [23]) since HTL in general is appropriate for the
conversion of wet feedstock [30, 83]. A so-called bio-crude
oil is produced from the residual biomass including carbo-
hydrates and proteins via the HTL process, which can also
be upgraded and used, e.g., as fuel.

The majority of HTL research has been performed using
small batch reactors, typically a few hundred milliliters in
volume. The Resource Efficiency Scenario considers an
HTL process operating at the end of each harvest cycle. At
the Tuscany plant, 74,375 L of biomass flows through the
HTL process per cycle, which was designed according to
[83] and [86] and complemented by experimental data pro-
vided by [87]. Similarly, at the 20-ha Sicily plant, 77,272 L
of biomass flows through the HTL process per cycle. These
volumes of biomass were processed and converted by a high
temperature (350 °C) and pressure (210 bar) reaction into
four streams [88]: 56 Vol.% bio-crude, 39 Vol.% of aqueous
phase, 5 Vol.% of product gas, and 1 Vol.% of solids. The
nitrogen and phosphorus bound in the solid and aqueous
phases are internally recycled and used as a credit in the
model, reducing the external nutrient demand during cul-
tivation. This is a simplified approach to model the nutri-
ent recycling step as it is known that the HTL solids would
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require an additional conversion step (such as acid digestion)
to make it bio-available before re-use [89]. However, any
further processing of nutrients to enhance bioavailability
was considered outside the system boundaries. A generic
organic co-solvent (1,1 dimethylcyclopentan was chosen as
a reference) is also included in order to support the sepa-
ration of the bio-oil from the other products. The solvent
flowrate was set to 10% of the total flow entering the HTL
process [88]. To further optimize the results of this scenario,
a credit was applied to recycle the solvent at 99% for each
HTL harvest cycle after the first. However, as this credit
reduces the solvent amount and therefore the impact of the
HTL solvent without considering the energy and infrastruc-
ture needed to recycle the solvent, this optimization should
be taken only at face value. A list of the equipment used in
the HTL phase is given (see Table 4). All equipment inputs
were scaled according to the volume of flows through the
system. After the HTL process, the product flow is separated
using a ceramic filter as a first step and a 3-phase separator
subsequently.

The bio-crude oil produced (0.56 kg per 1 kg TFA pro-
duced), with a high heating value (HHV) of 35 MJ/kg [83, 90],
is implemented in the model as an energy credit. In the LCA
model, it is assumed that this bio-crude oil is being used to
produce electricity with a conversion efficiency of 40%. The
produced gas is not recycled or used as its amount is negligible
(5 Vol.%).

Energy Transition Scenario The scenario that represents a
potential energy transition is the exact same as the Resource
Efficiency Scenario (see Fig. 2), except that electricity flows
are changed to present a renewable energy mix (see Table 5).
In other words, the Italian electricity mix used for the base-
line and resource efficiency scenarios is replaced by the
Norwegian electricity mix, of which 98% is produced by
hydropower [91]. Although an electricity mix based more on
solar power would be more realistic for the Italian sites, such
an electricity mix for Europe does not yet exist in Ecoinvent
3.4 and therefore the Norwegian renewable electricity mix
was chosen as a proxy.
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Table 6 Description of result

. Process category
aggregation

LCA phase

Flow

Electricity flows

HTL

Downstream

Infrastructure flows

HTL

Downstream

Nutrient flows

Other operational material
flows

HTL

Downstream

Tap water flows

Downstream

Cultivation

Cultivation

Cultivation

Cultivation

Cultivation

Blower energy

Open impeller pump energy
Submersible pump energy
Centrifuge energy

Seawater recycling pump energy
Heat exchanger energy

Principal pump energy

3 phase separator energy
Solvent pump energy

Biocrude credit (negative)
Solvent evaporation energy

Cell homogenization energy
TFA extraction energy

Seawater recycling pump energy

All material included in the GWP®, ancillary
equipment, seawater recycling pump, and the
centrifuge

Solvent tank

Solvent pump

Principal pump

Heat exchanger

Reactor

Filter

Cell homogenizer

3 phase separator

Seawater recycling pump

Sodium phosphate

Sodium nitrate

Ferric chloride

Sodium hypochlorite for cleaning
CO,

Solvent

Cell homogenization operational oil
TFA extraction solvent

Tap water for cleaning

Cell homogenization operational water

Results

In this section, the LCA results are first shown for each
scenario: the Baseline Scenario, the Resource Efficiency
Scenario, and the Energy Transition Scenario. The focus
is on the six ILCD categories mainly relevant for the
environmental evaluation of algal TFA production. The
results are aggregated by the contributions of each pro-
cess group: electricity, infrastructure, nutrients, other
operational material, and tap water (see Table 6). Then,
these results are compared with each other and soybean
oil as reference.

Baseline Scenario Results

The results of the Baseline Scenario demonstrate the
large influence of infrastructure and electricity in most
categories (Fig. 4). The infrastructure required for the
plants (such as pumps, PVC pipes, GWP® chambers per
year) in both locations is identical, but as the produc-
tivity is higher in Sicily than in Tuscany, the impact of
infrastructure per 1 kg of TFA produced in Tuscany is
greater because more infrastructure is required per kg of
TFA. However, more electricity is required for the Sicil-
ian plant because the plant operates 90 days more than
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Fig.4 Process contribution to relevant environmental impact categories for the production of 1 kg TFA production with Nannochloropsis oce-

anica for the Baseline Scenario

the plant in Tuscany. Electricity is required for all pumps,
the PLC system, blowers, centrifugal harvesting, seawater
recycling, cell homogenization, the three-phase centrifu-
gal separator, and the solvent vaporization for solvent
recycling.

Resource Efficiency Scenario Results

The LCA results of the Resource Efficiency Scenario (Fig. 5)
show that the HTL process is beneficial if the yield is high
enough to counter the additional infrastructure and electricity
required for the HTL process. Using the HTL aqueous phase to
fertilize the algae during cultivation can jeopardize energy and
emissions reductions since nutrient recycling is associated with
energy consumption and emissions [30]. The relatively small
reduction in the emissions of CO, equivalents between the Base-
line and the Resource Efficiency Scenario shows that there is a
small reduction due to a little energy gain by applying the HTL
process for nutrient recycling.

The HTL process allows for a significant reduction of nutri-
ent input (63% of N and 90% of P are recycled), thus decreas-
ing the impacts in all categories compared to the Baseline Sce-
nario at both sites. The inclusion of the biocrude energy credit
(2.18 kWh/kg TFA) also allows for a reduction in the electricity
demand and resulting impact. In the case of the Tuscany site, the
electricity contribution to the impact category of climate change
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decreased by 0.8 kg CO,-eq. from the Baseline Scenario. In con-
trast, the infrastructure required for the HTL process increases
the impacts slightly (e.g., an increase of 0.09 kg CO,-eq. from
the infrastructure processes in the climate change impact cat-
egory for the Tuscany site). Infrastructure and electricity are still
the largest contributors for most categories.

Energy Transition Scenario Results

The LCA results of the Energy Transition Scenario (Fig. 6)
demonstrate the large influence that a renewable electricity
mix can have on the environmental impacts of an energy-
intensive production system. The only change adapted
for this scenario from the Resource Efficiency Scenario
is the change from the Italian electricity mix to the Nor-
wegian electricity mix, which was considered an example
of renewable European energy as 98% of the electricity is
produced via hydropower [91]. The results show a signifi-
cant reduction of impacts related to electricity in all cat-
egories except for mineral, fossil, and renewable resource
depletion, as this category is largely impacted by nutrient
input and not electricity.

Scenario Result Comparison to Soybean Reference

In order to gain perspective on the impacts of a 20-ha TFA plant
based in Tuscany or Sicily, the LCA results were compared with
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Fig.5 Process contribution to relevant environmental impact categories for the production of 1 kg TFA with Nannochloropsis oceanica for the

Resource Efficiency Scenario

refined soybean oil as a reference system (Fig. 7). Soybean was
chosen as reference due to its high market share and its crucial
role in the feed and fuel market; e.g., soybean oil is the second-
most used resource for biodiesel production in Italy [92]. Of
greatest significance, this graph shows the difference between
impact category results from algal TFA production and soybean
oil production. In all categories except for land use (kg C defi-
cit), the soybean oil reference system creates a smaller environ-
mental impact than the TFA production from Nannochloropsis
oceanica: in the most extreme case, the soybean oil reference
impact of water depletion is approximately 5000% smaller than
the Resource Efficiency Scenario results. Electricity production
is considered to deplete water resources according to the ILCD
Midpoint 2011 LCA methodology and for TFA production from
Nannochloropsis oceanica is much larger per kg than for the
refined soybean oil reference system (about 22 kWh/kg TFA
and 0.00437 kWh/kg refined soybean oil [93]). Additionally,
the Ecoinvent 3.4 refined soybean process handles the waste
byproduct as a negative value for wastewater, which reduces the
water resource depletion impact category values, thus further
increasing the difference between the algal TFA scenarios and
the soybean reference system. Land use by algae as a source of

TFA is an important impact category when considering algal
TFA for feed and biofuel production, because they are preferred
to feed and biofuels produced from food crops due to the lack of
competition for arable land. The type of land use considered for
the 20-ha scenarios is industrial land, which was not originally
used for arable crops. In contrast, the soybean oil reference sys-
tem considers that the soybeans were grown in Brazil on arable
cropland, which was originally secondary and primary forest
and therefore required clear-cutting to produce the soybean [93].
Due to these considerations, the reference system requires more
land per 1 kg algal TFA product.

Discussion

Discussion of the Results

The environmental impacts of the upscaled TFA produc-
tion with Nannochloropsis oceanica were assessed with the
LCA methodology for a 20-ha-sized plant in two locations in

Italy (Sicily and Tuscany) and for three scenarios. The sys-
tem boundaries of these scenarios included the upstream and
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Fig.6 Process contribution to relevant environmental impact categories of the production of 1 kg TFA with Nannochloropsis oceanica for the

Energy Transition Scenario

downstream processes involved from algae cultivation to the
final TFA extraction from the algal biomass; the pilot reactor
data collected from the University of Florence determined the
upstream processes, whereas the downstream processes were
defined with data from literature. The single processes chosen
were selected and optimized to create a comprehensive algal
TFA production system and to design a system layout appli-
cable for large-scale production at industrial scale. According
to that rationale, a technical process to recycle the nutrients in
the Resource Efficiency Scenario was considered to reduce the
external demand for nutrients. For the purposes of this study,
it was assumed that the nutrient flows from the HTL process
could directly replace a percentage of the technical-grade fer-
tilizers in the nutrient stock, as this is technically feasible from
any hydrothermal methods [94]. However, there is evidence that
this could lead to biological challenges in the upstream process
such as limited algal growth due to possible low bioavailability
of nutrients [94-96] or the accumulation of inhibitory matter
[97]. A pre-treatment of the HTL liquid phase could be rec-
ommended, if not necessary before its reuse for the cultivation
of Nannochloropsis oceanica [98]. Therefore, the assumptions
made in this scenario, as well as the LCA results achieved, have
to be considered preliminary and rather optimistic. However, in
order to include a pretreatment process, more research at lab and
pilot scale is required to find out which process steps are required
for a safe and sustainable reuse of the nutrient-rich phase from
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HTL [99, 100]. As an alternative to this technical approach to
improve resource efficiency by a circular reuse of nutrients,
nutrient-rich digestate from anaerobic digestion plants could be
used at low costs and with low environmental impacts to cover
the nutrient demand of microalgae cultivation in the upstream
process [101-104]. Although the digestate also needs to be pre-
treated, this only requires ceramic filters to remove solids and
for mechanical sterilization to prevent bacteria to enter the PBR
that could negatively affect algal growth. This would improve
the resource efficiency of the overall agricultural system, as
biogas digestate is a waste source of nutrients and there is an
urgent need to valorize these nutrients. This process would give
an additional credit to algal TFA production as the current use
of biogas digestate as field fertilizer leads to significant negative
environmental impacts [105]; in particular, an increased concen-
tration of nitrate in the groundwater and the deterioration of the
limited amount of phosphate fertilizer resources can be a result
of applying biogas digestate as a fertilizer.

Another technical alternative which could improve overall
efficiency of the process would be to use a different method
of TFA extraction, such as supercritical CO, extraction,
which has been studied for the potential to selectively extract
lipids without the use of solvents [32, 106—108].

In this LCA study, CO, is not considered an input or out-
put flow, although the energy and infrastructure required for
CO, injection in the culture is included. As bioenergy systems
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nario results from the reference system soybean oil

are considered to be carbon—neutral due to the carbon present
within the material originating from the atmosphere, the car-
bon is removed temporarily from the atmosphere. Therefore,
the biological or thermochemical conversion of algal biomass
that releases CO, into the atmosphere does not create additional
greenhouse gas emissions [109]. In the scenarios, the biogenic
source for the CO, needed to achieve high algal productivities
was modelled in an ideal way considering that the biogas plant
is located nearby the algal TFA production site. Possible addi-
tional infrastructure or energy to provide the biogenic CO, for
algae cultivation was not included in the LCA calculations since
agriculture is obliged to reduce their greenhouse gas emissions
anyway to become more sustainable.

Comparison Between Algal TFA and Soybean Oil

To gain perspective on the environmental impact of the sce-
narios examined in this study, the results were compared
with a soybean oil reference system. In the case of biodiesel
produced in Italy, 40% is from rapeseed, which is imported

from France, Germany, the Netherlands, and Belgium [92].
However, rapeseed processes do not yet exist in Ecoinvent
3.4 and therefore could not be used as a reference for this
study. The second-most produced biodiesel in Italy (30%)
is from imported soybeans. Both TFA from algal biomass
and soybean oil must be transesterified, a process which is
not currently included in this study’s system boundaries, in
order to yield biodiesel and glycerin byproducts [110]. The
Ecoinvent process “soybean oil refinery operation- ROW”
[93] matches the system boundaries and functional unit of
the algal TFA LCA scenarios and is therefore used here as
a reference system.

The comparison between the reference system and the sys-
tems of focus in this study demonstrates a smaller impact in
most environmental impact categories for soybean oil when
compared to the two geographical locations and three sce-
narios of algal TFA. However, the impact categories of land
use and water depletion do not fit this pattern. The Ecoin-
vent 3.4 database considers primary and secondary forest
“clear-cutting,” as well as the land required for green manure
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cultivation, within the soybean oil flow. Clear-cutting is not
an issue for the areas of Tuscany and Sicily, where the 20-ha
plants would be located, and the land use considered for this
study is from industrial area, meaning the removal of any for-
est at one point in time (if any) on these areas is not consid-
ered. Naturally, when the system boundaries include land use
change in this way, 1 kg of soybean oil requires far more land
than 1 kg of algal TFA. This difference in system boundaries,
which are not to the benefit of the reference system in this
case, should be considered when comparing the results.

It is important to note that the soybean oil does consider the
transportation of soybeans, produced in Argentina and Brazil,
to the soybean mill; however, this consideration is very basic
as the geography of the process in Ecoinvent 3.4 is generalized
as “Europe.” In other words, the transportation of soybeans
from arrival in Europe to a theoretical soy mill located some-
where else in Europe is considered, while the transport of the
soybeans from South America to Europe is not. Considering
the oversea transport of soybeans via ship would increase the
environmental impacts of soybean oil production, particularly
in the impact categories of climate change, particulate matter,
and minerals, fossils, renewables depletion due to the large
fuel requirement for shipping.

In addition to reduced land use competition, another
positive characteristic of algal TFA production is the
ability of the microalgae to be cultivated with saltwater
instead of tap water. Nannochloropsis oceanica, a natu-
rally occurring seawater alga, requires saltwater dur-
ing cultivation and only small amounts of tap water for
cleaning and cell homogenization. Therefore, in the case
of water depletion, a higher impact of soybean oil than
algal TFA was expected, as soybean production requires
heavy inputs of tap water for irrigation: Gerbens-Leenes
et al. [111] found that 1 kg of soybean biodiesel requires
7521 kg of blue water. However, the reference process has
a lower impact on water depletion than the algal TFA in all
scenarios for two reasons: the ILCD midpoint 2011 LCA
methodology considers water turbine use for electricity
generation to deplete water resources, creating high water
depletion values for the algal TFA scenarios; and the waste
byproduct handling in the Ecoinvent 3.4 refined soybean
process considers a negative value for wastewater, which
reduces the water resource depletion impact category val-
ues. This byproduct handling is not considered in the TFA
LCA, which therefore creates an inaccurate reference for
this impact category.

Environmental Benefits by Energy-Efficient
Harvesting and Replacing Soybean Protein

This study has calculated three scenarios for Nannochlo-

ropsis oceanica cultivation for TFA production by using
collected data and optimistic assumptions. However,
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Nannochloropsis as a TFA producer precursor still gener-
ally lags behind other biogenic oil-producing options pro-
ducible in Italy or other countries, as was shown by the
example of soybean oil. Further improvements can be made
to the algal TFA LCA and the methodology for more reli-
able results. For instance, as per the pilot data collected at
the University of Florence, harvesting of the algal biomass
is conducted by centrifuge. By replacing the centrifuge usu-
ally applied for the harvesting process and to dewater the
biomass by alternative harvesting technologies, e.g., the
wet-end of a paper machine, potential environmental ben-
efits could be gained [112]. The composition of total lipids,
carbohydrates, and protein is similar for biomass harvested
via alkaline flocculation or centrifugation. Flocculation,
however, is more energy- and cost-efficient than centrifu-
gation for harvesting of algae [113]. Although this method
was not used during pilot cultivation of Nannochloropsis
and was therefore not included in the upscaled scenarios,
centrifugation can be replaced with alkaline flocculation to
harvest Nannochloropsis oceanica in the cultivation stage to
increase the environmental friendliness of TFA production.

Additionally, by incorporating a system expansion
method within the LCA to consider the use of the residual
slurry, the results can be improved. After extracting the
lipids from Nannochloropsis biomass, the remaining defat-
ted material could be used as an animal feed ingredient [114]
or even a high-value human protein supplement [115] rather
than recycling the nutrients in the protein-fraction with the
HTL process. Crude protein content is around 45.2% of the
defatted Nannochloropsis dried biomass [114]. These pro-
teins could replace soybean protein and be an alternative for
people with soy allergies.

Replacing soybean could save the high water and land
demands for their cultivation, and even biodiversity could
be protected as no rainforest would be cut down for soy-
bean cultivation. In a study conducted by Lamminen et al.
in 2019 [116] on the effect of substituting soybean meal
with microalgae for cow feed, dried Nannochloropsis bio-
mass was found to contain comparable amounts of crude
protein to soybean meal at 150 and 154 g/kg DM, respec-
tively. Moreover, the algal biomass replacement allowed
the cows to consume more dietary fiber and fatty acids per
day than with the soybean feed. Cows consumed 8.82 kg/
day of fiber and 1744 g/day total fatty acids when consum-
ing soybean meal feed in comparison to the 9.09 g/day of
fiber and 1901 g/day total fatty acids consumed from the
Nannochloropsis-based feedstock. Despite that Nannochlo-
ropsis sp. is one of the few species accepted as feed and the
advantages of algal protein, the protein-rich residual biomass
is not yet used for feed due to high capital and operating
costs as well as the lack of technology and knowledge. This
was also proved by Taelman et al. [117], who concluded
that feeding livestock imported protein-rich soy meal is less
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energy-intensive than algal meal due to currently inefficient
algal cultivation systems. The biorefinery concept for zero-
waste and multiple-products should be further investigated
to fully exploit the advantages of Nannochloropsis and to
improve the environmental benefits.

Conclusions

Using life cycle assessment, this study quantified the
environmental impacts from six impact categories for an
upscaled 20-ha algal TFA production plant under three
different scenarios (Baseline, Resource Efficiency, and
Energy Transition Scenario) and in two different locations
(Tuscany and Sicily). The results of this study contribute
to a new body of knowledge regarding the methodologi-
cal approach as well as the results based on data from real
pilot reactors: as indicated by the scenario calculations,
the achievement of socio-political targets can significantly
improve LCA results.

The study shows that nutrient recycling as seen in the
Resource Efficiency Scenario or a renewable electricity mix,
as seen in the Energy Transition Scenario, can improve the
environmental friendliness of TFA production from micro-
algae. The results indicated a significant improvement in all
impact categories when considering the nutrient recycling
and biocrude energy credit possibilities in the Resource Effi-
ciency Scenario when compared to the Baseline Scenario.
The improvements were slightly smaller in less optimal loca-
tions, such as in Central Italy, as the yield is lower and does
not compete as well as the more optimal location with the
additional energy and infrastructure required for the nutrient
recycling and energy credit. Furthermore, the adaptation of
a renewable energy mix in the Energy Transition Scenario
presented further reductions for both plant locations when
compared to the Baseline scenario. These results conclude
that a high productivity system would benefit from the adap-
tation of nutrient recycling, bioenergy credits, and renewable
energy.
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