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Introduction

Energy-efficient fuel processes are crucial for the sustainable transport industry. During the last decades, biofuels from microalgae have been shown as an alternative for supplying the ever-growing energy demand of liquid biofuels while contributing to the CO 2 emissions decrease [START_REF] Alalwan | Promising evolution of biofuel generations. Subject review[END_REF][START_REF] Shuba | Microalgae to biofuels: 'Promising' alternative and renewable energy, review[END_REF][START_REF] Chisti | Biodiesel from microalgae[END_REF][START_REF] Chisti | Biodiesel from microalgae beats bioethanol[END_REF][START_REF] Lakshmikandan | Sustainable biomass production under CO2 conditions and effective wet microalgae lipid extraction for biodiesel production[END_REF][START_REF] Peng | Biofuel production from microalgae: a review[END_REF]. Similarly, it has been demonstrated that microalgae-based biofuels can be produced while treating wastewater, which increases the environmental impact of the production process [START_REF] Thangam | Biorefinery approaches based concomitant microalgal biofuel production and wastewater treatment[END_REF][START_REF] Bhatia | Wastewater based microalgal biorefinery for bioenergy production: Progress and challenges[END_REF][START_REF] Baldev | Wastewater as an economical and ecofriendly green medium for microalgal biofuel production[END_REF]. However, microalgaebased processes are still challenging in terms of sustainability, economics, and energy efficiency for large-scale implementation [START_REF] Khoo | Recent advances in downstream processing of microalgae lipid recovery for biofuel production[END_REF][START_REF] Ponton | Biofuels: Thermodynamic sense and nonsense[END_REF][START_REF] Collet | Biodiesel from microalgae -Life cycle assessment and recommendations for potential improvements[END_REF]. The accumulation of energy-rich metabolites in the cell, and the chosen process to produce, recover and transform such molecules into biofuels is key for recovering the maximum of energy from microalgae biomass while investing a minimum of energy during the processing.

The first challenge is to increase the productivity of strains with large content of energy-rich metabolites during the cultivation stage. Several works have described culturing protocols and screening systems to choose the most interesting strain with high metabolite contents [START_REF] Moutel | Development of a screening procedure for the characterization of Botryococcus braunii strains for biofuel application[END_REF][START_REF] Taleb | Screening of freshwater and seawater microalgae strains in fully controlled photobioreactors for biodiesel production[END_REF][START_REF] Taleb | Development and validation of a screening procedure of microalgae for biodiesel production: Application to the genus of marine microalgae Nannochloropsis[END_REF][START_REF] Benvenuti | Selecting microalgae with high lipid productivity and photosynthetic activity under nitrogen starvation[END_REF][START_REF] Ma | Evaluation of the potential of 9 Nannochloropsis strains for biodiesel production[END_REF][START_REF] Song | Evaluation of the potential of 10 microalgal strains for biodiesel production[END_REF]. For example, Parachlorella kessleri (freshwater species) and Nannochloropsis gaditana (marine species) have been described to accumulate triacylglycerol TAG, both up to 24% X ; and 64% X and 23% of carbohydrates respectively under nitrogen limitation, chemostat mode and continuous light [START_REF] Heredia | Producing Energy-Rich Microalgae Biomass for Liquid Biofuels: Influence of Strain Selection and Culture Conditions[END_REF][START_REF] Kandilian | Effect of light absorption rate and nitrate concentration on TAG accumulation and productivity of Parachlorella kessleri cultures ECM-2022-Draft grown in chemostat mode[END_REF].

In comparison, N. gaditana has also accumulated TAG up to 40% X during batch nitrogen-depleted cultivation [START_REF] Simionato | The response of Nannochloropsis gaditana to nitrogen starvation includes de novo biosynthesis of triacylglycerols, a decrease of chloroplast galactolipids, and reorganization of the photosynthetic apparatus[END_REF][START_REF] Janssen | Translocation and de novo synthesis of eicosapentaenoic acid (EPA) during nitrogen starvation in Nannochloropsis gaditana[END_REF]. Important attention has also to be paid to the conception and operation of the photobioreactor systems to produce microalgae biomass [START_REF] Lee | Design tool and guidelines for outdoor photobioreactors[END_REF][START_REF] Pruvost | Theoretical investigation of microalgae culture in the light changing conditions of solar photobioreactor production and comparison with cyanobacteria[END_REF]. Process intensification is an approach that takes advantage of dimension optimization to create more energy-efficient process technologies [START_REF] Reay | Process Intensification[END_REF]. Such a concept can be applied to microalgal culture systems, leading to high volumetric productivity photobioreactors (HVP PBRs). Increasing the specific illuminated surface is translated into a culture depth reduction. Thus, volumetric productivity, as well as biomass concentration, are increased for a given light supply, and then surface productivity. As shown in Pruvost et al. [START_REF] Pruvost | Development of a thin-film solar photobioreactor with high biomass volumetric productivity (AlgoFilm©) based on process intensification principles[END_REF] and Legrand [27], introducing thin-film PBR can lead to a volume reduction of one or two orders of magnitude for a given biomass production when compared to usual culture systems with depths in the usual range of 0.05 -0.15 m. For the energy investment during the biomass production stage, Nwoba et al. [START_REF] Nwoba | Energy efficiency analysis of outdoor standalone photovoltaic-powered photobioreactors coproducing lipid-rich algal biomass and electricity[END_REF] recently reported an alternative to reduce the energy input by ECM-2022-Draft using a flat panel photobioreactor constructed of insulated-glazed units (IGUs, for Infrared light filtering) with an integrated energy-generating photovoltaic (PV) panel. With this technology, it is argued to isolate the microalgae culture of >90% of the ultraviolet and infrared spectral components, while still letting pass >75% of visible light. As a result, the energy needs for thermal regulation are strongly reduced while simultaneously producing electricity from the PV panel.

Once larger amounts of energy-rich metabolites are produced in photobioreactors PBR, they need to be recovered and converted into biofuels: TAG into BioDiesel, and carbohydrates into bioethanol. One of the first approaches to do so was the dry pathway in biodiesel production.

After harvesting and drying the biomass during the culture stage, TAG molecules are recovered via solid-liquid extraction. However, this process invests large amounts of energy for heating and to facilitate extraction, and solvent recycling. This may strongly impact the global energy efficiency by investing more energy than the potentially recoverable [START_REF] Faried | Biodiesel production from microalgae: Processes, technologies and recent advancements[END_REF][START_REF] Halim | Extraction of oil from microalgae for biodiesel production: A review[END_REF].

An alternative approach is the wet-pathway. It considers the release of all the intracellular material into the bulk medium through cell disruption, and then the recovery of the energy-rich metabolites from the liquid phase (liquid-liquid extraction). This process has been shown to reduce energy consumption by the avoidance of around 17.71 MJ•kg -1 Biomass used during the drying process of the dry-pathway [START_REF] Yuan | Mass balance and life cycle assessment of biodiesel from microalgae incorporated with nutrient recycling options and technology uncertainties[END_REF].

There exist several methods that may be applied for the cell disruption stage during a wet pathway process [START_REF] Günerken | Cell disruption for microalgae biorefineries[END_REF]. Safi et al. [START_REF] Safi | Energy consumption and water-soluble protein release by cell wall disruption of Nannochloropsis gaditana[END_REF] and Lee et al. [START_REF] Lee | Rapid method for the determination of lipid from the green alga Botryococcus braunii[END_REF] compared several methods regarding energy consumption. They concluded that bead-milling processes required less intensive operating conditions (like operating time or pressure) which impacts directly the energy cost of the operation.

Bead milling was already proved efficient for microalgal biomass [START_REF] Montalescot | Optimization of bead milling parameters for the cell disruption of microalgae: Process modeling and application to Porphyridium cruentum and Nannochloropsis oculata[END_REF][START_REF] Zinkoné | Bead milling disruption kinetics of microalgae: Process modeling, optimization and application to biomolecules recovery from Chlorella sorokiniana[END_REF][START_REF] Postma | Energy efficient bead milling of microalgae: Effect of bead size on disintegration and release of proteins and carbohydrates[END_REF] The recovery of the released TAG after cell disruption is based on the affinity to different solvents during the liquid-liquid extraction (considering the TAG as a hydrophobic compound). Several methods have been studied on this matter [START_REF] Khoo | Recent advances in downstream processing of microalgae lipid recovery for biofuel production[END_REF][START_REF] Sati | Microalgal lipid extraction strategies for biodiesel production: A review[END_REF][START_REF] Balasubramanian | Factors affecting cellular lipid extraction from marine microalgae[END_REF][START_REF] Halim | Extraction of oil from microalgae for biodiesel production: A review[END_REF] and it is considered that lipid extraction after cell disruption is still a bottleneck in the biodiesel production process. The chosen method is expected to be energy efficient but also to optimize the extraction of targeted compounds (ideally TAG) while being sufficiently metabolite-selective to minimize the purification steps before final biodiesel conversion [START_REF] Halim | Extraction of oil from microalgae for biodiesel production: A review[END_REF]. Harris et al. [START_REF] Harris | Advances in microalgal lipid extraction for biofuel production: a review[END_REF] has pointed out the benefits of using wet biomass during the extraction, mainly regarding again the energy-saving by the avoidance of drying biomass. It also suggested the interest in intensified processes, which will enhance the economic and environmental impacts of the process. Regarding intensified operations, the centrifugal extraction technologies (as continuous centrifugal extraction CCE) combined with the appropriate solvent choice arises as a promising technology capable of simultaneously performing extraction and separation operations [START_REF] Seyfang | Extraction Centrifuges-Intensified Equipment Facilitating Modular and Flexible Plant Concepts[END_REF][START_REF] Bojczuk | Centrifugal partition chromatography -A review of recent applications and some classic references[END_REF][START_REF] Ungureanu | Centrifugal partition extraction, a new method for direct metabolites recovery from culture broth: Case study of torularhodin recovery from Rhodotorula rubra[END_REF]. However, some parameters such as biomass concentration, solvent choice, or feeding flow rates may promote emulsification phenomena which would reduce the operating work-zone and extraction yield of the process [START_REF] Heredia | Lipid recovery from Nannochloropsis gaditana using the wet pathway: Investigation of the operating parameters of bead milling and centrifugal extraction[END_REF]. It is important to note that centrifugal extraction technologies also enable the separation and recovery of the available carbohydrates in the non-extracted phase [START_REF] Angles | Wet lipid extraction from the microalga Nannochloropsis sp.: Disruption, physiological effects and solvent screening[END_REF] for concomitant bioethanol production.

An interesting strategy to optimize the biofuel process is to maximize the energy output by leading an energy-driven biorefinery approach. So far, the biorefinery is considered one of the strategies to exploit the highest value of microalgal cultures. Even though, biorefinery is mainly proposed as a strategy to recover by-products for other market fields (eg. nutraceuticals or cosmetics) [START_REF] Gifuni | Current Bottlenecks and Challenges of the Microalgal Biorefinery[END_REF][START_REF] Chew | Microalgae biorefinery: High value products perspectives[END_REF][START_REF] Suganya | Macroalgae and microalgae as a potential source for commercial applications along with biofuels production: A biorefinery ap-ECM-2022-Draft proach[END_REF],

it could also be applied to energy valorization [START_REF] Mendoza | The effect of the lipid extraction method used in biodiesel production on the integrated recovery of biodiesel and biogas from Nannochloropsis gaditana, Isochrysis galbana and Arthrospira platensis[END_REF]. Some authors have argued that the only way to improve the economic or life-cycle analysis of solely liquid biofuels production (often only for biodiesel) is by the valorization of by-products/co-products [START_REF] Posada | Conceptual design of sustainable integrated microalgae biorefineries: Parametric analysis of energy use, greenhouse gas emissions and techno-economics[END_REF][START_REF] Venkata Subhash | Challenges in microalgal biofuel production: A perspective on techno economic feasibility under biorefinery stratagem[END_REF][START_REF] Banu | Microalgae based biorefinery promoting circular bioeconomy-techno economic and life-cycle analysis[END_REF]. As part of this approach, a double recovery of energy reserve molecules (lipids and carbohydrates) towards the conversion into two liquid biofuels (bioethanol and biodiesel) is proposed in this work.

Yuan et al. [START_REF] Yuan | Mass balance and life cycle assessment of biodiesel from microalgae incorporated with nutrient recycling options and technology uncertainties[END_REF] showed a net energy ratio <1 for BioDiesel only, implying that the chosen production system is not capable of producing more energy than it consumes. In this last study, cultivation and oil extraction dominated energy consumption. Likewise, according to Sander and Murthy [START_REF] Sander | Life cycle analysis of algae biodiesel[END_REF], for each 24 kg (28 L, 1 GJ of energy) of algal BioDiesel, 34 kg of byproducts are produced. If a cellulose-to-ethanol yield of 85% was assumed on the byproducts, it may result in an additional 6.28 L of ethanol. Borowitzka and Moheimani [START_REF] Ma | Algae for Biofuels and Energy[END_REF] also argued that an average yield of 0.13 L bioethanol per kg of algal biomass and 0.12 L biodiesel per kg of algae biomass, may appear to be reasonable for biofuel valorization. Harun et al. [START_REF] Harun | Microalgal biomass as a fermentation feedstock for bioethanol production[END_REF], Karemore and Sen [START_REF] Karemore | Downstream processing of microalgal feedstock for lipid and carbohydrate in a biorefinery concept: a holistic approach for biofuel applications[END_REF] and Sivaramakrishnan and Incharoensakdi [START_REF] Sivaramakrishnan | Utilization of microalgae feedstock for concomitant production of bioethanol and biodiesel[END_REF] have shown the viability of the double liquid biofuel production at lab scale. They yielded 4-6 kg•m -3 of ethanol during the fermentation of lipidextracted and hydrolyzed microalgae biomass. By itself, the bioethanol production process from microalgae manifested a net energy ratio of 0.45 with an energy consumption of 2 749.6 GJ•y -1

(for 200 t•y -1 biomass production) according to Hossain et al. [START_REF] Hossain | Life cycle assessment, energy balance and sensitivity analysis of bioethanol production from microalgae in a tropical country[END_REF].

Based on the above, the purpose of this work is to simulate the conjunction of particular emerging technologies (from culture to metabolite recovery process only) for microalgae-based biofuels production under an energy-driven biorefinery approach and to evaluate the impact on the process energy efficiency only (Techno-economical and Life Cycle Assessments are out of the scope of this work). The simulations will be mainly focused on biodiesel production with the supplemental inclusion of photovoltaic and bioethanol as secondary energy outputs issued from microalgae cultivation.

2 Materials and Methods

General process description and system boundaries

An algorithm sequence in Excel (Microsoft, USA) has been used to simulate the biofuel production process. Four operation blocks (each with its corresponding operation units) have been organized 
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-Centrifugal continuous extractor, CCE.
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-Decantation (C6)

D-301 -Solvent

Evaporator (C1-5) Similarly, energy outputs were only photovoltaic Energy (E P V ) and energies from biodiesel and bioethanol (E BioD and E BioE respectively). This work is focused on global energy consumption and, as consequence the only energy inputs considered were those related to electricity consumption at each operation unit. Further details about the specific values and calculations for each operation unit are detailed in section 2.2.

R-302

Energy inputs like embodied energies, labor, pumping, inoculum and medium production, plant deconstruction, and other maintenance sub-operations were not considered here. Some of the latter may add information not related to the net energy process within the scope of this energy balance since they depend on the logistics and infrastructure of a given installation when the main operations units of the process do remain the same. Therefore, the energy costs related to the mentioned aspects will not be considered in this work.

The two main biofuel production pathways have been simulated: the dry-pathway and the wet-pathway. Simulations were conducted for 1 t•y -1 of dried biomass and operating process time (t OP ) of 365 d. The simulated production process can be described as follows:

1) First, biomass is grown in PBR-101 using S-101 as mass input. Main equipment description, protocols, and strains according to each simulation case are described in Table 1. For PBR-101, the only energy input was due to electric consumption for culture mixing. Photovoltaic co-production (PV) may be considered in the energy output for some scenarios.

2) Next biomass is harvested and may be concentrated using C-102, Fl-102, or F-102. The mass outputs, S-103 and S-104, go to the Rec-200 block and to the general waste stream respectively. For the wet-pathway scenarios, the collected biomass in S-103 passes into a storage tank to be further batched at the first pretreatment unit. Ever since the following operations units were considered also as batch processes in wet-pathway scenarios only.

3) For the dry-pathway, the TD-201 unit dries the harvested biomass in S-103 for obtaining the S-201 stream (dry biomass) and the S-202 (with the evaporated water to waste). For the wet-pathway, a batched stream with harvested biomass from the storage tank (usually referred to here as S-103a) is treated by the BM-201, which will disrupt it and release all the cellular content in the S-201 stream. Process output S-201 is then directed to lipid recovery units (DX-202, CX-202, or Dec-202). To note that the general waste stream (composed of S-104, S-202 of case 1, S-302, S-306, and S-404) was not considered a municipal discharge but it only helps to elucidate the amount of discarded mass outputs at each cycle of processing.

Input calculations

Streams balance, S

M i,j refers to the mass flow rate of the species i in the stream j (if indicated). For all the streams, the total mass flow rate (M T , kg•d -1 ) were calculated as:

M T = M X + M W + M S + M M e-OH + M BioD + M BioE + M Z (1) 
M X = M T AG + M Sg + M XR (2) 
M W is for water, M S for extraction solvent, M M e-OH for Me-OH, M BioD for biodiesel, M BioE for bioethanol, M Z for waste (any other residual compound) and M X for biomass. The latter divided in sub-fractions of TAG (M T AG ), carbohydrates (M Sg ) and residual biomass (M XR ).

Volumetric flow rates (Q j , m 3 •d -1 ) were dependent on the composition of a stream j and will be described below for the corresponding operation unit. To compare ideal strain simulations to the one using experimental values (C4), all the other cultures simulated were also assumed to be in continuous mode. Inputs values may be surface productivity,
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-Strain Ideal Strain † Ideal Strain † N. gaditana † † -Surface Productivity S X (•10 -3 kg•m -2 •d -1 ) 16.5 † 16.5 † 14.9 † † -Dilution rate D (h -1 ) 0.036 † 0.036 † 0.01 † † -TAG content % X TAG 36 † † † 36 † † † 15 † † -Carbohydrates content % X Sg 40 † † † 40 † † † 23 † † -Potentially Recoverable biodiesel energy E P,BioD (MJ•t -1 •y -1 ) 14 
S X (kg•m -2 •d -1
); TAG and carbohydrate contents as fraction of the dry biomass concentration (% X TAG and % X Sg respectively); dilution rate, D (h -1 ); and specific illuminated surface, a s (m -1 ). The S-101 volumetric flow rate (Q S101 ) was consider so that the M X,102 at S-102 reaches the 1 t•d -1 . Then, by using the Q S101 the following equations were calculated:

Q S101 = Q S102 (3) 
P X = S X • a s (4) 
X S102 = S X • a s /D (5) 
L = 1/a s (6) 
V Op = Q S101 /D (7) 
A * = V O /L (8) 
where P X is for biomass volumetric productivity (kg•m -3 •d -1 ), V Op is the culture operating volume (m 3 ), A * is the illuminated surface (m 2 ) and X is the dry biomass concentration (kg•m -3 ).

Mixing energy of 0.368 kWh•m -3 •d -1 was considered for the raceway culture system, as a result of mechanical (paddle) agitation and which is close to the values found in the literature [START_REF] Weissman | Photobioreactor design: Mixing, carbon utilization, and oxygen accumulation[END_REF][START_REF] Chiaramonti | Review of energy balance in raceway ponds for microalgae cultivation: Re-thinking a traditional system is possible[END_REF].

For the high volumetric productivity photobioreactor HVP, it was considered a pneumatic (air injection) agitation leading to 1.0 kWh•m -3 •d -1 [START_REF] Tredici | Energy balance of algal biomass production in a 1-ha "Green Wall Panel" plant: How to produce algal biomass in a closed reactor achieving a high Net Energy Ratio[END_REF]. It must be noticed that energy for mixing could be further refined, for example by using a pump to circulate the culture in technology such as AlgoFilm © PBR. But the influence on results remains moderate because of the large decrease in volume which in turn reduced the impact of energy requested for mixing (here expressed per unit of culture volume). Different values for both technologies were however retained to illustrate the impact of the technical solution to circulate the culture (pneumatic vs mechanical). This aspect will be discussed in section 3.1.

The energy input of the operation E Input,P BR101 is then related to the culture operating volume
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V Op (m 3 ) and to the operating process time t OP , as detailed here:

E Input,P BR101 = P El,P BR101 • V O • t OP (9)
2.2.3 Concentration unit: C-102, Fl-102 and F-102

The technology chosen for the continuous concentration operation depended on the simulation case, however, the calculation set was the same for all of the cases. As an example for the centrifugation operation C-102, the mass balance inputs were the volumetric and mass flow rates of the stream S-102 (Q S102 and M X,102 ), as well as equipment efficiency (η C102 ) and moisture percentage for the output (% W,C102 , w/w). Then, such process would be calculated as follows:

Q 103 = M T,103 /ρ W (10) M X,103 = M X,102 • η C102 (11) 
M W,103 = M X,103 • (% W,C102 /(1 -% W,C102 )) (12) 
where ρ W (water density, 1000 kg•m -3 ) was considered as an average density for the whole culture broth [START_REF] Souliès | Rheological properties of suspensions of the green microalga Chlorella vulgaris at various volume fractions[END_REF].

Total energy input also depended on the technology used. For this operation it was determined from:

E Input,C102 = Q 103 • P El • t OP (13) 
The value P El was of 8 kWh•m -3 for centrifugation [START_REF] Delrue | An economic, sustainability, and energetic model of biodiesel production from microalgae[END_REF], 0.021 kWh•m -3 for flottation (which was estimated from Zhang and Zhang [START_REF] Zhang | Microalgal harvesting using foam flotation: A critical review[END_REF], Xu et al. [START_REF] Xu | Microalgae harvesting technique using ballasted flotation: A review[END_REF] with values ranged between 0.015 and 0.46 kWh•m -3 ) and 0.55 kWh•m -3 for band filtration [START_REF] Delrue | An economic, sustainability, and energetic model of biodiesel production from microalgae[END_REF].

Pre-treatment units: TD-201 and BM-201

The pre-treatment unit was simulated considering the harvested biomass in S-103, which was further processed by either thermal drying TD-201 or bead milling BM-201 units according to the corresponding simulation case. The BM-201 process is considered an intermediate storage tank

for daily batch treatment.

The mass balance for the TD-201 unit was calculated as follows:

Q 201 = M T,201 /ρ W (14) M X,201 = M X,103 (15) 
M W,201 = M X,201 • ((1 -% DW,T D201 )/% DW,T D201 ) ( 16 
)
where the dry biomass percentage for the S-201 output is represented by % DW,T D102 (w/w) and the water density ρ W was considered as an average density for the biomass.

The energy input for the TD-201 unit was calculated based only on the specific latent heat of vaporization for water (∆H vap,W 2 256.8 kJ•kg -1 W ). The TD-201 unit was computed as follows:

E Input,T D-201 = ∆H vap,W • M S,202 • t OP (17) 
where t OP is the operating full process time described in Section 2.1.

For the mass balance of the BM-201 unit it can be assumed that the S-103 must be processed in a day, it can be assumed equal to the storage tank volume V Op,T ank (m 3 ). Therefore, the operating time for the BM-201 t Op,BM 201 , takes into account V Op,T ank , the theoretical stream going out from the intermediate storage tank Q 103a and the number of equipment needed to process it, N o Eq,BM 201 .

This relation is represented in the following equations:

Q 103 = V Op,T ank (18) 
Q 103a = V ef f,BM 201 /t D (19) 
Q 201 = M T,201 /ρ W (20) M X,201 = M X,103 (21) 
M W,201 = M W,103 (22) 
V ef f,BM 201 = V BM 201 • T f f (23) t Op,BM 201 = V Op,T ank /(Q 103a • N o Eq,BM 201 ) ( 24 
)
where t D is the disruption residence time (d) with value of 0.004 d (0.097 h) taken from Heredia et al. [START_REF] Heredia | Lipid recovery from Nannochloropsis gaditana using the wet pathway: Investigation of the operating parameters of bead milling and centrifugal extraction[END_REF] for N. gaditana, ranging from 10 to 30 kg•m -3 dry biomass concentration, and achieving around 80% disruption rate (τ D ). V ef f,BM 201 is the effective grinding chamber volume (8 •10 -3 m 3 ) for a particular bead-milling device with nominal grinding chamber volume V BM 201 (10 •10 -3 m 3 ) and filled percentage value T f f (80%) according to Zinkoné et al. [START_REF] Zinkoné | Bead milling disruption kinetics of microalgae: Process modeling, optimization and application to biomolecules recovery from Chlorella sorokiniana[END_REF]. The water density ρ W was considered as an average density for the biomass.

The energy consumption for BM-201 was computed using P El,BM 201 of 1.2 kWh•kg -1 DW determined by Zinkoné [START_REF] Zinkoné | Broyage à billes de microalgues : étude et modélisation par classe de taille, application au bioraffinage[END_REF]. Calculations were then established as follows:

E Input,BM 201 = P El,BM 201 • t Op,BM 201 (25) 
where t OP is the operating full process time described in Section 2.1.

Lipid recovery units: DX-202, CX-202 and Dec-202

In the dry-pathway lipids are recovered using the solid-liquid extraction unit DX-202. Mass balance for this operation was calculated as follows:

Q 203 = S/F • Q 201 (26) M S,203 = Q 203 • ρ Hex (27) M S,204 = M S,203 (28) 
M T AG,204 = M T AG,201 • η E,T AG (29) 
where S/F is solvent to feed inlet ratio with a value of 20 for a TAG extraction efficiency η E,T AG of 90% according to Delrue et al. [START_REF] Delrue | An economic, sustainability, and energetic model of biodiesel production from microalgae[END_REF]; and ρ Hex is the n-hexane density (659 kg•m -3 by Kim et al. [START_REF] Kim | PubChem 2019 update: improved access to chemical data[END_REF].

The energy input for DX-202, considers the heat demand value P Q,DX202 of 1.74 kWh•kg -1 DW , and the electricity demand P El,DX202 of 4.5•10-4 kWh•kg -1 DW according to Delrue et al. [START_REF] Delrue | An economic, sustainability, and energetic model of biodiesel production from microalgae[END_REF]. The resulting calculations were:

E Q,DX202 = M X,201 • P Q,DX202 • t OP (30) E El,DX202 = M X,201 • P El,DX202 • t OP (31) 
E Input,DX202 = E Q,DX202 + E El,DX202 (32) 
where t OP ) is the operating full process time described in Section 2.1.

In the wet-pathway, lipids are recovered using either the centrifugal liquid-liquid extraction CX-202 or the decantation Dec-202 units. For the CX-202 unit, mass input values are from the optimized protocol from Heredia et al. [START_REF] Heredia | Lipid recovery from Nannochloropsis gaditana using the wet pathway: Investigation of the operating parameters of bead milling and centrifugal extraction[END_REF]. The process may need to consider the dilution of the S-201 stream (to achieve 7.9 kg•m -3 in biomass concentration) for obtaining 84% of TAG extraction efficiency η E,T AG using an optimal solvent to feed inlet ratio (S/F ) of 1.65. With the latter, it is calculated the amount of solvent Me-THF to be used in the S-203. The calculations describing this operation unit were:

T oT = Q 203 + Q 201a ↔ Q 204 + Q 205 ( 33 
)
Q 203 = S/F • Q 201a ( 34 
)
M T AG,204 = M T AG,201a • η E,T AG • τ D (35) 
M Sg,205 = M Sg,201a (36) 
where the stream S-201a is the dilution of S-201, and τ D corresponds to the disruption rate achieved in BM-201 (80%, Heredia et al. [START_REF] Heredia | Lipid recovery from Nannochloropsis gaditana using the wet pathway: Investigation of the operating parameters of bead milling and centrifugal extraction[END_REF]).

The process was considered to not create emulsions, and so streams S-204 and S-205 will only contain TAG and cell debris (carbohydrates included) respectively. T oT is the total flow supplied and determines the size and power P El,CX202 of the centrifugal extractor (0.025 kW, Rousselet Robatel, France). Then, the energy consumption for the CX-202 unit is calculated as follows:

E Input,CX202 = P El,CX202 • t OP ( 37 
)
where t OP is the operating full process time described in Section 2.1.

For the Dec-202 unit, the mass balance has been computed using the following equations:

Q 201 = M T,201 /ρ AlgLip (38) M T AG,204 = M T AG,201 • η E,T AG • τ D (39) 
M Sg,205 = M T AG,201 (40) 
M Sg,205 = M Sg,201 (41) 
where τ D corresponds to the disruption rate achieved in BM-201 (80%), η E,T AG is the TAG extraction efficiency (here assumed in 95%), and ρ AlgLip is for the density of algal lipids (1 060 kg•m -3 , Miao and Wu [START_REF] Miao | High yield bio-oil production from fast pyrolysis by metabolic controlling of Chlorella protothecoides[END_REF]).

The energy input for the Dec-202 operation E Input,Dec202 was defined as follows:

E Input,Dec202 = P El,Dec202 • Q 201 • t OP (42) 
where P El,Dec202 is the energy demand for the operation established at 0.01 kWh•m -3 by Zhang and Zhang [START_REF] Zhang | Microalgal harvesting using foam flotation: A critical review[END_REF], and t OP is the operating full process time described in Section 2.1.

Solvent Recovery unit: D-301

If some solvent has been used during the lipid recovery process, it has to be recovered by the solvent recovery unit D-301. The simulation considers a perfect separation of the components by evaporation. Therefore it is assumed:

M T AG,204 = M T AG,301 (43) 
M S,302 = M S,204 (44) 
For energy consumption calculation it was only assumed the theoretical latent heat required for phase change:

E Input,D301 = ∆H vap • M S,204 • t OP (45) 
with ∆H vap as the specific latent heat of vaporization (for Me-THF is 375 kJ•kg -1 M eT HF taken from Sicaire et al. [START_REF] Sicaire | 2-Methyltetrahydrofuran: Main Properties, Production Processes, and Application in Extraction of Natural Products[END_REF] and for n-hexane is 360 kJ•kg -1 Hex taken from Pashchenko and Kuznetsova [START_REF] Pashchenko | The enthalpies of vaporization of some hydrocarbons with three-membered rings[END_REF]), and t OP the operating full process time described in Section 2.1.

Transesterification unit: R-302

Conversion of TAG into fatty acid methyl esters (FAME, biodiesel) takes place in the stirred reactor R-302. The process is described by the following equations:

M BioD,304 = (M T AG,301 /M W AlgLip ) • 3 • Y T rans • M W F AM E (46) 
M T,303 = (M T AG,301 /M W AlgLip ) • (M e-OH/T AG) • M W M e-OH (47) 
where M W AlgLip is the molecular weight of algal lipids, FAME or Me-OH (920, 299.32, 32.04 g•mol -1 respectively) based on Faried et al. [START_REF] Faried | Biodiesel production from microalgae: Processes, technologies and recent advancements[END_REF].

The value of 3 in the first equation, represents the stoichiometric coefficient of FAME products during transesterification. It has been shown that high transesterification yields Y T rans may only be achieved when using a 6 or 12 Me-OH-to-TAG-moles ratio (M e-OH/T AG) [START_REF] Fukuda | Biodiesel fuel production by transesterification of oils[END_REF][START_REF] Faried | Biodiesel production from microalgae: Processes, technologies and recent advancements[END_REF]. For this work, it has been used a ratio of 6 M e-OH/T AG yields 98% conversion in the reaction.

For the calculation of energy consumption, the work of Batan et al. [START_REF] Batan | Net energy and greenhouse gas emission evaluation of biodiesel derived from microalgae[END_REF] has been used as a reference. The author has reported specific energies for stirring and heating based on the amount of biodiesel produced, leading to:

E Input,R302 = (P El,R302 + P Q,R302 ) • M BioD,304 (48) 
with P El,R302 and P Q,R302 for the specific energies for stirring and heating respectively with values of 0.03 kWh•kg -1 BioD •y -1 and 2.1 MJ•kg -1 BioD •y -1 respectively.

Fermentation: R-401

Another stirred reactor R-401 was considered to perform the fermentation reaction. It takes as input the mass of carbohydrates contained in the S-205 stream, M Sg,205 . The simulation used the values reported by Karemore and Sen [START_REF] Karemore | Downstream processing of microalgal feedstock for lipid and carbohydrate in a biorefinery concept: a holistic approach for biofuel applications[END_REF], which also deal with lipid extraction followed [START_REF] Lee | Estimation of theoretical yield for ethanol production from D-xylose by recombinant Saccharomyces cerevisiae using a metabolic pathway synthesis algorithm[END_REF][START_REF] Okamoto | Bioconversion of xylose, hexoses and biomass to ethanol by a new isolate of the white rot basidiomycete Trametes versicolor[END_REF]). Calculations used to describe the fermentation process were:

M BioE,402 = M Sg,205 • Y F er (49) 
M Sg,402 = M Sg,205 • (1 -η F er,Sg ) (50) 
The energy consumption was based on the specific power P El,R401 related to the algal biomass produced in PBR-101, accounting 0.05 MJ•kg -1 DW : ). This leads to the following equations:

E Input,R401 = P El,R401 • M X,102 • t OP (51 
M BioD,305 = M BioD,304 • η D303 • P u D303 (52) 
M T AG,305 = M T AG,304 • η D303 • (1 -P u D303 ) (53) 
M BioE,403 = M BioE,402 • η D402 • P u D402 (54) 
M Sg,403 = M Sg,402 • η D402 • (1 -P u D402 ) (55) 
No particular technology for the purification of both biofuels was suggested in calculations, therefore energy consumption was not considered. Note that some purification processes for bioethanol, like distillation, which could be high energy-consuming, were not included here. This aspect will be discussed later.

Output calculations

Three different energy outputs were obtained from simulations: the theoretical energy content of the biomass E X , the potentially recoverable fuel energy E P , and the actual total energy E T .

The theoretical energy content of the biomass E X considered a heating value for algae biomass H AlgX of 25.7 MJ•kg -1 DW reported by Tibbetts et al. [START_REF] Tibbetts | Chemical composition and nutritional properties of freshwater and marine microalgal biomass cultured in photobioreactors[END_REF], and it was computed as follows:

E X = M X,103 • H AlgX • t OP (56) 
As biomass production for all the simulation cases was set at 1 t•y -1 , the theoretical energy content is 25 700 MJ•t -1 •y -1 also for all scenarios.

The potentially recoverable total fuel energy E P was described by Heredia et al. [START_REF] Heredia | Producing Energy-Rich Microalgae Biomass for Liquid Biofuels: Influence of Strain Selection and Culture Conditions[END_REF] as the energy that can be recovered in a 100% efficient process, and so it shows the maximum energy achievable from biomass energy-rich compounds (TAG and carbohydrates). Here is presented per each Ton of biomass produced (MJ•t -1 •y -1 ). It sums the potentially recoverable biodiesel energy

E P,BioD (MJ•t -1 •y -1
) and the potentially recoverable bioethanol energy E P,BioE (MJ•t -1 •y -1 ) for a double biofuel recovery. In addition, calculations of potentially recoverable biodiesel and bioethanol energies considered the maximum theoretical yield in the stoichiometric reactions, which leads to:

E P,BioD = (S X • % X T AG/M W AlgLip ) • η E,T AG • 3 • Y T rans • M W F AM E • ∆H • comb,BioD • A * • t OP (57) 
E P,BioE = (S X • % X Sg) • η E,Sg • Y F er • ∆H • comb,BioE • A * • t OP (58) 
E P = E P,BioD + E P,BioE (59) 
As it can be noted in the calculation of the potentially recoverable total fuel energy E P , it was considered a 100% extraction recovery efficiency for TAG and carbohydrates (η E,T AG and η E,Sg ).

The same was considered for the transesterification yield Y T rans , but not for the fermentation yield respectively [START_REF] Faried | Biodiesel production from microalgae: Processes, technologies and recent advancements[END_REF][START_REF] Xu | High quality biodiesel production from a microalga Chlorella protothecoides by heterotrophic growth in fermenters[END_REF][START_REF] Khuong | A review on the effect of bioethanol dilution on the properties and performance of automotive lubricants in gasoline engines[END_REF]. Note that the illuminated surface A * in Eq. 57 and 58 for the culture system is specific for each simulation case.

Y F
Likewise, the actual energy obtained from biodiesel E BioD and bioethanol E BioE per 1 t of biomass here simulated (MJ•t -1 •y -1 ) were calculated as follows:

E BioD = M BioD,305 • ∆H • comb,BioD • t OP (60) 
E BioE = M BioE,403 • ∆H • comb,BioE • t OP (61) 
Some simulations also included the co-production of photovoltaic energy E P V (MJ•t -1 •y -1 ) in the PBR-101. This was calculated based on the values reported by Nwoba et al. [START_REF] Nwoba | Energy efficiency analysis of outdoor standalone photovoltaic-powered photobioreactors coproducing lipid-rich algal biomass and electricity[END_REF], where each installed PBR of 1.8m 2 produced 110.2 kWh•y -1 (for a solar irradiance from 16 to 28 MJ•m -2 •y -1 and from 7 to 9 sunlight hours per day). This brings a PV areal power P P V,P BR101 of 61.23 kWh•m -2 •y -1 . The PV energy recovered at the culture unit may be then calculated as follows:

E P V = P P V,P BR101 • A * (62) 
Therefore, the actual total energy produced by the simulated process is the sum of the latter equations including, if mentioned, the PV energy produced in PBR-101. The final energy output of a simulated process is then:

E T = E BioD + E BioE + E P V (63) 
Finally, the net energy ratio N ER was calculated as follows:

N ER = E output /E input (64) 
where E input accounts for the sum of all the energy inputs for each equipment previously described in the corresponding simulation case. Note that E output can be replaced with any other energy output previously described (or with any other partial energy) to represent different N ER assumptions.

Such values may differ from each other even though simulation cases were conducted for the same yearly produced biomass (1 t•y -1 ). N ER values were retrieved in this study as: a) using the maximum energy content:

N ER X : considering the theoretical energy content of the biomass E X , N ER EP , N ER EP,BioD or N ER EP,BioE : considering the potentially recoverable total fuel energy E P , or the corresponding partial values E P,BioD or E P,BioE , b) using the actual energy for the simulation case (including or not the photovoltaic energy

E P V ):
N ER T , N ER EBioD or N ER EBioE considering the actual total energies E T , or the actual partial energies E BioD or E BioE for a simulation case.

Therefore an energy-positive process will have values greater than or equal to 1.

Simulation Cases Description

Eight simulation cases have been proposed in this work to simulate 1 t•y -1 of microalgae culture.

Relevant and cumulative changes in operation blocks are added to complete and follow the also cumulative N ER T improvement from case to case.

In contrast to operation blocks Prod-100 and Rec-200, technologies for operation blocks BioD-300 and BioE-400 have been maintained for all the cases, except for the D-301 unit in case 6.

Some other minor considerations regarding the size or power of equipment may have been adapted

in each case to treat the resultant flow rate. Main process values in the culture unit (eg. PBR technology description, strains, and culture productivities) are summarized in Table 1. Other minor descriptions and those related to downstream treatment are detailed below:

Case 1: The first simulation considers the dry-pathway for biodiesel production only and an ideal strain. The PBR-101 unit is a raceway pond of 15 cm in depth. No thermal regulation technology has been considered as it will be discussed in Section 3.1. The culture was supposed in continuous mode with an ideal strain based on Pruvost et al. [START_REF] Pruvost | Theoretical investigation of microalgae culture in the light changing conditions of solar photobioreactor production and comparison with cyanobacteria[END_REF]. The downstream operations here considered were: i) concentration unit using centrifugation as the C-102 unit, and collecting biomass at % W,C102 of 80% w/w (ie.

200 kg•m -3 ); ii) pretreatment unit with a thermal dryer TD-201 and % DW,T D102 of 100% (fully dry); iii) for the lipid recovery unit, a centrifugal L-L extractor using n-hexane as solvent; and iv) all the BioD-300 block;

Case 2: This simulation uses the wet-pathway for biodiesel production only and an ideal strain.

The PBR-101 unit is also a raceway pond of 15 cm depth following the same consideration for no thermal regulation technology. Culture mode and strain were the same as in case 1. The downstream operations considered here were: i) harvesting biomass using flotation as the Fl-102 unit, and concentrating at % W,F l102 of 99% w/w (ie. 10 kg•m -3 ), ii) pretreatment unit with a bead miller BM-201 achieving 80% of disruption rate, iii) for the lipid recovery, an S-L extractor using 2-methyl-tetra-hydrofuran as a solvent, and iv) the entire BioD-300 block.

Case 2.a. was proposed as a variation of Case 2, for adding the block BioE-400 for bioethanol production (ie. double biofuel recovery)

Case 3: Simulation considers also the wet-pathway for double biofuel recovery and an ideal strain. In this case, the PBR-101 includes the intensified culture technology of high volumetric productivity photobioreactor HVP, also referred to as AlgoFilm © [START_REF] Pruvost | Development of a thin-film solar photobioreactor with high biomass volumetric productivity (AlgoFilm©) based on process intensification principles[END_REF]27].

The culture unit PBR-101 is 2 mm in depth. In addition, the operation unit included the use of an insulated-glazed unit IGU [START_REF] Nwoba | Energy efficiency analysis of outdoor standalone photovoltaic-powered photobioreactors coproducing lipid-rich algal biomass and electricity[END_REF] with which the need for thermal regulation is no longer required. Culture production mode and strain were the same as in previous cases. For downstream operations: i) no concentration unit was required since HVP PBR biomass concentration was high enough for the ii) bead miller BM-201, which was considered again for an 80% of disruption rate; iii) then an S-L extractor was proposed using 2-methyl-tetra-hydrofuran as a solvent; iv) the BioD-300 block;

and v) the BioE-400 block was included again.

Case 3.a. completes Case 3 with a PV panel at the PBR-101 unit as described in Nwoba et al. [START_REF] Nwoba | Energy efficiency analysis of outdoor standalone photovoltaic-powered photobioreactors coproducing lipid-rich algal biomass and electricity[END_REF], which enables to produce PV energy in addition to the double biofuel recovery.

Case 4: Simulation is for the wet-pathway for double biofuel recovery and PV energy coproduction, and an actual strain. It takes into account the same upstream and down-stream operations as in case 3.a., but now considering experimental values reported for the nitrogen-limited culture of Nannochloropsis gaditana according to Heredia et al. [START_REF] Heredia | Producing Energy-Rich Microalgae Biomass for Liquid Biofuels: Influence of Strain Selection and Culture Conditions[END_REF]. The values used for the simulation are presented in Table 1.

Case 5: The wet-pathway for the double biofuel recovery with PV energy co-production is maintained for this scenario with an ideal strain. The culture in an HVP+IGU photobioreactor has been considered once more but with a variable output biomass concentration for testing the interest of such an increase in the downstream processing.

Operations units for the downstream processing were i) a band filtration F-102 unit enabling to concentrate of the biomass to an optimum value (further discussed); ii) a bead miller BM-201 as shown for in the previous cases; iii) an S-L extractor using 2-methyl-tetra-hydrofuran as a solvent, which was supposed to work at the same optimum F-102 value and, as consequence avoid the S-202 dilution stream; iv) and finally the BioD-300 and v) the BioE-400 blocks.

Case 6: For the last scenario, also the wet-pathway for double biofuel recovery with PV energy co-production from an ideal strain was proposed. The production process was the same as in Case 5 except for the lipid recovery unit where a decantation operation Dec-202 was proposed to simulate the avoidance of a solvent-based process. The followed operation blocks remained the same.

3 Results and Discussion

Culture system impact on energy balance

The cultivation step alone can induce a significant energy expenditure. This energy expenditure is mainly due to two items, namely thermal regulation and mixing.

The energy consumption of a microalgae culture system is highly dependent on the technology used [START_REF] Chiaramonti | Review of energy balance in raceway ponds for microalgae cultivation: Re-thinking a traditional system is possible[END_REF][START_REF] Nwoba | Energy efficiency analysis of outdoor standalone photovoltaic-powered photobioreactors coproducing lipid-rich algal biomass and electricity[END_REF][START_REF] Pérez-López | Comparative life cycle assessment of real pilot reactors for microalgae cultivation in different seasons[END_REF][START_REF] Slade | Micro-algae cultivation for biofuels: Cost, energy balance, environmental impacts and future prospects[END_REF]. For example, closed photobioreactor technologies are known to be subjected to overheating, which is more limited in open systems because of water evaporation. It is also very much related to the targeted range of temperature and level of control applied. It was investigated in detail in Pruvost et al. [START_REF] Pruvost | Thermal modeling and optimization of microalgal biomass production in the harsh desert conditions of State of Qatar[END_REF] for open raceway used in harsh desert conditions. A temperature regulation of 35 °C (ie. optimal temperature of a thermal resistant strain) during the summer period led to the energy consumption of 16.7 kWh•m -2 •d -1 , whereas leaving the possibility of temperature drift in the range of 28 -40 °C led to 3.8 kWh•m -2 •d -1 . This may be applied to a closed system, but ultimately with higher energy consumption, due to the absence of evaporation to naturally reduce heating. Pruvost et al. [START_REF] Pruvost | Microalgae culture in buildingintegrated photobioreactors: Biomass production modelling and energetic analysis[END_REF] estimated the yearly energy consumption linked to thermal regulation of vertical PBR at around 500 -1000 kWh•m -2 for France location (ie.

1.4 -2.8 kWh•m -2 •d -1 )
but peak values are encountered in summer and winter periods. For example Pérez-López et al.

[78] presented a detailed study with data for different periods other the year, emphasizing a 15 and 5-fold increase between summer and winter, and between summer and fall respectively. Although energy requirements highly depend on several conditions (ie. technology, location, period of the year, targeted temperature range), it can be emphasized that thermal regulation alone may lead to very large energy needs.

The same conclusion may be made with the energy requested for mixing. In general, mixing energy is related to culture volume [START_REF] Benemann | Systems and Economic Analysis of Microalgae Ponds for Conversion of CO2 to Biomass[END_REF][START_REF] Lehr | Closed photo-bioreactors as tools for biofuel production[END_REF]. Airlift technologies as well as tubular PBRs are also known to have high energy consumption due to significant pressure drops, with electrical power consumption in the range 300 -2000 W•m -3 . For example, Norsker et al. [START_REF] Norsker | Microalgal production -A close look at the economics[END_REF] reported an electrical power value for mixing of 30 W•m -2 for an airlift system of 2cm depth, leading to ). This is related to the large variation of culture volume per area of culture when comparing airlift PBR to raceway culture system (around a few liters to a few hundred liters per m 2 respectively) [START_REF] Pruvost | Industrial Photobioreactors and Scale-Up Concepts[END_REF][START_REF] Pruvost | Development of a thin-film solar photobioreactor with high biomass volumetric productivity (AlgoFilm©) based on process intensification principles[END_REF]. Consequently, decreasing the culture volume (ie. depth of culture) will decrease the resulting energy needed for mixing. This will be investigated in this work.

Both energies for mixing and thermal regulation show the wide range of energy consumption on the cultivation stage. Thermal regulation in the range of 1 -4 kWh•m -2 •d -1 are usually encountered (possibly with significant higher values depending on the climate-species-culture system adequacy). and 29 MJ•kg -1 with Chlorella emersonii with 29% and 63% in total lipids respectively. But such limitation will be also detrimental to biomass productivity (as shown later). A maximal value of recoverable energy in the biomass of 0.

15 kWh•m -2 •d -1 (540 kJ•m -2 •d -1
) can then be considered as a good upper limit in first instance (as described later, Heredia et al. [START_REF] Heredia | Producing Energy-Rich Microalgae Biomass for Liquid Biofuels: Influence of Strain Selection and Culture Conditions[END_REF] estimated a potentially recoverable biofuel energy at 19 642

MJ•t -1 •y -1 , corresponding to 0.003 -0.002 Wh•m -2 •d -1 ).
This shows that it is easy to have a much higher energy consumption in the culture stage than that recoverable in biomass, even without introducing energy needs for downstream processing of the biomass up to biofuel conversions.

To simplify the analysis presented here, only two main categories of technologies were retained for simulations, both assuming that thermal regulation was negligible leading to little energy consumption: a raceway culture system without thermal regulation, and a closed PBR with passive thermal regulation. In both cases, the temperature was assumed to be maintained in the range of optimal growth all over the year. Passive thermal regulation for closed PBRs could be found as an optimistic hypothesis, but such a principle was introduced recently by Nwoba et al. [START_REF] Nwoba | Energy efficiency analysis of outdoor standalone photovoltaic-powered photobioreactors coproducing lipid-rich algal biomass and electricity[END_REF] using an insulated-glazed photovoltaic photobioreactor and also discussed in Goetz et al. [START_REF] Goetz | A generic temperature model for solar photobioreactors[END_REF] where phase change materials and IR filtering were combined for passive regulation. As a result, energy consumed at the culture stage was then only related to mixing. It was fixed at 0.368 kWh•m -3 •d -1

hereafter (data obtained in our facility from experiments on raceways systems of various depths, in accordance with literature).
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Table 2: Input/output energies and liquid biofuel volumes produced for the simulated cases. All the values correspond to a total production of 1 t•y -1 of microalgal biomass. 

Cases comparisson

Table 1 includes the potentially recoverable energy values for each biofuel produced in each scenario.

The corresponding actual input/outputs energy values are described in Table 2 and represented in Figure 2a. The corresponding maximum and actual N ER values are presented in Table 3 and during the Prod-100 block. The raceway culture system produced 0.13 kg•m -3 of biomass in 166 m 2 , which was concentrated to 200 kg•m -3 (80% W,C102 , w/w), which is the recommended value prior to the thermal dryer TD-201 unit [START_REF] Delrue | An economic, sustainability, and energetic model of biodiesel production from microalgae[END_REF]. Then the recovery block R-200 consumed 15 293 MJ•t -1 •y -1 (6% of the E input ) including 9 027 MJ•t -1 •y -1 for the thermal dryer TD-201 only.

Besides, the wet-pathway consumed most of the energy at the BioD-300 block, representing 79% of the corresponding E input with 67 511 MJ•t -1 •y -1 . Almost the entire of this energy consumption (99%) was due to the need for evaporating 178 t•y -1 of extraction solvent at D-301 unit. Such an amount of solvent was a consequence of the low productivity associated with the raceway culture system (in 15 cm depth) and the eventual dilution (from 10 to 7.9 kg•m -3 ) for reaching an optimal disrupted-biomass concentration for the L-L extraction (Heredia et al. [START_REF] Heredia | Lipid recovery from Nannochloropsis gaditana using the wet pathway: Investigation of the operating parameters of bead milling and centrifugal extraction[END_REF]). The resulting 127 t•y -1 were then treated using the 1.65 S/F ratio.

Biodiesel production via the wet-pathway is shown here to be a more energetically viable process compared to the dry pathway. However, note as well that Case 1 also obtained a N ER EBioD of 75% of the maximum recoverable N ER EP,BioD (42% of N ER X ), and Case 2 a N ER EBioD of 56% of the corresponding maximum N ER EP,BioD (39% of N ER X ). This highlights a potential optimization in the wet-pathway to not only develop intensified efficient technologies with low-energy consumption but also processes that would allow treating high biomass concentrations (>10 kg•m -3 ) during the lipid recovery step.

Increasing the energy output is another way to improve the N ER T . Simulation case 2.a.

includes the additional recovery of bioethanol after valorization of the carbohydrates in the nonextracted residues of the centrifugal extractor. Such a process, as part of an energy-driven biorefinery approach, aimed to increase the energy output of the biofuel production process [START_REF] Karemore | Downstream processing of microalgal feedstock for lipid and carbohydrate in a biorefinery concept: a holistic approach for biofuel applications[END_REF][START_REF] Harun | Microalgal biomass as a fermentation feedstock for bioethanol production[END_REF][START_REF] Sivaramakrishnan | Utilization of microalgae feedstock for concomitant production of bioethanol and biodiesel[END_REF].

The N ER T considering such double biofuel recovery has only increased to 0.12, but recovering now 327 L•t -1 •y -1 of two liquid biofuels instead of the 232 L•t -1 •y -1 in a only-biodiesel wetpathway process (representing 140% increase in volume of liquid biofuels). This indicates that the co-production of bioethanol does not improve the energy balance, but increases the amount of biofuel produced for given biomass. Notably, the double biofuel recovery takes advantage of the amount of carbohydrates and lipids available in the cell to be converted into liquid biofuels.

Therefore, microalgae culture protocols where biomass accumulates large amounts of these energyrich molecules, are ideal for this approach.

Even if the fermentation and recovery process are optimized at the maximum yields, the double biofuel recovery might remain below the energy neutrality (N ER EP of 0.23). Note from Tables 1 and2, that the actual recovered energy differs in about 65% of the E P,BioE . Bear in mind that the final yield for the microalgal biomass hydrolysis and the subsequent fermentation is significantly lower than the theoretical value, even for separated processes [START_REF] De Farias Silva | Bioethanol from microalgae and cyanobacteria: A review and technological outlook[END_REF][START_REF] Ho | Bioethanol production using carbohydrate-rich microalgae biomass as feedstock[END_REF]. Klinke et al. [START_REF] Klinke | Inhibition of ethanol-producing yeast and bacteria by degradation products produced during pre-treatment of biomass[END_REF] suggested that microalgae hydrolysate may contain inhibitory chemicals for ethanol fermentation which may reduce the yield. [START_REF] Ho | Bioethanol production using carbohydrate-rich microalgae biomass as feedstock[END_REF] suggested another process application known as the simultaneous saccharification and fermentation (SSF) using carbohydrate-rich biomass and bacteria, which has yielded 87.1% of the theoretical value (0.209 g ethanol/g biomass). Such a process is expected to be less inhibitory but it may take a longer operation time.

Note that energies for both biodiesel and bioethanol purification units (D-303 and D-402) were not considered here and might be different for both. Recovering the bioethanol from the fermentation broth or FAME's (biodiesel) from methanol traditionally requires a distillation process which may be more energy-consuming. For example, lower carbohydrate concentrations affect the bioethanol concentrations at the end of fermentation, hence more energy would be invested via a distillation process turning into a not energy-efficient the whole operation. Membrane technologies like those presented by Wei et al. [START_REF] Wei | A review of membrane technology for bioethanol production[END_REF] and Lewandowicz et al. [START_REF] Lewandowicz | Application of membrane distillation for ethanol recovery during fuel ethanol production[END_REF] may be suitable for a more energy-efficient biofuel process.

The double biofuel recovery approach opens the way to the energy recovery from other sources in an energy-biorefinery perspective (eg. biohydrogen, methanization or PV energy) [START_REF] Brennan | Biofuels from microalgae-A review of technologies for production, processing, and extractions of biofuels and co-products[END_REF][START_REF] Vitova | Accumulation of energy reserves in algae: From cell cycles to biotechnological applications[END_REF][START_REF] Alalwan | Promising evolution of biofuel generations. Subject review[END_REF][START_REF] Adhikari | Hydrogen production from glycerol: An update[END_REF][START_REF] Nwoba | Energy efficiency analysis of outdoor standalone photovoltaic-powered photobioreactors coproducing lipid-rich algal biomass and electricity[END_REF]. Another relevant feature of HVP-PBR is the decrease in volume (ie. process intensification).

Figure 3 compares the effect of the depth of the culture for raceway (Case 2) and HVP+IGU (Case 3) PBR on the final N ER BioD (Biodiesel only) and the N ER T (double biofuel recovery).

Simulations indicated that the maximum N ER T of 0.14 is attained at depths less than 1 -3 cm for raceway and, inferior to around 0.5 cm for HVP+IGU. Greater depths also induce losses in N ER, which are more pronounced for HVP+IGU, down to approximately 0.02, and to 0.08 for the raceway. This is explained by the mixing energy here considered, which was greater per unit volume for the HPV-PBR than for the raceway culture system. A raceway with a depth below a few centimeters would certainly be impossible to operate in practice, but Figure 3 emphasizes here the relevance of the mixing energy. By designing HVP-PBR with low mixing energy (as with AlgoFilm © PBR in Pruvost et al. [START_REF] Pruvost | Development of a thin-film solar photobioreactor with high biomass volumetric productivity (AlgoFilm©) based on process intensification principles[END_REF]), a further gain in NER can be obtained. Whatever the mixing energy, Figure 3 demonstrates the interest of increasing specific illuminated surfaces on Figure 3: Impact of the depth of the culture using a raceway (Case 2) and a HVP+IGU (Case 3) photobioreactor on the N ER BioD and the N ER T during the wet-pathway biofuel production. The N ER T includes the double biofuel recovery but not the PV energy co-production.

the energy-saving for given biomass production. HVP+IGU PBR has for example values of the specific illuminated surface around 75 higher than for raceway (500 m -1 to 6.67 m -1 , Table 1), then saving a significant amount of energy because of the culture volume reduction (0.3 m 3 and 25 m 3 respectively).

In addition to the previous process, Case 3.a. adds the co-production of PV energy on the same microalgae culture surface as suggested by Nwoba et al. [START_REF] Nwoba | Energy efficiency analysis of outdoor standalone photovoltaic-powered photobioreactors coproducing lipid-rich algal biomass and electricity[END_REF]. PV panels coupled to HVP+IGU PBR increased the N ER T to 0.64 which is 239% greater than the N ER EP and 182% more than the N ER X . The additional E P V of 36 698 MJ•t -1 •y -1 is 50% of the E input for the entire process. It can be noted that this approach produced enough energy to sustain the entire Prod-100, Rec-200, and BioE-400 blocks, and still contribute 31 043 MJ•t -1 •y -1 more for the BioD-300 block consumption.

Case 4 calculates the N ER using experimental data obtained on Nannochloropsis gaditana (the actual strain) and the process used in Cases 3 & 3.a. N ER T (without considering PV energy, -E P V ) was reduced to 0.06, which is about half of the obtained with an ideal strain. The difference did not only strive in the energy consumption of the process, which slightly decreased to 72 903 MJ•t -1 •y -1 ; but in the energy obtained from biofuels, which was reduced in 44% to attain 4 438 MJ•t -1 •y -1

(where 3 286 MJ•t -1 •y -1 were issued from biodiesel and 1 152 MJ•t -1 •y -1 from bioethanol). The biofuel volumes produced were reduced to 150 L•t -1 •y -1 (95 and 55 L•t -1 •y -1 of biodiesel and Figure 4: Impact of the harvesting biomass concentration (X-axis) on the N ER T using the band filtration F-102 unit. X-axis is also presented as moisture percentage (% W,F 102 , w/w). The blackcircle plot consider the double biofuel recovery but not the PV energy; the white-circle plot is for a biodiese-only production process; and the values over the red dash line are considered as energyneutral processes.

bioethanol respectively).

No significant changes were observed in energy consumption of production blocks E input . The losses in energy production were mainly only associated with the reduction in surface productivity with Nannochloropsis gaditana. However, the losses may be compensated when co-producing PV energy: with lower surface productivity, a larger culture surface of 185 m 2 was needed to produce 1 t•y -1 , and thus more PV energy was available. This additional 40 666 MJ•t -1 •y -1 turned the N ER T to 0.62, a value similar to the obtained with an ideal strain in Cases 3 & 3.a.

The previous simulations, highlight the relevance of sharing the same illuminated surface between HVP+IGU PBR and PV panels, which may be a step forward in making energetically selfsustaining the production of algae biofuels even when using savage strains. Nevertheless, the entire process still needs optimization, mainly in key production blocks such as Rec-200 and BioD-300.

Other technology set-ups will be discussed below that may take better advantage of the previous culture optimization for targeting better N ER T values.

Cases 5 & 6: Improvements for the Downstream processing

As discussed in section 3.2.2, the L-L extraction in CX-202 may play a major role in the N ER because the lipid recovery is limited by the concentration of the disrupted cell suspension [START_REF] Heredia | Lipid recovery from Nannochloropsis gaditana using the wet pathway: Investigation of the operating parameters of bead milling and centrifugal extraction[END_REF], and consequently, the resulting treated volume also impacts the energy consumption during solvent evaporation. The following Case 5 aims to elucidate the question of the optimal harvested biomass concentration to process maximal biomass with a minimum solvent in CX-202.

Using Case 3 as reference, the Figure 4 (68% W,F 102 , w/w) for a biodiese-only production process.

These values imply as well that operation units BM-201 and CX-202 should operate in the same concentration intervals as F-102. Bead milling may treat concentrations in the 1 to 145 kg•m -3 range, with direct impact on the cell disruption rate and energy consumption [START_REF] Postma | Mild disintegration of the green microalgae Chlorella vulgaris using bead milling[END_REF][START_REF] Doucha | Influence of processing parameters on disintegration of Chlorella cells in various types of homogenizers[END_REF][START_REF] Montalescot | Optimization of bead milling parameters for the cell disruption of microalgae: Process modeling and application to Porphyridium cruentum and Nannochloropsis oculata[END_REF][START_REF] Zinkoné | Bead milling disruption kinetics of microalgae: Process modeling, optimization and application to biomolecules recovery from Chlorella sorokiniana[END_REF][START_REF] Postma | Energy efficient bead milling of microalgae: Effect of bead size on disintegration and release of proteins and carbohydrates[END_REF]. However, the treatment at such high biomass concentration in centrifugal extractions may be limited by the emulsion formation, and the solvent-to-feed or partition ratios. Only the range 2 to 10 kg•m -3 has been investigated to date [START_REF] Marchal | Mass transport and flow regimes in centrifugal partition chromatography[END_REF][START_REF] Heredia | Lipid recovery from Nannochloropsis gaditana using the wet pathway: Investigation of the operating parameters of bead milling and centrifugal extraction[END_REF][START_REF] Ungureanu | Centrifugal partition extraction, a new method for direct metabolites recovery from culture broth: Case study of torularhodin recovery from Rhodotorula rubra[END_REF] and it should then request further investigation.

Band filtration, as F-102 unit, is a reliable option to achieve concentrations up to 200-300 kg•m -3 [START_REF] Delrue | An economic, sustainability, and energetic model of biodiesel production from microalgae[END_REF]. It may be argued that flocculation, as a low energy consumption technology is ideal for this concentration step [START_REF] Togarcheti | Life cycle assessment of microalgae based biodiesel production to evaluate the impact of biomass productivity and energy source[END_REF][START_REF] Lakshmikandan | Sustainable biomass production under CO2 conditions and effective wet microalgae lipid extraction for biodiesel production[END_REF]. However, adding either organic (eg. chitosan or guar gum which is carbohydrate-based) or inorganic (like F eCl 3 or Al 2 SO 4 ) agents may fake yields or interfere with future chemical reactions as fermentation or transesterification. More important, flocculation does not concentrate enough of the biomass within the treatment limits of the next operations units [START_REF] Kim | Harvest of Scenedesmus sp. with bioflocculant and reuse of culture medium for subsequent high-density cultures[END_REF][START_REF] Wang | Microalgae harvest influences the energy recovery: A case study on chemical flocculation of Scenedesmus obliquus for biodiesel and crude bio-oil production[END_REF][START_REF] Lakshmikandan | Co-cultivation of Streptomyces and microalgal cells as an efficient system for biodiesel production and bioflocculation formation[END_REF] It is also important to highlight that high biomass concentration processes may also reduce the water consumption in the system. This has not only an impact on the energy consumption but also the water footprint of microalgal biofuel production (which is already lesser than crop-based fuels as described by Pugazhendhi et al. [START_REF] Pugazhendhi | Various potential techniques to reduce the water footprint of microalgal biomass production for biofuel-A review[END_REF]).

For a process at N ER T = 1 (-E P V ) with harvested biomass of 145 kg•m -3 by band filtration, 9 998 MJ•t -1 •y -1 were consumed in total. In Case 5 the Rec-200 and BioD-300 were blocks that consumed the most with 52% and 42% of the N ER T (-E P V ) respectively, but with only 5 159 MJ•t -1 •y -1 and 4 163 MJ•t -1 •y -1 ) respectively, which is much lower than for Case 3.a. Working at larger biomass concentrations results in a large reduction in energy consumption (18 times) at the D-301 unit by saving especially water, thus amount of solvent and so the energy for final solvent evaporation, obtaining N ER EP and N ER X values of around 1.96 and 2.6 respectively. Even though the PV energy is no longer necessary to achieve a positive energy balance for the process in Case 5, an additional 36 689 MJ•t -1 •y -1 would be produced (46 686 MJ•t -1 •y -1 in total), for finally recovering 4.67 times more energy than the invested for the whole process (N ER T with

E P V ).
As may be inferred from the above Case 5, the use of solvents in the wet-pathway biofuel production may have a strong impact on the net energy ratio of the process, therefore it is essential to either increase the operational work concentration of the metabolite recovery block or use technologies that do not rely at all on solvents.

In this regard, Case 6 simulates a process at the same previous biomass concentration but substitutes now the centrifugal extraction with a decantation process (no solvents involved). Such process is energetically self-sustaining without a double biofuel recovery (N ER EBioD of 1.61) or PV co-production (N ER T -E P V of 1.96) but, if included, the final N ER T may result in the value of 8.49. The resultant process produces 357 L•t -1 •y -1 or 11 044 MJ•t -1 •y -1 from liquid biofuels only. Additional E P V (36 689 MJ•t -1 •y -1 ) will increase the E T to 47 732 MJ•t -1 •y -1 , which is not much different from the final energy produccion from Case 5. However, the use of a decantation Dec-202 unit reduced the energy consumption at the Rec-200 block to only 4 370 MJ•t -1 •y -1 .

As consequence, 86% less energy was consumed during the BioD-300 due to the avoidance of a solvent recovery unit, indicating here a major perspective to improve the energy balance of the microalgae-based biofuels process.

Other biorefinery approximations like the concomitant wastewater biorefinery [START_REF] Thangam | Biorefinery approaches based concomitant microalgal biofuel production and wastewater treatment[END_REF][START_REF] Bhatia | Wastewater based microalgal biorefinery for bioenergy production: Progress and challenges[END_REF][START_REF] Baldev | Wastewater as an economical and ecofriendly green medium for microalgal biofuel production[END_REF], the zerowaste microalgal biorefinery [START_REF] Mishra | Microalgal bioenergy production under zero-waste biorefinery approach: Recent advances and future perspectives[END_REF] or multiple value-added biorefinery [START_REF] Bhattacharya | Microalgae -A green multi-product biorefinery for future industrial prospects[END_REF] have also identified similar bottlenecks in the production processes like harvesting efficiency, hybrid technologies and intensification, water consumption and culture productivity. The here proposed energy-driven biorefinery approach may give some additional insights for retrieving and saving energy in other production processes where the use of a solvent-free metabolite recovery, the surplus of photovoltaic energy, and high biomass concentration processes, may be well integrated.

Conclusions

The here presented cumulative-improvement simulations have suggested that technologies such as intensified photobioreactors (thinner than 1-3 cm), infrared light filtering units, photovoltaic panels, solvent-free metabolite recovery processes such as decantation, and high biomass concentration treatments at ≥ 145 kg•m -3 are major contributors on the net energy ratio of microalgae-based biofuel process. The conclusion was found consistent for both ideal and actual strains. These operations were also found to be key to the design of a sustainable microalgae-based biofuel process and also probably well integrated into other biorefinery approaches

(Fig. 1 )

 1 for biomass production (Prod-100), metabolite recovery (Rec-200), and biodiesel (BioD-300) and bioethanol conversions (BioE-400). Each operation block includes operation units or technologies that may differ for each simulated case (see further details in section 2.4). The biomass production block includes the photobioreactor (PBR-101) and concentration operations (centrifugation C-102, flotation Fl-102, band filtration F-102, or none). Metabolite recovery block includes pretreatment operations (thermal dryer TD-201 or bead milling BM-201) and lipid recovery units (solid-liquid extraction DX-202, centrifugal liquid-liquid extraction CX-202, or decantation Dec-202). The biodiesel conversion block comprises extraction solvent recovery by evaporation (D-301), transesterification in a stirred tank reactor STR (R-302) and biodiesel purification (D-302). The bioethanol conversion block considers the fermentation in a stirred tank reactor STR (R-401) and ethanol purification (D-402) units. The system only considers four general mass inputs streams (S) which directly participate in energy conversion: culture medium and initial inoculum (S-101) for biomass growth, lipid extraction solvent (S-203) to recover energy-rich molecules, methanol Me-OH for transesterification (S-303) and water dilution streams (S-202 and S-401) to adjust concentrations in the process. It also considers three mass outputs: biodiesel (S-305), bioethanol (S-403), and general waste streams.

Figure 1 :

 1 Figure 1: Process flowchart for a microalgae-based biofuel production based on the energy-driven biorefinery approach. Red-dotted lines represent the energy input/output and black-continuous lines the mass flow between operation units. Dashed lines (in four different colors) encompass the four operation blocks described in Section 2.1. Note that the use of operations TD-201 (thermal drying) and DX-202 (S-L extraction) define the dry-pathway process, and the rest of operations are used for the wet-pathway process.
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 4578 In the dry-pathway, non-released lipids (still intracellular lipids) in the stream S-201 are extracted using n-hexane Hex (S-203) using the solid-liquid extraction unit DX-202. The mixture of solvent and lipids go to the BioD-300 block via the S-204 stream, while residual dried cells are disposed to the general waste stream via the S-205 stream. For the wet-pathway, a S-201a stream may be supposed for the dilution of S-201 with the S-202 stream (water) just before the centrifugal liquid-liquid extraction equipment CX-202. Then, for the lipid extraction, 2-methyl-tetra-hydrofuran Me-THF (S-203) is used. By centrifuge force action, two outputs are recovered: S-204 and S-205. The stream S-204 (with the mixture of solvent and lipids only) is conducted to the BioD-300 block. A non-solvent process for the wet-pathway has been also proposed for lipid recovery. The decantation operation Dec-202 takes as well the S-201 stream (wet-disrupted biomass) to obtain the S-204 stream charged with lipids. No matter the option chosen to simulate the lipid extraction unit, the stream S-205 (with the rest of the polar components, carbohydrates included, and the non-extracted lipids) is directed to either the general waste stream or the BioE-400 block in case of double biofuel recovery. In the BioD-300 block, lipids molecules are separated first from the extraction solvent using the D-301 unit. The content of the S-301 stream is then considered to be entirely composed of lipid molecules heading towards R-302, while the content of S-302, is only composed of extraction solvent going to the general waste stream. 6) Next, the transesterification reaction takes place in R-302 using the lipid molecules (more precisely triacylglycerol TAG molecules) and the Me-OH required for the reaction (S-301 and the S-303 respectively). After the reaction, the resultant compounds go to D-303 for the final recovery. The biodiesel final treatment occurs in the D-303 unit. No particular technology has been proposed for this operation. The fatty acid methyl esters FAME's (biodiesel) produced during the transesterification of TAG molecules are separated from the reaction residuals or nonreactant compounds (eg. Me-OH, glycerol, fatty acids). The latter are collected in the S-306 ECM-2022-Draft stream and the biodiesel in the S-305. In case of double biofuel recovery, the output stream S-205 (containing polar components and carbohydrates) may be diluted to constitute the S-401 stream, and then used as input of the R-401 unit at the BioE-400 block. The output S-402 directs the produced bioethanol to the D-402 purification unit 9) Similarly, at the D-402 bioethanol purification unit, no particular technology has been proposed for the operation. Fermentation subproducts (eg. glycerol, residual carbohydrates, enzymes, water) are part of the S-404 stream and go to the general waste stream, while the refined bioethanol is recovered in the S-403 stream.
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 229 Bioethanol and Biodiesel purification unit: D-402 and D-303 The final stages in bioethanol and biodiesel production are the purification units D-402 and D-302 respectively. The same set of equations were used for both processes. It was considered the operation efficiency (90% for η D402 and η D303 ) and final purity of the corresponding biofuel (95% for P u D402 and P u D303 ). The final liquid biofuel is recovered in the streams S-403 (M BioE,403 , kg•d -1 ) for bioethanol, and S-305 for biodiesel (M BioD,305 , kg•d -1

1500 W•m - 3 .

 3 Conversely, raceway-type cultivation systems exhibit low to moderate consumption due to paddlewheel agitation and moderate pressure drops. Values are also highly dependent on the raceway design, culture depth, and paddle wheel rotation speed and design. Electrical power requirements in the range of around 0.25 -4 W•m -2 are usually reported (ie. 2 -40 W•m -3 ) [60, 85, 86, 78, 59]. Note here the large difference when values are expressed per unit of culture volume between PBR (300 -2000 W•m -3 ) and raceway (2 -40 W•m -3

For a 12 h

 12 mixing per day (ie. no mixing during the night), energy for mixing will range between 0.024 -0.48 kWh•m -3 •d -1 and 3.6 -24 kWh•m -3 •d -1 for raceway and airlift PBR respectively, corresponding approximately to 2.4 -48 Wh•m -2 •d -1 for a raceway of 10 cm depth, and to 72 -480 Wh•m -2 •d -1 for an airlift PBR of 2 cm depth.Considering a biomass calorific value of about 20 MJ•kg -1 (ie. 5.56 kWh•kg -1 ) and a maximum biomass productivity of 11 -27 g•m -2 •d -1 (40 -100 t•ha -1 •y -1 ), energy recoverable from microalgal biomass can be estimated in the range 0.06 -0.15 kWh•m -2 •d -1[START_REF] Pruvost | Microalgae culture in buildingintegrated photobioreactors: Biomass production modelling and energetic analysis[END_REF]. Increasing the energyrich biomolecules in the cell by applying for example a growth limitation by nitrogen source will increase such a value. In this regard, Illman et al.[START_REF] Illman | Increase in Chlorella strains calorific values when grown in low nitrogen medium[END_REF] reported a calorific value of 21 MJ•kg-1 
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Figure 2 :

 2 Figure 2: Energy output a) and N ER T b) comparison for the simulated cases. Red-dashed lines are: a) reference for theoretical energy content of the biomass E X , potentially recoverable energy E P,Ideal for the ideal strain, potentially recoverable total fuel energy E P,N gaditana for N. gaditana, and b) energy neutrality (N ER T = 1).
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 223 Cases 3 & 3.a. and 4: Improvements for the Upstream processing By using the HVP+IGU photobioreactor with an ideal strain and integrating the double biofuel production during Case 3, the N ER T slightly increased to 0.14. For the same amount of energy and volume of liquid biofuels produced as in Cases 2 & 2.a., the energy input E input was reduced in 73 157 MJ•t -1 •y -1 . This represents a reduction of 14% in energy consumption due to the Prod-100 block which only consumed 437MJ•t -1 •y -1 .The use of the HVP+IGU technology as a PBR-101 unit, not only removes the energy consumption due to thermal control but also discards the need for biomass concentration. Pruvost et al.[START_REF] Pruvost | Development of a thin-film solar photobioreactor with high biomass volumetric productivity (AlgoFilm©) based on process intensification principles[END_REF] already discussed the PBR depth and light absorption optimization leading to higher biomass concentrations. By reducing the PBR depth to 2 mm, the biomass concentration reached 9.53 kg•m -3 and the final volume of the culture passed from 25 m 3 (for raceway PBR) to 0.33 m for HVP PBR) on the same surface. However such volume reduction was not enough to impact the amount of solvent used and the associated energy consumption for the evaporation, because the optimum biomass concentration for the CX-202 unit still requires a previous dilution to reach 7.9 kg•m -3 . The BioD-300 block still consumed 67 511 MJ•t -1 •y -1 .

  show the N ER T for 20 simulations issued of varying the harvested biomass concentration at F-102 unit. For retrieving N ER T values greater to energy neutrality (N ER T ≥ 1), concentration should be above to 145 kg•m -3 (85.5% W,F 102 , w/w) considering a double biofuel recovery (without including PV energy, -E P V ); and above 321 kg•m -3
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Table 1 :

 1 Upstream operations syhthesis for each simulated Case.

	Case	1, 2 & 2.a. 3 & 3.a., 5, 6	4
	-Photobioreactor Technology	Raceway	HVP+IGU	HVP+IGU
	-Photovoltaic production	no	yes	yes
	-Iluminated surface A * (m 2 )	166	166	185
	-Operative Volume V O (m 3 )	25	0.33	0.37
	-Specific Iluminated surface a s (m -1 )	6.67	500	500
	-PBR Depth L (m)	0.150	0.002	0.002

  Under this protocol 90% of carbohydrates η F er,Sg , were converted into bioethanol with a yield Y F er , 0.23 kg BioE •kg -1 Sg (theoretical yield of Ethanol conversion, 0.51 kg BioE •kg -1 Sg

by chemical pretreatment of the residual biomass with H 2 SO 4 (not simulated) and fermentation by Saccharomyces cereviseae.

  Sg for the theoretical value. The heat of combustion of biodiesel and bioethanol ∆H • comb were 40.4 and 26.7 MJ•kg -1

	BioF uel

er , where Lee et al.

[START_REF] Lee | Estimation of theoretical yield for ethanol production from D-xylose by recombinant Saccharomyces cerevisiae using a metabolic pathway synthesis algorithm[END_REF]

, Okamoto et al.

[START_REF] Okamoto | Bioconversion of xylose, hexoses and biomass to ethanol by a new isolate of the white rot basidiomycete Trametes versicolor[END_REF] 

have referred a 0.51 kg BioE •kg

-1 

Table 3 :

 3 Net Energy Ratio from the different energy sources at each simulation case. All the values correspond to a total production of 1 t•y -1 of microalgal biomass.

	Case	1		2 & 2.a.	3 & 3.a.		4	5		6
						a) Input Energies, E input (MJ•t -1 •y -1 )		
	Prod-100	PBR-101 238 714 102	12 067 12 662 226 647	12 067 595	437	437 0	485	485 0	626	437 189	626	437 189
	Rec-200	201 202	15 293	9 027 5 159 6 266	4 370 5 159 788	4 370 5 159 788	4 370 5 159 788	4 370 4 370 788	4 370 0.1
	BioD-300	D-301 R-302	5 430	4 745 67 511 684	67 000 67 511 511	67 000 67 210 511	67 000 4 163 210	3 652 511	578	0 578
	BioE-400	R-401 b) Biofuel Produced volume (L•t -1 •y -1 )		
	BioD		311	232	232		95	232	262
	BioE				95		95			55	95		95
	Total BioFuel	311	327	327	150	327	357
						c) Output Energy (MJ•t -1 •y -1 )		
	E BioD		10 705	7 993	7 993	3 286	7 993	9 040
	E BioE				2 004	2 004	1 152	2 004	2 004
	E P V						36 689	40 666	36 689	36 689
		E T	10 705	9 997	46 686	45 105	46 686	47 732
			Case		1	2 & 2.a. 3 & 3.a.	4	5	6
						a) Maximum energy content	
		N ER X		0.099	0.301	0.351	0.353 2.571 4.569
		N ER EP,BioD	0.055	0.166	0.194	0.080 1.420 2.524
		N ER EP,BioE	0.021	0.064	0.074	0.043 0.545 0.968
		N ER EP		0.076	0.230	0.268	0.123 1.965 3.492
						b) Simulated recovered energy	
		-E P V	N ER EBioD 0.04	0.09		0.11	0.05	0.80	1.61
			N ER EBioE		0.02		0.03	0.02	0.20	0.36
			N ER T		0.04	0.12		0.14	0.06	1.00	1.96
		+ E P V N ER EBioD				0.61	0.60	4.47	8.13
			N ER EBioE				0.53	0.57	3.87	6.88
			N ER T					0.64	0.62	4.67	8.49

  3.2.1 Cases 1 and 2 & 2.a.: Dry and Wet-pathway comparison, and Double biofuel recoveryUsing an ideal strain, the biodiesel production process under a classical dry-pathway (Case 1) and a wet-pathway (Case 2) resulted in N ER T equal to 0.04 and 0.09 respectively, which are much below the energy neutrality. Both process may recover E P,BioD up to 14 196 MJ•t -1 •y -1 , however in Case 1 it was only recovered 10 705 MJ•t -1 •y -1 of E BioD (311 L•t -1 •y -1 ) and consumed E input of 259 436 MJ•t -1 •y -1 . In comparison, Case 2 produced 7 993 MJ•t -1 •y -1 of E BioD but consumed only E input of 85 381 MJ•t -1 •y -1 .In other words, Case 1 recovered only around 34% more biodiesel energy than Case 2 (2 712 MJ•t -1 •y -1 more), but also Case 1 consumed 3 times more energy than Case 2.The dry-pathway consumed most of the energy, 238 714 MJ•t -1 •y -1 , (ie. 92% of the E input )
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