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ABSTRACT

With their fast growth rate and ability to accumulate a high percentage of their weight as lipid and carbohydrate, microalgae
potentially represent an ideal feedstock for the production of biodiesel and bioethanol. In addition, microalgae offer several
environmental benefits, and do not compete with food production for land, fresh water, and nutrients.

Therefore, the main goal of this work is to provide a quantitative, systematic and harmonized assessment of current bio-energy
potential. The analysis is conducted by considering all the main steps in detail, from cultivation to biodiesel production, and by deriving
an overall estimation of energy consumption for biodiesel production. Energy consumption uncertainty is also quantified and discussed.
A systematic review of all the main technologies available for all the main processing steps towards the production of biodiesel from
microalgae is presented, focusing on the derivation of the Net Energy Ratio (NER) of each combination of technologies, complemented
by an uncertainty analysis of the data used and those obtained in the present work.

A wide scatter in the data available in the literature has been identified, highlighting the need for an uncertainty analysis. If the
average overall energy consumption per unit of biodiesel mass is considered, all the routes adopting a raceway pond have a lower energy
consumption, but if the uncertainty on the overall energy consumption is also considered, the minimum value of the range of NER values
for some of the routes adopting a photobioreactor is comparable to the NER value obtainable by using raceway ponds.

Thus, the present framework proposes a harmonized and comprehensive methodology to compare and contrast technologies for the
production of biodiesel from microalgae, and is applied in this paper to identify, with an appreciation of the uncertainty, the most

promising combinations of technologies.

Keywords: microalgae; bioenergy; biodiesel; net energy ratio; uncertainty.

NOMENCLATURE

E Energy [MJ]

LHV Lower Heating Value [MJ/kg]

m Mass [kg]

M Ratio of output mass to input mass mo/mi [-]

NER Net Energy Ratio [-]

Subscripts and Superscripts
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1,2,3,4

process 1,2,3,4

al algae

BD biodiesel

bo bio-oil

db dry biomass

i input

m mean value

0 output

ov overall

sd standard deviation
wb wet biomass
Acronyms

DR Dryer

F&C Flocculation and centrifuge
HEX Hexane extraction
HOM Homogenization
HT Hydrotreatment
HTL Hydrothermal

PY Pyrolysis

PBR Photobioreactor
RP Raceway pond
SCW Subcritical H2O
SD Solar drying

TE Transesterification
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1. INTRODUCTION AND PROBLEM STATEMENT

The global energy demand has been continuously increasing over the past decades, and is also projected to increase, due both to the
population growth and to the demand for higher living standards [1]. This is true even if considering that the energy intensity (expressed
as energy per gross domestic product unit) and the carbon intensity (in terms of COz per energy unit) have been decreasing over the past
decades, and are projected to decrease even more over the next three decades [2]. Approximately 25% of world energy consumption is
due to the transportation of people and goods, the majority of this being used for passenger transportation, in particular light-duty
vehicles [2]. Moreover, approximately 20% of the global CO: emissions are due to the transport sector, and these are forecasted not to
substantially diminish over the coming decades, since the number of light motor vehicles is estimated to increase to over 2 billion by
2050 [3].

There is therefore an urgent need for a substantial displacement of fossil fuel use, to tackle both the present and future energy and
emissions challenges. Biofuels, produced from biomass rather than fossil oil, are considered part of the solution to tackle these
challenges. There are solid (bio-char), liquid (ethanol, vegetable oil, and biodiesel), and gaseous (biogas, biosyngas and biohydrogen)
fuels, and they are usually classified based on the type of feedstock used. The first-generation liquid biofuels are produced using edible
feedstock such as corn, soybean, sugarcane, and rapeseed. Therefore, they directly compete with food production. Since food production
is another of the most urgent challenges [4], a second-generation of biofuels has been developed, which uses non-edible feedstock such
as Jatropha, Miscanthus, and Switch grass and also exploits crop residues [5]. Nonetheless, non-edible feedstock still competes with
food production, due to the need for arable land, fresh water, and nutrients for their cultivation. Two recent joint studies have proposed
a comprehensive modelling framework capable of disclosing the nexus among energy, economy, land use and GHG emissions in case
of bioenergy exploitation [6], by also focusing on the effect of an accelerated deployment of bioenergy on land use [7].

For these reasons, a third and fourth generation of biofuels have been introduced, respectively using microalgae and macroalgae
(third generation) and metabolic engineering of photosynthetic organisms to produce biofuels (fourth generation) [8].

Microalgae have received considerable attention in recent years, because their fast growth rate and potential to accumulate a high
percentage of their weight as lipid and carbohydrate make them an ideal feedstock for the production of biodiesel and bioethanol.
Moreover, CO: sequestration, self-purification, and effective land utilization are some of the environmental benefits offered by
microalgae, which do not compete with food production for land, fresh water, and nutrients.

As for other forms of renewable energy, the interest in the use of microalgae as an alternative source of fuel for transportation was
born as a result of the oil embargo of 1973, and since then it has been considered as part of the solution to tackle the energy and emission

challenges in the U.S. [9, 10], but also in other countries [11]. In 1978, a major research programme was initiated in the U.S. (Aquatic
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Species Program), focusing on the use of microalgae as a source of biodiesel [9], concluding that no major technical barriers are present,
but the high cost of production remains the main challenge. From the point of view of environmental impact, Lapinskiene et al. [12]
demonstrated that diesel fuel (derived from fossil oil) is toxic to soil microorganisms at concentrations higher than 3% (w/w), while
biodiesel is non-toxic even at 100% soil saturation. Furthermore, using biodiesel has a net zero impact on the amount of CO2 and SOx,
and is in general less polluting than petro-diesel [13 - 15].

Therefore, in order to support the development of large-scale biodiesel production plants, able to displace the use of a substantial
amount of fossil fuel, it is essential to investigate which, among all the main technologies available for all the processing steps (from
microalgae cultivation to biodiesel production), are the most suitable. In the present work, the criterion to assess the suitability of a
solution is based on the index called the Net Energy Ratio (NER), i.e. the ratio between the output energy content and the energy required
to produce that output.

Unfortunately, in the current literature, two major challenges are present: (1) a lack of reviews covering, in a coherent manner, all
the main available technologies for all the main processing steps towards biodiesel production, and (2) a substantial scatter among the
available published data, even for the same processing step and the same technology. With regard to the first challenge, data may be
available for all the main processing steps (cultivation, harvesting, oil extraction, biodiesel production), but only for some of the possible
available technologies. On the other hand, data may be available for a wide range of possible technologies, but in most cases they focus
only on some of the processing steps.

In the present work, the authors’ main aim is to present a systematic review of all the main technologies available for all the main
processing steps towards the production of biodiesel from microalgae, focusing on the derivation of the NER of each combination of
considered technologies, to quantitatively compare them and identify the most promising ones. Of equal importance, an additional novel
contribution to knowledge is the uncertainty analysis of the data used for each technology of each processing step, which is then
considered to also derive the uncertainty on the final results (NER): a low performance level may be an indicator of the unsuitability of
such technology, while a high performance level coupled with a high uncertainty on this performance may suggest the need for further

research on this technology.

2. TECHNOLOGIES
In the following, a brief description of all the main technologies available in the literature is documented, by citing relevant sources

for a more in-depth analysis. It should be noted that some of the available technologies have not been considered, for two main reasons:
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there were extremely few data available about that technology and/or the level of reliability of the data found for those technologies was
deemed to be very low. The technologies considered in the following are classified as shown in Table 1.

2.1 Raceway pond (RP)

A promising microalgae cultivation system is the raceway pond technology, which consists of an open-air container in which the
culture blend is kept in motion by paddlewheels, which also provide the necessary mixing turbulence. Nutrients have to be injected
periodically, together with the correct amount of CO2, due to the continuous evaporation. Therefore, water has also to be regularly
pumped into the system to maintain a constant level, around 30 cm [16]; this is an optimal value that represents a compromise between
the amount of sunlight penetrating through the whole culture depth and the extent of the pond, but is limited by economic considerations.

Evaporation, culture contamination by external organisms, and the lack of control over the environmental conditions (weather
conditions) have pushed some researchers to propose a closed raceway pond system, but to date its economic feasibility is still in
question [17].

The energy required by an RP is mainly necessary to power the paddlewheels mixing the culture; a compromise between culture
productivity and energy consumption (increasing cubically with respect to algal mass circulating speed) suggests an optimum trade-off
value for the velocity of the raceway of around 0.3 m/s [18]. Even if characterized by a relatively low algal productivity/surface ratio,
the simple and cheap design of the pond, as well as its low maintenance costs, make it a promising solution for large scale production
plants.

2.2 Photobioreactor (PBR)

Photobioreactors are essentially closed, transparent cultivation systems, where nutrients are injected in order to maintain the optimal
conditions, guaranteeing the highest possible growth rate. Nutrient requirement is known to depend on the species but also on the desired
level of stress to stimulate lipid or carbohydrate storage. Geider and La Roche [33] state that the nitrogen and phosphorous ratio strongly
varies during a starvation period. The effectiveness of using fertilizers varies according to both the considered species, even though it
can also vary for a given species of microalgae [26].

Photobioreactors present different configurations, with the common aim being to maximize both the area/volume ratio and the area
exposed to direct light. The most common configurations are the closed-loop tubular PBRs, installed horizontally, and the vertical PBRs
with flat plates, as well as the airlift columns. Both vertical and horizontal tubular PBRs are widely used in conjunction with a degassing
unit and COz to achieve higher biomass productivity [19]. Various authors state that the horizontal configuration can reach higher

production rates, due to its larger surface/volume ratio [19].
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While, compared to raceway ponds, PBRs present a sensibly higher biomass productivity, mainly due to the ability to control the
growing conditions, the significant capital costs of the structure and supporting systems constitute the main challenge to the development
of this cultivation technology on a large scale. The flat plate and airlift column PBRs appear to be a possible solution; since they are
made from thin plastic material, the capital costs are considerably reduced [19].

2.3 Flocculation and centrifuge (F&C)

The flocculation step consists of the addition of “flocculant agents” to concentrate the algal mass by the aggregation of microalgae
cells. This is necessary to perform an efficient centrifugation step, as the last operation of the harvesting process.

Today, two main flocculation processes are used, depending on the type of flocculant: additive flocculation or bio-flocculation (often
called auto-flocculation). The second technique is highly suitable for aquaculture applications due to its chemical-free nature [20]; with
the same efficiency as the chemical processes, bio-flocculation can concentrate the biomass from 0.5 g/l (average culture algal
concentration) to 10 g/1 [21].

The aim of the centrifugation step is to remove vast amounts of water quickly and efficiently, but is linked to high energy costs. By
exploiting the centrifugal force, water is separated from the biomass; depending on the size and configuration of the device, energy
consumption can vary substantially.

A widely used configuration is the decanter centrifuge, which is based on the concept of using a special settling tank in which the
solids in suspension are forced to sink due to the gravitational forces. The decanter centrifuge operates continuously by pumping the
cultivated microalgae biomass into the centrifuge bowl whereby the suspended particles in solution are forced to the bottom of the bowl
[34]. The deposition enhances the solid-liquid separation, reaching a 180 g/l concentration [21].

2.4 Homogenization (HOM)

The wet extraction process requires a disruption of the cells’ membrane. Only the homogenization technique has been considered in
this work, due to its predominance in the literature, and being a common previous step to the considered wet extraction techniques. This
cell disruption technique utilizes a pressure variation, due to passing from a wider to a narrower duct, and the friction caused by the
speed [22].

Several studies indicate homogenization as one of the most efficient methods, capable of achieving levels of up to 70% disrupted
cells fraction [23]; the process produces only a small amount of heat (i.e. does not require a cooling system), and it also seems
economically suitable to be adopted for high productivity. However, despite its advantages, a long time, and thus a considerable amount

of energy, is required to complete the disruption process [23]. Sheng et al. [35] state that homogenization leads to optimal cell disruption.
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Halim et al. [36] compared the efficiency of the principal processes and report that a higher efficiency of homogenization was observed
with higher pressure (500-800 bar) and cell concentration.

2.5 Hydrothermal liquefaction (HTL)

The hydrothermal liquefaction extraction technique consists of processing the biomass using a hot compressed solution, subsequently
liquefied into bio-oil, aqueous solution gas, and a minor solid part [24]. The by-products can be recycled: the aqueous solution is full of
nutrients, the gas produced during the process is mainly composed of CO2 and Hz, both recyclable, and the solid part can be utilized as
a co-product.

Good efficiency has been proved in converting wet biomass with 20% of solid fraction [25]. Therefore, HTL is suitable for wet
extraction. Temperature and pressure of the process have to be controlled (200 °C - 350 °C and 10 MPa - 25 MPa) in order to maintain
the water in the sub-critical region [26]. In those conditions, molecules are disrupted and re-polymerized into oily molecules.

An additional step is however required at the end of the process: nitrogen and oxygen, generated in high concentrations, have to be
removed before further processing the bio-oil [24]. Some researchers argue that the presence of NOx in flue gases poses little or no
problem to microalgal growth. In fact, a few tolerant microalgae exist, capable of growing at NOx concentrations of up to 300 ppm [37].
Instead, the review conducted by Yen et al. [38] points out that NOx can be even utilized as a nitrogen source to promote microalgal
growth when it dissolves and is oxidized in the culture medium. For these reasons, reducing NOx emissions coming from HTL is
currently an active area of research.

2.6 Hexane extraction (HEX)

This is a method that belongs to the general category of solvent extraction. The extraction mechanism is based on the higher solubility
of lipids into the chemical solvent (once properly mixed into the solution), then separated from the algal cells. The purpose of this
process is to guarantee an adequate recovery of Triacylglycerols.

Different types of solvent have been evaluated in the literature, reaching high efficiencies with methanol and chloroform used
together (nearly 99% [27]). However, the literature review has highlighted that hexane is the most commonly adopted and quantitatively
assessed solvent to treat algal biomass; as the most mature method, the authors have decided to adopt it for the energy analysis.

The main challenges with this type of extraction are (i) the need for a preliminary effective cell disruption or drying step in order to
perform an efficient extraction process and (ii) the necessary successive separation to isolate the algal lipids.

2.7 H>O sub-critical extraction (SCW)
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The principle used for this technique is the hot water tendency to become an organic solvent for the oily fraction of the biomass, in
such a manner that it separates it from the solution. It has been demonstrated [28] that water can be used to break cell bonds and separate
oil, at a temperature not much higher than boiling point, with a moderate pressure [29] (i.e. slightly below the critical conditions).

One option is represented by the possibility of collecting the water extracted from the previous harvesting step to perform the SCW;
this also allows low solid fractions in the algal biomass (below 10%). Consequently, low harvesting energy demand due to the low solid
mass required, and recycling material from other steps, enhance the economic viability and the low energy demand of this extraction
technique.

Efficiency data (up to 70% [28]) have been collected mainly from small-scale experiments; therefore, the performance of this method
when processing higher yield amounts is not established.

2.8 Dryer (DR)

In this work, the authors consider a dryer which exploits either a mechanical or thermal process, even though the dry weight achieved
for the two techniques is different. A drying process is necessary for pyrolysis, while it is useful (but not mandatory) for hexane
extraction. The purpose is generally to increase the solid content of the harvested algae to at least 80% [21].

In addition to the achieved dry weight, mechanical and thermal processes have different energy consumption. However, this
difference is not taken into account in this paper when considering the best/worst case in order to estimate an average value of the energy
demand.

2.9 Solar drying (SD)

The algal paste usually requires two-thirds of the heating energy necessary for drying the whole algal biomass [30]. Therefore, algae-
drying by using fossil fuels may lead to a negative energy balance. Thus, in recent years, solar drying has been suggested as a possible
way to reduce the amount of energy used.

In this paper, solar drying is considered for its renewability and zero-energy requirement. The two main drawbacks of this process
are that it is climate dependent, and requires a longer time than other drying techniques. Another drawback of solar drying is the required
surface area. Even though there is a lack of data in the literature about this type of drying process, Abu-Ghosh et al. [30] estimate an
area of approximately 11 m? for producing 1 kg of biodiesel. Such a value is very large compared to the compactness of industrial dryers
and may be a barrier to industrial applicability.

2.10 Pyrolysis (PYR)

Pyrolysis is a physical-chemical process in which biomass is heated to between 400 °C and 800 °C, resulting in the production of a

solid phase rich in carbon and a volatile phase composed of gases and condensable organic vapours. These organic vapours condensate

9 Renewable & Sustainable Energy Reviews, 2018



in two different phases: bio-oil and acid extract. Due to the temperature and heating rates at which biomass is submitted, many
simultaneous reactions occur, resulting in gaseous, liquid and solid products [26].

In this paper, fast pyrolysis is considered. Fast pyrolysis is a fast thermal degradation process: biomass is rapidly (in the order of
seconds) heated and subsequently rapidly cooled in the absence of oxygen. Process outputs are mostly vapours, aerosols and charcoal
(char). After condensation, a liquid pyrolysis bio-oil is also produced. The liquid yield can be improved by increasing the heating rate
(up to 10* K/s, according to [39]), at reaction temperatures of approximately 500 °C; short vapour residence times are also helpful for
minimizing secondary cracking of the primary products [31].

2.11 Transesterification (TE)

The transesterification process comprises the reaction of triglycerides with alcohol in the presence of a catalyst, to produce glycerol
and mono-alkyl fatty acid esters. Biodiesel is usually transesterified by using methanol, to eventually produce fatty acid methyl esters
[26]. As in [32], the energy demand for algal oil transesterification is assumed to be similar to that required for soybean oil
transesterification.

2.12 Hydrotreatment (HT)

The bio-oil produced can be converted to biodiesel through hydroprocessing, which uses hydrogen to remove the excess nitrogen

and oxygen from the bio-oil. The hydrogen needed for hydroprocessing depends on the bio-oil composition [25].

3. METHODOLOGY
On the basis of the literature survey and the challenges discussed above, the complete chain from algae to biodiesel, considered in
this paper, is sketched in Figure 1. It is split into four main steps:

1. Cultivation, which can be carried out using raceway ponds (RP) or photobioreactors (PBR). The output of this process is “wet
biomass”.

2. Harvesting, involving the flocculation and centrifuge techniques (F&C). The output is dry biomass.

3. Extraction, which can be split into two main paths, i.e. “wet path” and “dry path”, which in turn can be split into three (HOM+HTL,
HOM+HEX, HOM+SCW) or four (DR+PY, DR+HEX, SD+PY, SD+HEX) sub-paths, respectively. It should be noted all the wet
sub-paths also include a homogenization pre-processing. Instead, two dry paths consider the use of a dryer (which is very energy-
consuming), while the remaining two dry paths make use of solar drying. Moreover, hexane extraction can be performed both in
the wet and dry paths. After this step, bio-oil is available.

4. Biodiesel production, which can be made by using the classic process of transesterification (TE) or the less consolidated process
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of hydrotreatment (HT). The final product is biodiesel.

It is worth highlighting that:

the use of sedimentation and centrifuge for harvesting is not considered in this paper, since, though less energy intensive, the
coagulation methods could negatively affect the biomass quality [40]. As an example, data collected on lab-scale
photobioreactors showed that a harvesting efficiency of 65% is required to pump 76,923 m*/day for an installation of 100 ha,
with an electric energy consumption of 3825 kWh/day [41];

dryer energy consumption is averaged over both thermal and mechanical dryer data. In this manner, dryer energy consumption
is representative of both worst (i.e. thermal dryer) and best (i.e. mechanical dryer) scenarios;

solar drying is also considered in this paper for extraction since, as discussed in [42], using natural gas as the fuel for drying
microalgae biomass consumes nearly 69% of the overall energy input and may lead to a negative energy balance in producing
microalgae biofuels. On the other hand, solar drying clearly requires a longer time. For instance, one study [30] documents
that every ton of dry biomass produced from drying a 5000-litre culture (20% solids), on a surface of 1000 m* and with a 5

cm culture depth, required (on average) 2-2.5 sunny days.

3.1 Data

The quantitative assessment of the energy potential of biodiesel is based on literature data. Some of the data are taken directly from

the sources, while the majority are derived by processing the data in the sources, in order to harmonize them. In fact, one of the major

achievements of this paper is the definition of a specific energy value for each step of the chain, to be used for all the possible routes. In

order to estimate the specific energy required for each step, mass ratio values, derived from the cited papers, are used. Mass ratios were

reported as mass growth (in the case of the cultivation process) or mass loss (for the remaining processes).

Table 2 documents the data values and respective sources, and step-by-step data homogenization. The following observations can be

made:

the different papers only consider some of the steps of the complete chain. On the basis of the literature survey, there are only
a few papers which analyze the whole chain;

the values labelled as “original value reported in the source paper” in Table 2 are often the result of a preliminary processing
made by the authors of this paper, to refer those values to the input mass of each process;

the values labelled as “assumption” in Table 2 are equal to the average values of the known processes or taken from other
papers. This applies to the cases in which some data were not explicitly reported or mentioned in a paper.

for a given process and a given source (e.g. paper [51] for HEX), the specific energy values (referred to as process input mass
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— see bold values in Table 2) are considerably scattered. Moreover, given the different number of available sources, the
statistical meaningfulness of the homogenized values is also variable. For both reasons, a specific analysis about uncertainty
will be carried out in the present work.

3.2 Uncertainty

Uncertainty can be defined as a lack of knowledge or limited information about a present state or a future event. According to [58],
two types of uncertainties, both applicable to bioenergy systems, can be identified: epistemic uncertainty, which is the systematic
uncertainty based on imprecise, unavailable or even unmeasurable knowledge and data, and aleatoric uncertainty, which refers to the
statistical uncertainty describing variations in single values and is therefore measurable.

Policy makers often face challenges concerning the reliable estimation of resource availability and recoverability, for both fossil
fuels [59, 60] and bioenergy [61]. Another area of uncertainty is related to public attitudes and acceptability [62]. A further uncertainty
is related to life cycle emissions for future bioenergy deployment, mainly due to up-front greenhouse-gas emissions from both direct
and indirect land-use change [63]. Uncertainty is also related to cost estimation. For example, the estimation of the cost of production
of fuel from microalgae may vary because of different economic input assumptions, different growth phase input assumptions, and
different technology selections for growth [24].

To tackle this issue, various studies have proposed a number of frameworks and structures to categorize the multiple types of
uncertainties related to modelling biomass production and exploitation, and different approaches are adopted to deal with the uncertainty
estimation of energy chains.

Spiegelhalter and Riesch [64] proposed a five-level structure for uncertainty associated with mathematical models in general. The
considered uncertainties are associated with the unavoidable unpredictability of future events, limited information of model parameters
and limited knowledge about model structure.

Another approach to address uncertainty in estimating biomass energy potential is a boundary analysis, which produces limits on
the potential by defining minimum, maximum and most likely values for parameters [65].

Malca and Freire [66] evaluated the implications of uncertainty in the life cycle energy efficiency and greenhouse gas emissions of
rapeseed oil. Uncertainties included both parameter and scenario uncertainty, also uncertainty due to modelling choices.

Gonzalez-Salazar et al. [67] presented a methodology to estimate biomass energy potential and its associated uncertainty at a country
level when quality and availability of data are limited. Uncertainty was estimated by combining a probabilistic propagation of
uncertainty, a sensitivity analysis and a set of disaggregated sub-models. Some of those authors also improved the prediction reliability

in [68] by using a robust selection of probability density functions and a sensitivity analysis to identify key variables contributing to
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uncertainty.

For the specific case of algae, one study [69] compared different processes of algal biofuels production on an experimental basis.
Results showed statistically significant differences in algal biomass composition, due to different measurement chemistries. Instead,
another study [31] carried out a life cycle assessment to investigate the impacts of combining different algae cultivation techniques and
fuel conversion pathways on greenhouse gas emissions and life cycle fossil energy demand.

In this paper, to assess the uncertainty affecting the energy potential estimates used, a relatively simple and straightforward approach,
based on the standard deviation, is adopted, which can be justified as follows.

A substantial source of uncertainty is the lack of a harmonized approach when considering a wide range of biodiesel production
techniques, and assessing and reporting the key variables used to perform an energy potential analysis, such as the present one. Moreover,
in other cases, some intermediate values (e.g. input/output mass ratios), necessary for the analyses conducted in this paper, are not
reported and therefore, to be on the safe side, they are assumed to be equal to the average values of the known parameters taken from
other sources. Furthermore, and most importantly, the data scatter among the different sources is significant, as demonstrated by the fact
that the standard deviation of some quantities is comparable to, or even higher than, the respective mean value. In fact, the considered
literature sources are characterized by different assumptions about the energy consumption of the considered process. Even if the
conversion technology considered is the same, no detailed specifications are usually reported in the source papers, so that direct
comparison is not straightforward.

Based on these considerations, it has been deemed more appropriate to adopt a well-known, transparent, robust, and flexible
approach, such as the one based on standard deviation, to be used as an upper/lower bound to be added to the base case, as made for
example in [65]. More advanced uncertainty assessment techniques would be more appropriate when analysing a specific group of
biodiesel production techniques, for which the data are provided in a more consistent way, therefore reducing the input data scatter of
the uncertainty analysis.

3.3 Estimation of energy demand and mass ratio

On the basis of the data reported in Table 2, each process (and sub-process) can be characterized by the energy demand per unit of
input mass, and the corresponding mass ratio. However, since data values are usually scattered over a relatively large range, the mean
value and standard deviation are adopted. The harmonized values of the data in Table 2 are reported in Table 3. It can be observed that,
in the cultivation process, the energy consumption of PBR is approximately 50 times that of RP, and the mass ratio is four times that of
RP. In general, data scatter is significant, since in many cases the magnitude of the standard deviation is comparable to the respective

mean value and, in the case of both M and E of PBR, it is even larger.
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The scatter of the data reported in Table 2 is highlighted in Figures 2 and 3 for mass ratio and energy consumption, respectively. For
the sake of comparison, the nondimensional values in Figures 2 and 3 were calculated by dividing each value reported in Table 2 by the
respective mean value reported in Table 3. In this manner, the scatter of both mass ratio and energy ratio can be evaluated separately.

Figure 2 shows that the scatter of the mass ratio is (i) quite similar for the different processes, and (ii) smaller only in a few cases
(e.g. HOM, TE, HT). Instead, Figure 3 shows that scatter of energy consumption data is more process-dependent, and is usually much
higher.

3.4 Estimation of energy consumption and Net Energy Ratio
The overall energy consumption per unit of mass of produced biodiesel (Eov/msp) can be calculated according to Eq. (1):

Eyy 1 E;q 1 E, 1 E; 1 Ey4
mpp < M|MyM3Mymy,  MopM3Mgmy,  M3Mgmg, — Mg My,

)

thanks to the definition of step-by-step mass ratios (Mi=mwb/mai; Ma=mav/mwv; M3=muvo/mav; Ms=mpp/mpo) and energy demand (E1; E2;
E3; E4). In this paper, because of the significant variability of data, the overall energy consumption per unit of mass of produced biodiesel
is estimated by considering the mean values of energy demand and mass ratio reported in Table 3.

To assess the potential of each route, the NER index, defined in Eq. (2), is adopted [25].

__ LHVpp
NER = —— ©)

mBp
According to Eq. (2), the NER is the ratio between the energy output of the entire chain (expressed by biodiesel LHV) and the overall
specific (i.e. calculated per unit of biodiesel mass) energy consumption required to produce biodiesel.
In economics, NER is the fraction of produced energy available for net final production [70]. Thus, for a given technology, NER is
a dimensionless index which can be used to quantify how “efficient” that technology is in terms of providing energy compared to the
input energy required to manufacture (partly or completely) that technology. NER higher than 1 clearly implies an energy gain during

the process and is clearly desired to be as high as possible.
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4. RESULTS
4.1 Routes

All the routes, resulting from all the possible combinations of the processes considered in Figure 1, are quantitatively analyzed and
discussed in this paper. It has to be highlighted that hydrotreatment is coupled only with the “wet path”, according to [25, 31, 32]. In
fact, coupling hydrotreatment and the “wet path” improves biodiesel quality [31] and allows an improved exploitation of the hydrogen
available after wet extraction [32]. Therefore, 20 routes are considered in total and are summarized in Table 4.

4.2 Energy consumption

The overall energy consumption per unit of mass of produced biodiesel (Eov/mep) of each route is estimated in order to provide a
systematic and quantitative comparison value, to support the identification of the best route. The results are reported in Fig. 4, by ranking
the different routes in ascending order of Eov/mpp.

It can be observed that routes 1 to 10 (which use raceway ponds) are clearly preferable to routes 11 to 20 (which instead use
photobioreactors). In fact, the overall energy consumption of routes 1 to 10 is lower than 59 MJ/kg, while routes 11 to 20 require a
specific energy consumption, which is considerably higher (from 120 MJ/kg for route 13 to 213 MJ/kg in the case of route 20). The best
routes are routes 2 (RP + F&C + (HOM+HEX) + TE), 1 (RP + F&C + (HOM+HTL) + TE) and 10 (RP + F&C + (SD+HEX) + TE),
since they are all characterized by an energy consumption lower than 30 MJ/kg. It is interesting to note that both routes #2 and #10
include the process of hexane extraction, performed in the wet (route #2) or dry (route #10) path.

The share of overall energy consumption by process is reported in Figure 5, where the absolute values are those reported in Figure
4. For routes 1 to 10 (RPs), the highest shares are represented by the cultivation process (16%-52%) and the extraction process (30%-
76%). Harvesting accounts for 3%-11%, while biodiesel production accounts for 3%-10%. Instead, for routes 11 to 20 (which consider
the use of PBRs for cultivation), the highest share is the cultivation process, which accounts for 71%-93% of the overall energy
consumption. The extraction process accounts for a maximum of 26%, while the two processes of harvesting and biodiesel production
together account for a maximum of 4%. These values can be regarded as a guideline to identify the processes that predominantly drive
the energy demand of the whole chain, and therefore are mostly worthy of further study and optimization for energy saving purposes.
4.3 Uncertainty on energy consumption estimation

In order to highlight how uncertainty on estimating the energy consumption of each step propagates to the overall value, all the mean
values of energy consumption and mass ratio reported in Table 3 are both increased and decreased by the respective standard deviation.
The considered cases are summarized in Table 5.

The results of this analysis are reported in Figure 6, where full circles refer to overall energy consumption, estimated by considering
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the mean value of energy demand and mass ratio (i.e. the same values as reported in Figure 4). When the difference between the mean
value and the standard deviation is negative, the value is not reported in Figure 6.

Since in some cases the standard deviation is quite high, the order of magnitude of the energy consumption can change significantly,
in such a manner that, even though routes 1 to 10 are usually preferable, routes 11 to 20 may also become feasible. Moreover, uncertainty
may also make energy consumption decrease considerably.

4.4 Net energy ratio

To compare the different routes on the basis of the respective NER defined in Eq. (2), the values of biodiesel LHV are taken from
several sources in the literature, and are listed in Table 6, together with the mean value and standard deviation. Three values of NER are
evaluated in this paper for sensitivity purposes, i.e. the NER calculated by using the mean value of biodiesel LHV and those calculated
by subtracting (“low” NER”) or adding (“high” NER) the LHV standard deviation to its mean value. The overall specific energy
consumption is estimated by considering the mean value of energy demand and mass ratio reported in Table 3 (see values reported in
Figure 4).

In agreement with the results presented in Figure 4, the results presented in Figure 7 confirm that none of the routes 11 to 20 (which
consider the use of PBRs for cultivation) allow NER values higher than one. The best routes are, once again, routes 2, 1 and 10, which
are characterized by NER values in the range 1.65-1.95, 1.29-1.53 and 1.24-1.47, respectively. Given the uncertainty on the estimation
of the overall energy consumption (see Figure 6), it is in fact advisable to target NER values at least equal to 1.5 to be on the safe side.
For comparison, the current NER for conventional fossil fuel diesel is 5.6, as documented in [25].

For the purpose of comparison with the results presented in this paper, two studies document the NER values that can be achieved
by considering second generation bio-fuels. Whitaker and Heath [71] found an NER of 0.79 for the biodiesel of Jatropha, which is lower
than the NER of all the best routes considered in this paper, even accounting for uncertainty. Instead, Fore ef al. [72] found that the NER

of soybean biodiesel can reach a value of 1.78, which is of the same order of magnitude as the best routes.

5. CONCLUSIONS

The global energy demand has been continuously increasing over the past decades, and is also projected to increase. A significant
percentage of all the energy consumption is due to the transportation of people and goods, in particular by means of light-duty vehicles,
and consequently global CO: emissions by the transport sector are relevant. There is therefore an urgent need for a substantial

displacement of fossil fuel use, to tackle both the present and future energy and emissions challenges. As a third generation biofuel,
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microalgae are a promising source of biodiesel, by not competing with food production for arable land, fresh water, or nutrients, and
with no major technical barriers. Nonetheless, high production costs remain the main challenge.

The literature review has highlighted that available data suffer from two major drawbacks: (i) a lack of reviews in a coherent manner,
covering all the main available technologies for all the main processing steps from cultivation to biodiesel production, and (ii) a
significant scatter among the available data.

In the present work, a systematic review of all the main technologies available for all the main processing steps towards the
production of biodiesel from microalgae is presented, focusing on the derivation of the Net Energy Ratio (NER) of each combination of
technologies, complemented by an uncertainty analysis on the data used and those obtained through the present work.

The main results are summarised in the following points:

- a wide scatter in the data available in the literature is documented (Table 2), highlighting the need to complement the values
obtained in any analysis related to biofuel production with an estimation of their uncertainty;

- 20 combinations of technologies (routes) from cultivation to biodiesel production have been considered (Table 4);

- if the average overall energy consumption per unit of biodiesel mass is considered, all the routes adopting a raceway pond for
the cultivation phase have a lower energy consumption than all the routes adopting a photobioreactor (Figure 4);

- if the uncertainty on the overall energy consumption is also considered, the minimum value of the range of NER values for
some of the routes adopting a photobioreactor is comparable to the NER value obtainable by using raceway ponds (Figure 6);

- for the routes which employ a raceway pond, the processing steps requiring the highest share of the overall energy consumption
are the cultivation process (16% - 52%) and the extraction process (30% - 76%) (Figure 5);

- for the photobioreactor-based routes, the highest share is taken by the cultivation processing step, which accounts for 71% -
93% of the overall energy consumption;

- on the basis of the estimated NER values, the best routes are routes #2 (RP + F&C + (HOM+HEX) + TE), #1 (RP + F&C +
(HOM+HTL) + TE), and #10 (RP + F&C + (SD+HEX) + TE), with NER values, respectively, in the range 1.65-1.95, 1.29-
1.53, and 1.24-1.47.

The present work has therefore presented a systematic review and comparison of the main state-of-the-art technologies adopted for
the production of biodiesel, and has highlighted which combinations of such technologies may achieve the optimum NER, with also an
estimation of the relative uncertainty. The results obtained in this paper can be used as a guideline for future study and optimization of
biodiesel production from microalgae with the aim of energy saving and CO: reduction compared to fossil fuel use, mainly in the

transport sector.
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Table 1 — Considered technologies

Step Technology Reference
L - raceway ponds (RP) [16 - 18]
Cultivation ;
- photobioreactors (PBR) [19]
Harvesting - flocculation and centrifuge (F&C) [20, 21]
- homogenization (HOM) [22, 23]
- hydrothermal liquefaction (HTL) [24 - 26]
- hexane extraction (HEX) [27]
Extraction - H20 sub-critical extraction (SCW) [28, 29]
- dryer (DR) [21]
- solar drying (SD) [30]
- pyrolysis (PY) [26, 31]
Lo . - transesterification (TE) [26, 32]
Biodiesel production
- hydrotreatment (HT) [25]
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Table 2 — Data collection and homogenization (gray = original value reported in the source; red italic = assumption; bold = homogenized value)

Process Ref. Er/mso M =mpgp/mp, Exlmty, M3=mp,/map Er/may My=mgp/myp Exlmy 1=Mywb/My Efmai
[MJ/kg] [MJ/kg] [MJ/kg] [MJ/kg] [MJ/kg]
RP [21] 3.42 0.90 3.08 9.90 30.47
[25] 2.72 0.85 2.31 3.00 6.94
[27] 7.20 0.88 6.37 0.40 2.57 0.96 2.46 16.70 41.14
[32] 3.31 0.93 3.06 11.40 34.93
[43] 3.78 11.40 43.14
[44] 0.72 0.93 0.67 11.40 7.61
[45] 1.15 1.00 1.15 16.00 18.43
PBR [27] 199.50 0.88 176.55 0.40 71.25 1.02 72.84 83.00 6045.45
[30] 1.11 0.90 1.00 10.00 9.98
[40] 7.34 46.50 341.24
[43] 6.99 46.50 325.01
[45] 3.21 1.00 3.21 46.50 149.27
[46] 110.49 0.88 97.78 0.33 32.37 0.79 25.60 46.50 1190.30
Process Ref. Exlmsp M =mpgp/mp, Ealtv, M3=mp,/map Exlmay My=mgp/myp Ealmy
[MJ/kg] [MJ/kg] [MJ/kg] [MJ/kg]
F&C [21] 0.19 0.65 0.90 0.59
[27] 2.50 0.88 2.21 0.40 0.89 0.96 0.86
[28] 0.78 0.17
[30] 0.51 0.90 0.46
[32] 0.17 0.85 0.14
[40] 1.32 1.00 1.32
[44] 0.70 0.78 0.55
[45] 0.38 0.10 0.04
[47] 0.22 0.78 0.17
Process Ref. Esfmsp M =mpgp/mp, Esfmy, M3=mp,/map Esfmay
[MJ/kg] [MJ/kg] [MJ/kg]
HOM [27] 1.70 0.88 1.50 0.84 1.27
[48] 0.84 2.70
[48] 0.90 0.72
[49] 0.84 0.55
[50] 0.79 0.90
HTL [24] 5.31 0.72 3.84 0.45 1.73
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[24] 7.60 1.05 7.99 0.31 2.48
[24] 6.63 0.91 6.01 0.36 2.16
[25] 0.37 6.51
HEX [27] 0.88 0.88 0.78 0.40 0.31
[51] 17.36 0.99 17.16 0.70 12.01
[51] 1.98 0.99 1.96 0.70 1.37
[51] 7.98 0.99 7.89 0.70 5.52
[52] 4.34 0.99 4.29 0.70 3.00
[53] 14.49 0.24 3.48
[54] 1.21 0.95 1.15 0.23 0.26
SCW [28] 16.68 0.31 5.16
[29] 0.70 12.23
DR [21] 0.65 7.82
[25] 0.65 7.76
[32] 0.80 9.06
[53] 18.80 0.50 9.40
PY [25] 0.29 10.21
[31] 6.88 0.60 4.13
[32] 0.70 0.54
SD [32] 0.50
Process Ref. Edlmyp M =mpgp/mp, Ealmy,
[MJ/kg] [MJ/kg]
TE [27] 0.84 1.00 0.84
[28] 0.54 1.05 0.57
[32] 0.96 2.12
[45] 3.20 0.9 2.88
[54] 2.38 0.95 2.27
[55] 1.00 2.90
[56] 4.94 0.85 4.20
HT [25] 0.71 0.84
[32] 0.65 0.99
[57] 0.60 1.15
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Table 3 — Homogenized values of mass ratio and energy consumption

Process Mean Std. Dev. Mean Std. Dev.
Mi=myp/my E1/my [MJ/kg]
RP 11.40 6.30 26.09 15.18
PBR 46.50 51.62 1343.54 2340.01
M>=mgp/myy E>/my, [MJ/Kg]
F&C 0.78 0.27 0.48 0.41
Mz=mpo/map Es/map, [MJ/kg]
HOM 0.84 0.04 1.23 0.86
HTL 0.37 0.006 3.22 2.21
HEX 0.39 0.22 1.69 1.50
SCW 0.50 0.28 8.69 5.00
DR 0.65 0.12 8.51 0.84
PY 0.53 0.21 4.96 4.89
SD 0.50 0 0 0
M=mgp/my, Ey/my, [MJ/kg]
TE 0.96 0.07 2.25 1.26
HT 0.65 0.05 0.99 0.16
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Table 4 — Routes for biodiesel production from algae

Route

RP + F&C + (HOM+HTL) + TE
RP + F&C + (HOM+HEX) + TE
RP + F&C + (HOM+SCW) + TE

RP + F&C + (HOM+HTL) + HT
RP + F&C + (HOM+HEX) + HT

RP + F&C + (HOM+SCW) + HT

10

RP + F&C + (DR+PY) + TE
RP + F&C + (DR+HEX) + TE
RP + F&C + (SD+PY) + TE
RP + F&C + (SD+HEX) + TE

11
12

13

PBR + F&C + (HOM+HTL) + TE
PBR + F&C + (HOM+HEX) + TE
PBR + F&C + (HOM+SCW) + TE

14
15
16

PBR + F&C + (HOM+HTL) + HT
PBR + F&C + (HOM+HEX) + HT
PBR + F&C + (HOM+SCW) + HT

17
18
19
20

PBR + F&C + (DR+PY) + TE
PBR + F&C + (DR+HEX) + TE
PBR + F&C + (SD+PY) + TE
PBR + F&C + (SD+HEX) + TE
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Table 5 — Cases for evaluating the influence of uncertainty on overall energy consumption

Energy Mass ratio Symbol in Fig. 6
En My full circle
Em + Esd Mm
Em - Esd Mm
Em Mm + Msd
Em Mm - Msd
empty circle

Em + Esd Mm + Msd
Em + Esd Mm - Msd
Em - Esd Mm + Msd
Em - Esd Mm - Msd
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Table 6 — Biodiesel LHV

Value [MJ/kg] Ref.

37.17 [16]

43.00 [31]

38.30 [32]

44.00 [57]

40.62 Mean value

3.38 Standard deviation
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Highlights

Quantitative, systematic and harmonized assessment of microalgae energy potential
A step-by-step analysis and overall estimation of energy consumption is given

A substantial uncertainty on the data in literature has been identified

The energy consumption uncertainty is quantified and critically discussed

Derivation of the Net Energy Ratio (NER) for each combination of technologies
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