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Abstract

Hydrothermal liquefaction (HTL) converts microalgae into bio-oil, a biofuel precursor expected to play a pivotal role in the energy transition. This study investigates the combined influence of temperature and reaction time on the trade-off between bio-oil yield and quality, and its implications for process economics. A multivariable optimization framework integrating experimental design, process simulation, and technoeconomic analysis (TEA) was developed to identify cost-optimal conditions. Distinct optimal points were obtained depending on production scale, with 287 °C and 30 min for small capacities, and 304 °C and 12 min for upscaled production. These conditions reduced the minimum fuel selling price (MFSP) by 5.16% and 19.27%, respectively, compared to frequent yield-based optimization, while decreasing hydrogen demand for hydrotreatment by up to 4.50%. Despite these improvements, elevated costs (13.04 €/L and 3.77 €/L, respectively) and significant economic uncertainty persists, underscoring the importance of increasing production rates and reducing capital costs.
  


Introduction
[bookmark: _Hlk222748675]The production of synthetic hydrocarbons from different biomass sources is regarded as a key strategy in the transition toward phasing out conventional fossil fuels [1,2]. Among diverse biomass feedstocks, microalgae are especially promising due to many different attributes, notably their CO2 assimilation capacity and substantial lipid accumulation [2–5]. In this context, hydrothermal liquefaction (HTL) represents an attractive conversion route, as it eliminates expensive drying requirements. Conducted using water under subcritical or supercritical conditions, HTL thermochemically transforms biomass into biochar, an aqueous phase, a gaseous fraction, and a bio-oil that serves as a precursor to biofuels [6–8]. 
Due to the intrinsic composition of microalgae and the numerous transformation pathways involved in HTL, the resulting bio-oil contains contaminant species that hinder direct fuel applications. Notably, the generation of nitrogen oxides (NOx), sulfur oxides (SOx) and other pollutants, is due to the presence of nitrogen, sulfur, and oxygen, contributing to poor air quality and the greenhouse effect [4,7]. Catalytic hydrotreating is commonly applied to remove these compounds, yet reducing heteroatom content prior to upgrading is advantageous as it reduces hydrogen demand and mitigates coke formation [5,7]. 
Beyond composition, bio-oil yield constitutes a critical parameter for economic viability and competitiveness with fossil fuels [9,10]. Numerous studies have examined the effects of biochemical composition, temperature, reaction time, biomass loading, and catalysts on HTL performance, largely emphasizing yield optimization for specific strains [11–13]. In consequence, most techno-economic analyses (TEA) of algae-based biofuels assume yield-optimized HTL conditions, along with high biomass productivities, and large-scale open-pond systems to achieve competitive fuel prices [14,15].
Nevertheless, operating conditions that enhance bio-oil yield frequently compromise its quality and the conditions that simultaneously balance yield and chemical quality are rarely, if ever, explicitly reported in the existing literature [16,17]. Such individual optimization strategy bias TEA as the economic implications of energy-intensive, yield-maximizing regimes relative to more balanced strategies remain insufficiently assessed. On the other hand, high-scale and productivity assumptions based on open pounds may be realistic for large countries with minimal land constraints for cultivation systems, but equivalent evaluations for land-constrained nations remain limited.
[bookmark: _Hlk219104321][bookmark: _Hlk219104222]Therefore, this study investigates how key HTL parameters (namely, temperature and reaction time) simultaneously influence the trade-off between bio-oil yield and chemical profile. Its impact on the economic feasibility is evaluated by estimating the resulting minimum fuel selling price (MFSP) of a microalgae-based biofuel plant located in a land-constrained country, such as Belgium. This multivariable optimization framework, integrating experimental design, process simulation, and TEA, is therefore based on evaluating the economic impact of this trade-off rather than relying on a single yield-optimized regime that may not represent the overall technoeconomic optimum. Additionally, this assessment further elucidates the influence of production scale on process design and economics, which provides strategic insights into the technical and economic barriers of this technology that must be overcome for small European countries.

Materials and methods
0. Materials and characterization
The microalgae strain, namely Chlorella vulgaris, selected as benchmark for this study, as well as all chemical reagents and solvents, were purchased from commercial suppliers and used as received. The elemental analysis (C, H, N, S) was carried out using a Thermo Electron Corporation Flash EA 1112 CHNS Elemental Analyzer, equipped with a dry sample auto-sampler located atop the furnace. Consequently, the higher heating value (HHV) was estimated using the correlation developed by Boie [18,19]. The mathematical expression used for this calculation is presented in eq 1, with compositions expressed in wt% and the resulting HHV is expressed in MJ/kg.
 		     (1)
Total carbohydrate content was determined using high-performance liquid chromatography (HPLC), following the analytical procedure for algal biomass outlined by the National Renewable Energy Laboratory (NREL) [20]. Total lipids content was determined following the method explained by Corato et al. [21]. To determine the fatty acid (FA) profile of the microalgae strain, the extracted lipids were analyzed by gas chromatography (Agilent 7890B) after derivatization with BF3 and methanol, as described by Morrison & Smith [22]. Heptadecanoic acid and a commercial fatty acid methyl esters (FAME) mixture, SUPELCO 37, were used for peak identification and quantification. The protein content was determined by estimating the nitrogen content of the strain using a Kjeldahl analyzer (FOSS Kjeltec 2300) and applying a nitrogen-to-protein conversion factor of 5.04, which has been identified as a suitable coefficient for C. vulgaris [23]. Finally, the ash content was determined gravimetrically by subjecting the sample to heating at 105 °C and 525 °C. 
 
Hydrothermal liquefaction reactions
The different HTL reactions were conducted in a 250 mL HP/HT pressure reactor (Parr 4575) in batch mode. The standard procedure began by charging 15 g of microalgae into the reactor, along with the required mass of distilled water to achieve a 10% total solids (TS) concentration. The reactor was then sealed, and stirring was initiated. The reactor was purged with nitrogen three times, and an initial pressure of 6 bar was applied to ensure an inert atmosphere for the reaction, before heating was initiated. After performing the reaction, the reactor was cooled and subsequently depressurized, allowing the collection of the products. To calculate the mass of gas produced during the reaction, the mass of the reactor before the gas release was subtracted from the mass after the gas fraction was expelled.
[bookmark: _Hlk232154299]The reaction mixture, which contained the bio-oil, biochar, and aqueous phase, was separated by successive filtrations using glass microfiber filters, separating initially the aqueous phase from the bio-oil and the biochar. This was followed by progressive washing with dichloromethane to separate the bio-oil from the biochar. Afterwards, the filters were dried overnight at 105 °C, and the dichloromethane was evaporated to recover the bio-oil. The bio-oil yield was calculated using eq 2, where  stands for the bio-oil yield. The biochar yield (represented by the term ) was determined using eq 3. 
 								   (2)
 								   (3)

Experimental methodology
An experimental screening was developed to study the influence of temperature and reaction time on the bio-oil yield and chemical profile during the HTL of C. vulgaris. Other reaction parameters, such as pressure, catalysts and solids loading were excluded from this study for different reasons. Preliminary experiments indicated that initial pressure had a limited effect on bio-oil yield and quality, while the homogenous catalysts tested (alkaline and alcoholic solutions) produced detrimental results, consistent with previous reports for equivalent microalgal composition [13,24]. These findings are not presented due to their limited scientific relevance. On the other hand, heterogeneous catalysts were not investigated due to their required prior sulfidation, which posed technical constraints, and a comprehensive catalytic screening was beyond the scope of this work. Finally, the significance of solids loading was initially overlooked to limit the experimental burden and biomass requirements, although its influence on HTL performance is well documented [8,25]. Consequently, it must be included in future optimization studies, as it will significantly impact optimal conditions and the resulting trade-off. 
Accordingly, temperatures ranging from 260 – 340 °C and reaction times between 0 – 80 min were selected to cover a broad range of experimental conditions under which contrasting trends in bio-oil yield and quality could be observed, while maintaining a high likelihood of identifying the maximum yield. In general, C. vulgaris is characterized by a low-to-moderate content of structural carbohydrates and moderate-to-high levels of proteins and lipids (see Section 3.1), which does not require elevated temperatures (≥ 340 °C) for optimal bio-oil production [11,26,27]. These hypotheses were validated by the results obtained, and reaction mechanisms and kinetics are further explained in section 3.2.1.  
The experimental data was integrated in an Aspen Plus simulation that served as the technical backbone (i.e., mass and energy balances) to perform a technoeconomic assessment, estimating the MFSP of a C. vulgaris biofuel production plant. Subsequently, additional experiments were carried out inside the framework of a central composite design (CCD) with the aim of fitting second order models for bio-oil yield, oxygen-to-carbon ratio (O/C) and MFSP. Finally, optimization was performed using the Derringer and Suich desirability function method [28], followed by experimental validation of the predicted optimal conditions. All experimental runs were conducted in triplicate, and the results are reported as mean values with the corresponding standard deviations.

Products Characterization
The bio-oil was analyzed by gas chromatography using a Shimadzu Nexis GC-2030, equipped with a quadrupole QP 2020 NX for mass spectrometry (MS) and a flame ionization detector (FID), in parallel. Quantification of the bio-oil samples was performed using two internal standards, heptadecanoic acid and erucamide, and calculating relative response factors (RFF) based on the effective carbon number [29]. Prior to chromatographic analysis, the bio-oil samples were silylated by adding 150 µL of BSTFA reactant (N,O-Bis(trimethylsilyl)trifluoroacetamide) and pyridine to a 50 mg sample. The derivatization was initially carried out at room temperature for 30 min, followed by 15 min at 60 °C in a water bath and evaporation of the pyridine under a gentle nitrogen flow. Then, the derivatized samples were diluted in 1.5 mL of THF. To complete the composition analysis of the bio-oil, elemental analysis, was carried out using the same method described before for microalgae, mixing it with silica in a 1:1 (mass) ratio to facilitate sampling.
The dried biochar was analyzed for CHNS, by grounding it into a fine powder using a mortar and pestle. Additionally, the nitrogen content of the aqueous phase samples was determined by Kjeldahl analysis.

Process simulation and technoeconomic assessment
With the aim of generating the data for the MFSP, the open-source Aspen Plus model developed by Chen and Quinn was employed [14]. This model is based on the work by Jones et al. and Knorr et al., describing the design of a HTL biofuel production plant [30,31]. In brief, the simulation consists on several sub-processes, including HTL, hydrotreatment, hydrocracking and utilities generation, with FORTRAN-based calculator blocks to customize features such as microalgae feed and composition, HTL products yields, HTL pressure, among others. Therefore, the model was exploited to obtain the heat and material balances of the overall biofuel production required for a TEA. In this study, no microalgal cultivation or upgrading processing data was generated, hence only the initial feed composition and HTL data were taken from the experimental results to generate the information for the TEA, allowing to study the contribution of the HTL stage into the overall economics of the process. The upgrading conditions and cultivation systems corresponded to those proposed by Chen and Quinn and Jones et al., respectively [14,30], and were also adopted for the TEA. 
The economic assessment of the process was performed in an excel file, derived from Chen and Quinn own TEA model [14]. It consisted of a detailed cost estimation which included calculations for the CAPEX (capital expenditures) and OPEX (operating expenditures), as well as the discounted cash flows. The economic and financial assumptions considered in this study are presented in Table 1. Additional information about market prices and utilities costs is presented in Table S1. These were adapted from the original work from Chen and Quinn to match a microalgae-based biofuel plant in Belgium. 
[bookmark: _Ref219452857]Table 1. Description of the primary economic and financial assumptions considered in the TEA.
	Parameter
	Value
	Unit
	Reference

	Evaluation period
	30
	year
	[33]
	Plant lifetime
	30
	year
	[33]
	Discount rate
	15
	%
	[34]
	Tax rate
	25
	%
	[35]
	Depreciation 

	10
	% (linearly over 10 
years)
	Assumption

	Interest loan
	1.47
	%
	[32]
	Equity
	20
	%
	[32]
	Year of analysis
	2022
	
	Assumption

	Annual working hours
	8000
	h/year
	Assumption

	Cost warehouse
	4
	% of FCIa
	[14]
	Cost site development
	9
	% of FCIa
	[14]
	Additional piping
	4.5
	% of FCIa
	[14]
	Pro rata expenses
	10
	% of TDCb
	[14]
	Field expenses
	10
	% of TDCb
	[14]
	Home office and 
construction feed
	20
	% of TDCb
	[14]
	Contingency
	10
	% of TDCb
	[14]
	Other costs
	10
	% of TDCb
	[14]
	Working capital
	5
	% of FCIa
	[33]
	Operators
	5
	For standalone
	Assumption

	Operator annual wage
	44004
	€/year
	[36]
	Shift premium
	23
	% over annual wage
	[37]
	Supervision and 
management
	25
	% of operating labour
	[38]
	Direct salary overhead
	50
	% of operating labour
	[38]
	Maintenance
	3
	% of ISBLc
	[38]
	Property taxes and 
Insurance
	1
	% TDCb
	[38]
	General plant overhead
	65
	% of labour cost plus 
maintenance
	[38]
	Environmental charges
	1
	% TDCb
	[38]

aFCI: Fixed Capital Investment; bTDC: Total Direct Costs; cISBL: Inside the Battery Limits.
Once the relevant energy and mass data for a given condition were introduced, the calculated costs were used to estimate the MFSP following a discounted cash flow rate of return methodology, which determined the biofuel price rendering the net present value for the nth plant null, using an internal rate of 15%. Finally, two different scenarios of areal productivity and facility size were considered in this study to analyze the impact of production scale on the optimization results. A high productivity case, keeping the original 5000 acres (20.2 km2) cultivation facility with a productivity of 17.5 g/m2/d was compared against a 1000 acre (4.04 km2), 10.9 g/m2/d productivity case, seen as suitable productivity and scale for a hypothetical biorefinery with open ponds in smaller countries, such as Belgium [32].
After optimization of the different productivity scenarios, a global (one-at-a-time) sensitivity analysis and an uncertainty analysis were carried out to evaluate the impact of some major techno-economic variables on the estimated MFSP. For the sensitivity analysis, random sampling of the selected TEA parameters (Table S10) from a triangular distribution with a ±15% deviation from the base case values was performed following the Monte Carlo method [39], running a total of 5000 model evaluations. For the uncertainty analysis, uniform distributions were assumed for all the selected TEA parameters considered as inputs, with variation ranges depicted in Table S10 and executing the same number of Monte Carlo simulations.



Results and discussion
0. Characterization of the feedstock
The biochemical and elemental composition of the selected microalgae strain is presented in Table 2, together with representative values reported in the literature for C. vulgaris. In general, the protein content of this strain ranges from 17–63 wt%, while the carbohydrate and lipid contents vary between 8–55 wt% and 4–58 wt%, respectively  [3,40]. Such variability is primarily attributed to differences in culture conditions and harvesting time. For instance, exposure of microalgae to nitrogen starvation, combined with harvesting at different stages before and after nutrient depletion, can significantly alter its biochemical composition [41].
[bookmark: _Ref190440267][bookmark: _Ref218612422][bookmark: _Toc197333300]Table 2. Biochemical and elemental composition of C. vulgaris, compared with values reported in the literature.
	Metabolite
	This work
	[11]	[26]	[27]	[13]

	Biochemical composition [wt%, dry basis]
	
	
	
	
	

	Structural carbohydrates
	17.75
	20.00
	24.3
	27.6
	8.37

	Lipids (as FAME)
	16.86
	12.11
	18.7
	39.8
	23.25

	Proteins
	37.87
	61.05
	54f
	17.6
	51.15

	Polar lipids impuritiesa
	6.76
	n.r.e
	n.r.e
	n.r.e
	n.r.e

	Extractives (sugars)
	18.85
	n.r.e
	n.r.e
	n.r.e
	n.r.e

	Ash
	1.35
	6.84
	3.0
	3.0
	7.0

	Elemental Analysis, wt%
	
	
	
	
	

	C
	47.68
	n.r.e
	48.5
	54.6
	48.9

	H
	7.48
	n.r.e
	7.0
	7.7
	6.6

	N
	7.43
	n.r.e
	8.5
	3.5
	7.6

	S
	n.d. b
	n.r.e
	0.2
	0.2
	0.5

	Oc
	37.41
	n.r.e
	35.0
	28.6
	29.9

	HHVd [MJ/kg]
	21.78
	- 
	20.2
	25.1
	23.2


aIncluding hydrocarbon-based lipids (e.g., sterols, isoprenoid-based compounds) and pigments. bNot detected. cDetermined by difference. dEstimated using Equation 3. eNot reported. fCalculated using a factor of 6.35. 

The biomass employed in this work is characterized by a high protein content (ca. 38 wt%), while the structural carbohydrates and lipids levels are relatively low (~17 wt%). No sulfur was detected in the elemental analysis, suggesting either its absence or that its concentration is below the quantification limit (100 ppm), which is advantageous for biofuel production. As discussed in section 2.3, such composition would imply that a high bio-oil yield could be obtained even at mild temperatures [42]. However, the protein content indicates that the bio-oil will likely contain a significant proportion of nitrogenous compounds. 
The fatty acid (FA) profile of the lipids in C. vulgaris was dominated by saturated and unsaturated aliphatic chains, mainly consisting of 16- and 18-carbon atoms, which make up approximately 42% and 57% of the total FA, respectively. Palmitic acid (C16:0) and linoleic acid (C18:2) were the predominant species, representing about 36% and 33% of the identified FA, respectively. The total share of polyunsaturated fatty acids (PUFA) accounted for up to 60% of the total FA.

Preliminary screening
Effect of reaction conditions on bio-oil yield
The results collected during the preliminary trials are presented in Table 3. The influence of temperature and reaction time on the bio-oil and biochar yields is depicted in Figure 1 and Figure 2. Among the three temperatures tested (260, 300, and 340 °C), the highest yields were observed at 300 °C for most of the trials, especially when moderate or long reaction times were applied (Figure 1). Lower yields at 340 °C could be attributed to excessive decomposition or repolymerization of the bio-oil constituents, leading to the formation of gas and/or biochar, respectively [8,43]. However, the reaction time effect was closely tied to temperature, as it influenced the severity of the pretreatment. At lower temperatures, like 260 °C, longer reaction times were necessary to fully convert intermediary compounds into bio-oil; otherwise, they remained in the biochar, as demonstrated in Figure 2. At this temperature, the bio-oil yield increased over time, from 21% to a maximum of 32% (Figure 1), while biochar yield decreased from 14% to 4%, approximately (Figure 2). Conversely, this pattern did not stand at 300 °C, where a maximum yield of approximately 37 wt% was achieved after 40 min, followed by a decrease at longer times. At 340 °C, bio-oil production stabilized between 33–35 wt%, with higher yields observed at both short and excessively long reaction times. 
With an optimal temperature for completely degrading carbohydrates, proteins, and lipids, the reaction time determines the degree of conversion of these molecules into bio-oil components [7,44]. A short exposure to this temperature might not be sufficient to fully convert the biomass, while longer times could further break down the bio-oil molecules [8,43]. These results agree with previous published studies, which indicate that below 300 °C the primary bio-oil constituents originate from lipid decomposition, while higher temperatures are necessary for the compounds resulting from the degradation of proteins and polysaccharides (and their interactions) to contribute to the bio-oil [44–46].
[bookmark: _Ref216454257]Table 3. Bio-oil yield, O/C ratio, and MFSP obtained under the different conditions evaluated.
	Temperature [°C]
	Time [min]
	Bio-oil yield [%]
	O/C 
[mol/mol]
	MFSPLPa [€/L]
	MFSPHPb [€/L]

	260
	0
	21.44 ± 1.69
	0.1542 ± 0.0252
	12.27 ± 0.51
	3.49 ± 0.12

	
	20
	27.67 ± 1.64
	0.1937 ± 0.0033
	13.30 ± 0.17
	3.60 ± 0.04

	
	40
	31.74 ± 0.40
	0.1505 ± 0.0023
	12.97 ± 0.35
	3.82 ± 0.08

	
	60
	32.42 ± 0.68
	0.1404 ± 0.0074
	13.60 ± 0.36
	4.25 ± 0.08

	
	80
	31.15 ± 1.71
	0.1422 ± 0.0027
	13.98 ± 0.33
	4.64 ± 0.08

	300
	0
	33.97 ± 0.55
	0.2380 ± 0.0044
	11.16 ± 0.11
	3.53 ± 0.03

	
	20
	32.50 ± 2.78
	0.2105 ± 0.0060
	13.24 ± 0.42
	3.90 ± 0.11

	
	40
	36.84 ± 0.94
	0.1746 ± 0.0028
	13.05 ± 0.13
	4.13 ± 0.04

	
	60
	34.64 ± 0.19
	0.2477 ± 0.0250
	13.71 ± 0.04
	4.57 ± 0.01

	
	80
	36.00 ± 1.83
	0.1206 ± 0.0188
	13.82 ± 0.26
	4.86 ± 0.08

	340
	0
	33.02 ± 0.49
	0.2652 ± 0.0012
	14.31 ± 0.01
	4.86 ± 0.01

	
	20
	34.84 ± 1.85
	0.1041 ± 0.0091
	14.02 ± 0.35
	4.54 ± 0.08

	
	40
	34.08 ± 0.17
	0.1061 ± 0.0064
	14.44 ± 0.06
	4.92 ± 0.01

	
	60
	33.87 ± 0.78
	0.0813 ± 0.0033
	14.83 ± 0.07
	5.30 ± 0.02

	
	80
	35.14 ± 0.04
	0.1504 ± 0.0102
	14.98 ± 0.06
	5.59 ± 0.02


aLP: Low productivity scenario. bHP: High productivity scenario.
[image: ]
[bookmark: _Ref190936056][bookmark: _Toc197332944]Figure 1. Effect of temperature and reaction time on bio-oil yield during the HTL of C. vulgaris, as evaluated in the preliminary screening. Temperatures investigated were 260 °C (blue circles), 300 °C (red squares), and 340 °C (green diamonds), with reaction times ranging from 0 to 80 min. Error bars are shown in black.
Although carbohydrates and proteins hydrolyze at milder conditions compared to lipids [47], processes like deamination, decarboxylation, and the Maillard reaction, among other repolymerization mechanisms, are associated with higher activation energies [48,49]. As a result, more severe conditions are required for these degradation products to enhance the bio-oil yield, with some of them instead contributing to the solid or aqueous phase. Ultimately, these results suggested that the optimal temperature and time for maximizing the bio-oil yield during the HTL of C. vulgaris were near 300 °C and 40 min.
[image: ]	
[bookmark: _Ref190936284][bookmark: _Toc197332945]Figure 2. Effect of temperature and reaction time on biochar yield during the HTL of C. vulgaris, as evaluated in the preliminary screening. Temperatures investigated were 260 °C (blue circles), 300 °C (red squares), and 340 °C (green diamonds), with reaction times ranging from 0 to 80 min. Error bars are shown in black.

Effect of reaction conditions on bio-oil quality
The influence of HTL parameters on the bio-oil quality was evaluated by gas chromatography (GC) and elemental analysis. The former provided information about the FA profile and the minority compounds present in the light fraction of the bio-oil, while the latter delivered an overall assessment of the bio-oil. Since small variation were observed for the GC results, the molar oxygen-to-carbon ratio (O/C) was selected as the response variable for the subsequent optimization and is presented in Table 3. Besides detecting no sulfur in any of the samples, a significant reduction in the oxygen content was observed as shown by the O/C (decreased from 0.59 in the microalgae to between 0.08 and 0.27 in the bio-oil). In fact, reaction severity directly impacted the O/C. While higher temperatures (340 °C) with moderate reaction times (20 – 60 min) returned the lowest values, the reaction at 340 °C and 0 min (reactor cooled immediately after reaching the set point) had the highest O/C. For reactions at 300 °C, the ratio decreased with increased reaction time. A similar behavior was observed for the HHV of the bio-oil samples (calculated using eq 3), which is illustrated by Figure S1. It ranged from 31–38 MJ/kg, representing an improvement of approximately 44–76% compared to the initial C. vulgaris. It unveiled an almost linear relationship between the HHV and the O/C ratio, the former improving at lower O/C values. 
On the other hand, the nitrogen-to-carbon ratio (N/C) remained relatively stable between 0.051 and 0.062 regardless of reaction conditions, with the lowest N/C values observed in treatments performed at 260 °C. These results suggest that this parameter cannot be significantly altered by adjusting only the temperature and reaction time, given its modest contribution in the bio-oil. In fact, the majority of the nitrogen present in the microalgae was found in the aqueous phase (approximately 75–80%) among all conditions tested, with the bio-oil accounting solely for 20–23%, as depicted by Figure S2. Recycling this nitrogen into the cultivation stage represents a potential strategy to improve the economics of microalgal production. However, the recycling rate must be carefully controlled due to the potential for growth inhibition caused by organic compounds present in the reactor effluent [50,51]. The impact of this valorization pathway on the economic feasibility is illustrated in section 3.4.4. 
The GC analysis allowed the identification and quantification of the oxygenated and nitrogenated compounds present in the light fraction of the bio-oil (Tables S2 to S4). These consisted predominantly of saturated and unsaturated FA (up to 35 wt%) with chain lengths of 11, 16, 17, 18, and 20 carbon units, with a predominant majority of oleic and linoleic acids, rather than palmitic acid. Moreover, the total content of nitrogenated compounds in the bio-oil ranged from approximately 3 – 9 wt%, with linear amides accounting for up to nearly 7 wt%. The balance is complemented by pyrrolidine derivatives of these long chains, where the amino group was replaced with a pyrrolidine moiety. In addition to FA and nitrogenated compounds, small proportions of monoglycerides (MAG), ethyl esters, and other secondary derivatives such as phytol, neophytadiene, ergosterol, tocopherol, and various products derived from secondary metabolites, FA, or sterols were also identified under different reaction conditions. 
As shown in Figures S4–S6, HTL under severe conditions slightly improves the bio-oil chemical profile prior to upgrading, particularly by reducing the degree of unsaturation and the proportion of pyrrolidine derivatives. These changes may help alleviate hydrotreating requirements, as aromatic heterocycles are more resistant to denitrification than linear amides [52]. Moreover, hydrodenitrification generally requires more severe conditions (~ 400 °C) than hydrodesulfurization, hydrodeoxygenation and even hydrodemetallization, which could be completely achieved under milder conditions (300 – 350 °C) [52,53]. However, direct hydrotreating at such elevated temperatures promotes coke formation, leading to catalyst deactivation and increased hydrogen demand due to more frequent regeneration [53,54]. Given that nitrogenated compounds, particularly aromatic heterocycles, act as coke precursors [54,55], this limitation may be mitigated through sequential hydrotreating in single- or multi-stage fixed-bed reactor, as demonstrated by Haider and co-workers [56]. They reported that performing hydrodemetallization and hydrodeoxygenation with selective catalyst at mild temperatures, prior to hydrodenitrification at 400 °C, significantly reduced coke formation and reactor plugging in both catalytic steps, extending catalyst life and successfully removing contaminant species [56]. 
[bookmark: _Hlk193882368]The quality analysis results suggested that to optimize the quality of the bio-oil, high-severity HTL conditions (340 °C, 20 – 60 min, or higher) should be favored, as it reduces the oxygen content of the bio-oil, hence increasing the HHV, and enhances the overall chemical composition prior to hydrotreating. This underscores the trade-offs inherent in optimizing either production yield or bio-oil composition, as this type of treatment negatively impacts the bio-oil yield, requiring a balance between quality and productivity. 

Effect of reaction conditions on simulated MFSP
The data collected during the HTL experiments were used to simulate a biofuel production facility, under the assumption that batch experimental results could provide sufficiently accurate approximations for continuous-state operation. Although trends observed in batch mode have been reported to remain partially applicable to continuous systems [57], deviations in bio-oil yield and quality are expected and should be addressed in future studies involving continuous HTL [57,58]. For instance, Jazrawi et al. reported that maximum yields in continuous systems can be achieved at short residence times (average time a fluid spends in a control volume) despite batch experiments suggesting longer times [57], which would positively influence the economic outcomes presented herein. These discrepancies are primarily attributed to differences in heating rates and homogenization at large scale, influencing primarily heat and mass transfer [57,59]. Despite these deviations, the utilization of batch, lab-scale data remain widely used during early process development, given their relevance to investigate reaction mechanisms, elucidating kinetics, and identifying key variables for scale-up [60,61]. Although the resulting models must be refined with data from continuous, pilot and commercial scale operations in later development stages [60,62], the methodology and insights derived from this framework remain relevant.  
Accordingly, the mass and energy balances obtained from the simulation were employed to define the input parameters for the TEA applied to each reaction condition, yielding a corresponding MFSP for the two distinct scenarios. As outlined in Table 3, the resulting MFSP values ranged between 11 – 15 €/L and 3.5 – 5.6 €/L for the low (44.1 ton/d) and high (354.1 ton/d) productivity scenarios, respectively. As expected, a substantial reduction in the projected biofuel price was observed when operating at considerably higher production scale. For reference, the average selling price of diesel in Belgium in 2022 was approximately 2 €/L [63], which is markedly lower than the prices obtained under the conditions studied. More competitive biofuel prices have been reported in the literature; however, those studies typically assume substantially larger production scales and higher algal productivities. For instance, Zhu and coworkers reported MFSP values between 2.07 – 7.11 US$/GGE (gasoline gallon equivalent), corresponding to 0.59 – 2.03 €/L, at a production scale of 608 ton/d [64]. Similarly, Jones et al. estimated that an algal productivity of 30 g/m2/d combined with a cultivation area of 10,000 acres (production scale ~1,214 ton/d) would be required to produce renewable diesel from Nannochloropsis sp. at a cost of 4.49 US$/GGE (1.28 €/L) [30]. However, such levels of algal productivity and cultivation area are unlikely to be achieved in European countries such as Belgium due to climate and land availability constraints [32]. Although the MFSP reported in Table 3 remain non-competitive with currently available fossil-derived fuels, they enable the identification of key technical development gaps that must be addressed in these contexts (further discussed in Section 3.4) and underscore the necessity of simultaneously ensuring adequate feedstock supply and market demand for the economic viability of biofuel production facilities. 
Notably, the contrasting plant capacities presented some divergences in how the reaction conditions influenced the MFSP. In the low productivity scenario, the lowest biofuel prices were obtained at 300 °C combined with very short reaction times. For times exceeding 20 min, the MFSP difference between operation at 260 °C and 300 °C became almost negligible. This behavior can be attributed to the higher bio-oil yields achieved at 300 °C, which would offset the additional operational costs associated with maintaining more energy-intensive HTL conditions. Conversely, further increases in reaction temperature resulted in higher MFSP values, indicating that the bio-oil yields were insufficient to compensate for the increased energy demand. Regardless of the temperature, increasing the reaction time caused a mild increment in the biofuel prices. Collectively, these results would suggest that for this scenario, optimal conditions for HTL would be met employing temperatures between 260 – 300 °C. Nonetheless, choosing temperatures close to 260 °C would have an impact on bio-oil quality, implying the need for a compromise to ensure acceptable bio-oil composition.
By contrast, the high-productivity scenario exhibited an opposite trend, wherein the MFSP increased markedly with both reaction temperature and time, despite variations in bio-oil yield. This behavior suggests that the elevated throughput associated with higher flow rates constrains the capacity of enhanced bio-oil production to compensate for increased operational and capital expenditures. Although economies of scale generally reduce specific costs, scaling up production leads to an overall increase in OPEX, partly due to higher absolute energy demand [65]. In addition, the greater volumetric flowrates would noticeably contribute to fixed capital investment, considering that scaling equipment costs often follows exponential trends [66,67]. Under the simulation and TEA assumptions considered, substantial increases in hydrogen demand for hydrotreating, as well as in electricity consumption and enthalpy flows, were observed compared to the low productivity scenario. These conditions also affected heat exchanger design, further increasing CAPEX. Moreover, total direct costs were particularly sensitive to reaction time (assuming residence time as equivalent), owing to its impact on reactor sizing. Consequently, these results suggest that improving process economics under high productivity operation would require the adoption of lower temperatures and shorter reaction times, which in turn would penalize bio-oil yield and oxygen content.
In principle, minimizing the MFSP would be desirable irrespective of bio-oil yield, provided that downstream upgrading processes are capable of delivering a biofuel that meets the required product specifications. However, the present work lacked detailed data on subsequent hydroprocessing stages and final fuel properties and therefore relied exclusively on the process simulation assumptions [14]. Therefore, identifying operating conditions that balance bio-oil yield, quality, and MFSP was deemed essential. Despite these limitations, the adopted framework enabled the explicit identification of reaction conditions that balance bio-oil yield and quality, the evaluation of the economic implications associated with this trade-off, and the assessment of remaining technical gaps that must be addressed to advance microalgae-based biofuel production. This analysis is relevant for both large and small countries, irrespective of land availability constraints.
Multi-response optimization
The results observed during the preliminary screening suggested that optimizing the HTL process for C. vulgaris, under the studied conditions, would require different paths whether the bio-oil yield, the O/C, or the MFSP was selected as the optimization metric. The space evaluated included suitable conditions for maximizing yield, suggesting moderate temperatures (close to 300 °C) and reaction times (around 40 min). Such conditions were also deemed appropriate for minimizing the MFSP under the low productivity scenario, although moving towards lower temperatures (260 °C) and shorter times (0 – 20 min) was advised when the plant capacity was increased in the high productivity scenario. Conversely, those processing conditions were judged detrimental for the bio-oil O/C, which would require high temperature and/or long times (340 °C or higher, under treatments longer than 40 min). Nevertheless, minimizing the O/C during HTL is not completely required although it would reduce the hydrogen consumption during the upgrading processes. Therefore, since it is expected that hydrotreating would further reduce the oxygen and nitrogen content in the bio-oil, modulating the resulting fuel composition and properties, a multivariable optimization using desirability functions was carried out, specifying a lower priority to minimizing the O/C.
[bookmark: _Hlk219471016][bookmark: _Hlk218524635]The first step to optimize the process conditions using desirability functions consisted of fitting second order models for the three response variables. This was achieved by performing additional experiments corresponding to the axial points of a central composite design (CCD) centered at 300 °C and 40 min (Figure S7), and fitting the models’ coefficients by least squares regression. The models obtained for the different scenarios are presented in Table S5. The coefficient of determination (R2) obtained for the models proved to be acceptable, as it explains how well the models describe the variability of the data. The lower value for the O/C is a direct consequence of the elemental analysis, where the oxygen content was determined by difference, increasing the associated noise of this variable. Despite these differences, all models returned suitable residual standard error (RSE), suggesting sufficient accuracy of the predictions. Since the desirability functions rely on prediction accuracy, they can be used for optimization expecting an admissible experimental error, which was validated experimentally. 
[bookmark: _Hlk219471441]The structure of the individual desirability functions is presented in the supporting information. The target values, as well as the lower and upper bounds for each response variable, were defined based on preliminary results and predictions from the individual models, while weights were initially assigned according to the expected trade-off. As noted at the beginning of this section, a linear transformation of the three response variables (r = 1) was considered inadequate to reflect their individual desirability. Moreover, this optimization method implies that values of r greater than 1 would place more emphasis on being close to the target, whereas values between 0 and 1 would turn this less significant [68].  
Consequently, maximization of the bio-oil yield was constrained between 32 – 36 %, with values higher than 36% deemed as equally desirable than its target. A weight r = 0.3 was initially chosen to indicate that it was highly desirable for estimated yields to be above 32%, without unnecessarily forcing them to reach 36%. Correspondingly, minimization of the MFSP was constrained between 13 – 13.5 €/L (low productivity scenario) and 3.5 – 5 €/L (high productivity scenario), using r = 3 to indicate it was very desirable for estimates to decrease rapidly towards the minimization target. Concerning the quality of the bio-oil, although O/C values from 0.11 – 0.30 were considered acceptable, minimization was still coveted to render the best possible quality prior to upgrading processes, yet r = 0.3 was employed to avoid forcing the optimization towards severe conditions which would negatively impact the bio-oil yield and the MFSP. The overall desirability (D) was then calculated using the geometric mean of the individual desirability functions, and maximized to obtain the optimal reaction conditions equilibrating the expected outcomes for the three response variables, according to Derringer and Suich’s technique [28].
The optimization results are reported in Table 4. Maximum overall desirabilities of 0.7639 and 0.6746 were obtained for the low and high productivity cases, respectively, while satisfying all constraints. The numerical value of the desirability itself is of limited relevance, as it mainly identifies the process conditions that maximize the objective function. For a low microalgal productivity, low temperatures (~287 °C) and moderate times (30 min) would be necessary to find a compromise between the response variables, whereas slightly higher temperatures (~304 °C) and shorter times (~12 min) were deemed imperative to balance bio-oil yield and O/C with the lowest MFSP. This divergence highlights the need for a more complete optimization strategy which includes at least one TEA metric, since the technical optimum of a process might not represent the best conditions for economic feasibility. For instance, using the bio-oil yield model in Table S5 to maximize productivity individually, would predict a maximum yield of 36% for the HTL conditions tested at approximately 305 °C and 64 min. Despite the greater yield, MFSP of 13.75 €/L and 4.67 €/L would result from this operating point in both scenarios, clearly higher than the optimal results proposed in Table 4. 
[bookmark: _Ref216856824]Table 4. Predicted optimal conditions and corresponding response variables obtained after multi-objective optimization for both scenarios.
	
	Low productivity scenario
	High productivity scenario

	Predicted reaction conditionsa
	x1 = -0.3182 (287.3 °C)
	x1 = 0.1061 (304.2 °C)

	
	x2 = -0.4950 (30.1 min)
	x2 = -1.4143 (11.7 min)

	Estimated response variables 
	YBOb = 0.3326
	YBOb = 0.3284

	
	O/Cc = 0.1969
	O/Cc = 0.1712

	
	MFSPd = 13.04 €/L
	MFSPd = 3.77 €/L

	Predicted individual desirability
	dYBO = 0.7075e
	dYBO = 0.6258e

	
	dO/C = 0.8324e
	dO/C = 0.8898e

	
	dMFSP = 0.7569e
	dMFSP = 0.5513e

	Predicted overall desirability
	D = 0.7639f
	D = 0.6746f


ax1 and x2 represents coded variables. bYBO stands for bio-oil yield. cO/C stands for the oxygen-to-carbon ratio. dMFSP stands for the minimum fuel selling price. ed stands for individual desirabilities. fD stands for the overall desirability. 
To validate the selection of the weights, a sensitivity test was conducted judging the effect of different values on the overall desirability and the MFSP. The results for the low productivity case are illustrated in Figure 3 and the best 40 data points (out of 125 evaluated) are presented in Tables S6 and S7, ranked by decreasing overall desirability and increasing MFSP, respectively. Maximum desirability values (approximately 0.84–0.88) were obtained for 0 < r < 1 across all response variables; however, these conditions did not correspond to the minimum MFSP. In contrast, minimizing MFSP required assigning greater weight to this response, i.e. applying r > 1. As shown in Table S7, our selected configuration (0.3, 0.3, 3) represents the fifth best MFSP, deviating only by 0.06% from the optimum. Under comparable reaction conditions, our predicted bio-oil yield is 0.71% higher and the O/C ratio is 0.62% lower. Very similar results were obtained for the high productivity case (see Tables S8 and S9), leading to the same conclusion, and therefore are not presented here. Ultimately, the small variations in the predicted best conditions suggested the stability of the optimal point.
In addition to finding the operating points returning the maximal desirability, it was also necessary to evaluate the stability of the optimal point to assess whether small variation in the independent variables would cause abrupt decreases in desirability. As can be concluded by Figure 4, the optimal points are surrounded by flat zones where desirability is not significantly affected by slight fluctuation of the operating conditions. In addition to this, they also illustrate the zones where desirability becomes null, indicating a combination of parameters where at least one of the constraints was not met.
[image: ]
[bookmark: _Ref225179358][bookmark: _Hlk218524831]Figure 3. Contour plot in weight space (r1 vs r2, for three values of r3) for the low-productivity case of the: (a) Overall desirability, ranging from 0.09–0.19 (dark blue region) to 0.87–0.96 (yellow region) and (b) MFSP, ranging from 13–13.05 €/L (black region) to 13.40–13.44 €/L (yellow region). Contours are shown in logarithmic scale.
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[bookmark: _Ref216961219]Figure 4. Contour plot of the predicted overall desirability (D) as a function of temperature and reaction time (natural units). (a) Low-productivity scenario, with D ranging from values below 0.1 (green) to above 0.7 (gray). (b) High-productivity scenario, with D ranging from values below 0.1 (black) to above 0.6 (yellow). The optimal D is indicated by a black dot. Outer white regions correspond to D = 0 (i.e., all constraints not satisfied).
Finally, the models’ prediction accuracy was validated experimentally, by performing HTL reactions at the conditions stated in Table 4. For the low productivity scenario, a yield of 32.35% and a MFSP of 13.35 €/L was achieved, whereas for the high productivity scenario the obtained values were 33.63% and 3.80 €/L, respectively.
Techno-economic analysis of optimal points 
Sensitivity analysis
The sensitivity of the MFSP to the selected variables summarized in Table S10 was evaluated with a global sensitivity analysis. Consequently, the contribution to variance of the MFSP from the most influential parameters is depicted in Figure 5. Undoubtedly, the fuel production rate proved to have the greatest impact on the overall economics, contributing approximately with 21%, regardless of the plant capacity. The similar impact under both scenarios may be attributed to the comparable bio-oil yields obtained after optimization. These results highlight the necessity of improving biomass loading and reactor’s efficiency as strategies to cut production costs. They also emphasize the need to optimize biomass loading, which was not considered in this work, as higher solids content (e.g., 20% TS) has been reported to improve bio-oil yields [30]. However, such conditions may require a different set of operating conditions impacting the overall techno-economic optimization. On the other hand, the fixed capital investment (FCI) was the most significant among major economic variables, with contributions of 12.8% and 11.5% for the low and high productivity cases, respectively. Despite the elevated throughputs of the high productivity case, which required significantly larger equipment, the similar influences of both scenarios could be explained by the optimization strategy of this multi-objective approach, selecting significantly shorter reaction times, reducing the HTL reactor’s size. Another influential economic variable was the discount rate, with contributions of 10.4% and 8.5%, which is consistent with other results reported in literature for microalgal biofuels [15,30].  
The impact of the hydrogen consumption for hydrotreating was also included in the analysis, as it represented approximately 96% of the total hydrogen requirements for both scenarios. Its contribution to variance accounted for 1.3% and 3.8% for the low and high productivity cases, respectively, as did the purchase price of hydrogen (approximately). Similar conclusions can be drawn for the electricity cost and the wastewater flowrate, representing approximately 1.1% and 2.5% and 0.3% and 1.8% for both scenarios, respectively. Noteworthy, the contribution to variance on the MFSP for all of these variables more than doubled for the high productivity case, which can be attributed by the elevated impact of the OPEX for this scenario. 
[image: ]
[bookmark: _Ref226060438]Figure 5. Contribution to variance on the minimal fuel selling price (MFSP) resulting from the global sensitivity analysis. Performed assuming a triangular distribution with ±15% variation from the base case, for the optimized low (blue bars) and high (orange bars) productivity scenarios.

Uncertainty analysis
[bookmark: _GoBack]The results of the uncertainty analysis are illustrated in Figure 6 and Figure 7, representing the distribution of the simulated MFSP obtained for the high and low productivity cases, respectively. The uncertainty analysis indicates that achieving competitive fuel prices under the examined assumptions is highly unlikely in either scenario. Both distributions are skewed toward unfavorable economic outcomes, particularly in the low productivity case. For the high productivity scenario, there is a 90% probability the MFSP falls within 2.7–6.2 €/L, whereas reduced productivity broadens this range to 4.5–9.1 €/L. This wide spread reflects substantial economic uncertainty and a notable risk of high cost outcomes. Reducing uncertainty with the parameters identified by the sensitivity analysis is therefore essential, as they strongly influence the economic risk profile. Additionally, incorporating data from continuous, pilot-scale, and hydrotreatment operations would reduce process uncertainty and improve the robustness of this analysis.
The base case MFSP for the low productivity scenario (≈13 €/L) is considerably higher than the mean value obtained after the uncertainty analysis (≈6 €/L). This suggests that the base case represents a relatively pessimistic parameter combination, while the Monte Carlo simulation samples a broader set of conditions, many of which yield more favorable outcomes. The discrepancy likely arises from nonlinear relationships among key variables and from input distributions that allow performance levels exceeding those assumed in the base case.
[image: ]
[bookmark: _Ref226126217]Figure 6. Distribution of the estimated minimal fuel selling price (MFSP) resulting from the uncertainty analysis for the low productivity case. Histogram (blue bars) is supported by a kernel density estimation (black dashed lines) and the 5% (purple dotted line), 50% (mean, purple solid line) 95% (purple dotted and dashed line) percentiles and the median (purple dashed line).
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[bookmark: _Ref226126220]Figure 7. Distribution of the estimated minimal fuel selling price (MFSP) resulting from the uncertainty analysis for the high productivity case. Histogram (blue bars) is supported by a kernel density estimation (black dashed lines) and the 5% (purple dotted line), 50% (mean, purple solid line) 95% (purple dotted and dashed line) percentiles and the median (purple dashed line).

Impact on hydrogen demand
The impact of the multi-objective optimization framework on hydrogen demand was assessed by comparing both optimized scenarios with single objective strategies based on bio-oil yield, O/C, and N/C ratios. The total hydrogen consumption (including hydrotreating and hydrocracking) for these cases is reported in Table 5. Relative to yield optimization, hydrogen demand was reduced by 4.50% and 2.55% for the low and high productivity scenarios, respectively. Comparable reductions were obtained relative to favorable oxygen-content regimes, amounting to 3.22% and 1.32%. Although the multi-objective optimization framework employs reaction conditions expected to yield a higher oxygen content for both productivity scenarios, the additional hydrogen demand can be explained by the reduced nitrogen content achieved by gentler HTL. As mentioned in section 3.2.2, nitrogen removal during hydrotreating is more demanding than oxygen removal, a predicament that is accentuated by the higher nitrogen content in the microalgal strain used in this study compared to the simulation assumption (approximately 55% higher). This interpretation is supported by the reduced hydrogen uptake observed under favorable nitrogen-content conditions, which would have a reduced N/C, but higher O/C (reference values discussed in section 3.2.2). 
[bookmark: _Ref226018628]Table 5. Comparison of the estimated average hydrogen consumption across different optimization strategies.
	
	Average Hydrogen consumption [kg/h]

	
	Low Productivity Case
	High Productivity Case

	Multi-objective optimization
	7.22
	59.13

	Single-yield optimization
	7.56
	60.68

	% Variationa
	+ 4.50
	+ 2.55

	Best O/C condition (340°C, 60 min)
	7.46
	59.92

	% Variationa
	+ 3.22
	+ 1.32

	Best N/C condition (260°C, 20 min)
	6.87
	55.15

	% Variationa
	- 5.09
	- 7.22


a Calculated using the multi-objective optimization case as the reference. 
Even though these gains are relatively modest, they are derived from simulation-based assumptions and therefore require experimental validation under continuous hydrotreating conditions. Furthermore, the present analysis only captures the influence of the HTL stage on downstream upgrading requirements and does not account for catalyst deactivation, regeneration frequency, or advanced reactor configurations (see Section 3.2.2). Incorporating such factors into the optimization framework would provide a more comprehensive assessment of hydrogen consumption and should be addressed in future research.  

Impact of nitrogen recycling from the HTL aqueous phase
Although a full TEA of the cultivation stage was not included in the scope of this work, the impact of nutrients reduction on the economics of the process was preliminarily investigated by evaluating the amount of ammonia (indicated as ammonia credits in the TEA) that could be recycled back to the open ponds. The analysis also considered the savings in fresh water by establishing a recycling ratio, accounting for dilution limitations due to inhibition effects on growth. Therefore, a conservative ratio of 1/25 (4% in mass) was selected based on literature results [50]. The content of nitrogen in the aqueous phase was studied from 0.63 – 0.81 wt%, matching the results obtained during the preliminary trials. The impact of this savings on the variable operating costs and the MFSP are presented in Table 6. 
[bookmark: _Ref226104838]Table 6. Comparison of operating costs and estimated MFSP upon recycling of nitrogen available in the aqueous phase from the HTL stage.
	
	Variable Operating cost [M€]
	MFSP [€/L]

	
	Low Productivity Case
	High Productivity Case
	Low Productivity Case
	High Productivity Case

	
	Low N-content
	High N-content
	Low N-content
	High N-content
	Low N-content
	High N-content
	Low N-content
	High N-content

	No recycling
	2,03
	2,03
	9,67
	9,67
	13.06
	13.06
	3.79
	3.79

	Recycling (1/25)
	2,00
	2,00
	9,42
	9,39
	13.04
	13.04
	3.77
	3.76

	% Reduction
	1.52%
	1.68%
	2.57%
	2.84%
	0.15%
	0.15%
	0.53%
	0.53%



Although the impact of the recycled nitrogen was not found to be very significant, it is worth noting that it only accounts for savings in ammonia while reductions in both carbon and phosphorus sources were not considered and would further contribute to reductions in the operating costs. On the other hand, these results rely upon a very small recirculation ratio, based on laboratory results at small scale, whereas the ability of microalgae to grow in recycled mediums at larger scale must be validated to assess a more accurate dilution coefficient. Ultimately, identification and removal of the inhibitory compounds would aid to increase the recycling ratio. 

Future prospects 
The higher costs of these renewable biofuels compared to their fossil counterpart only reflect the early development stage of this technology, although the results show that they will eventually benefit from scaling up production. As evidenced in this study, the cost of algal biomass dominates the fuel price, as cultivating microalgae more efficiently (higher areal productivity) is critical to cut costs [41]. The gap between this scenario and the current market prices must be closed addressing the technical barriers of the overall process. Using waste CO₂ or wastewater-grown algae (at effectively zero feedstock cost) can drastically reduce overall fuel price [69]. For example, Juneja and Murthy reported a MFSP of 6.62 US$/GGE (1.66 €/L) growing C. vulgaris on wastewater and achieving a productivity of 25 g/m2/d [70]. Likewise, improving reactor design to increase biocrude yield at low severity reaction would reduce operating costs, while the capital investment could be offset by allowing higher biomass loading. This would be achieved by improving heat transfer and operating parameters such as the liquid hourly space velocity (LHSV) [14,31]. The aqueous phase that is not recirculated to culture for nutrients recovery must be valorized as a co-product or for in-situ energy generation to improve process economy [14]. In the meantime, processing biocrude in existing petroleum infrastructure, instead of direct processing would provide a temporary solution to reduce emissions and improve economics [30].
In the case of land-restricted countries, where such production capacities cannot be matched using open ponds, the development of cost-effective photobioreactors (PBR) should be evaluated as an alternative solution, although under specific conditions. PBR can achieve higher yields per area, allow for better process control and reduce the risks of losses and water evaporation, at the expense of superior energy requirements (mainly for mixing and temperature control) and capital investment [71,72]. The electricity demand could be reduced by coupling culture with locally generated renewable energy or valorizing the residual aqueous phase, while the steeper investment in infrastructure might be compensated by an upscaled production. Nevertheless, reaching the required capacity under the conditions of this study would still be a limitation. For instance, Perez-Lopez et al. reported optimal productivities of 19.4 g/m2/d cultivating Nannochloropsis sp autotrophically in vertically stacked PBR at pilot scale in the Netherlands [73]. A slightly higher productivity of 24.4 g/m2/d was reported by De Vree and coworkers in the same facility using flat panel PBR [74]. To reach a dry weight capacity of 14,750 kg/h (as for our high productivity case) with their conditions, land extensions between 1825 – 1450 ha would be required, which is not feasible in these countries. Growing microalgae heterotrophically coupled with lipid accumulation could reduce the required throughput by increasing the bio-oil yield and fuel production rates. Moreover, integrating wastewater and other waste streams as nutrients and carbon sources, respectively, could decrease the economic burden associated to cultivation, but it must be supported by a detailed technoeconomic analysis. Unfortunately, there is a lack of sufficient experimental data from studies on pilot, demonstration and full-scale PBRs for fuel applications integrating these alternatives, which constitutes a research gap hindering the development of this pathway [73]. 
The results presented here also depend on the microalgae composition as selecting a different strain can significantly change process economics by altering bio-oil yield, composition and processing needs in general. Regardless of the cultivation system and strategy, the nutrients requirements, growth rate and resulting composition would differ based on the algal species. Comparing high lipids and high protein strains, higher lipid content increases fuel yield per biomass but can reduce growth rate, so net costs may not vary significantly [75]. However, high protein biomass produces more nitrogen‐containing products during HTL, requiring more hydrogen during upgrading stages, raising operating costs. Alternatives such as two-stage cultivation systems (targeting maximal growth followed by lipid accumulation via stress) or low-temperature processing prior HTL for nitrogen removal offer technical solutions to these strain-related barriers, but they must also be supported by a favorable TEA [44,76].

Conclusions
[bookmark: _Hlk219106088]This work addressed the optimization of reaction parameters for the HTL of microalgae using a multi-objective approach, enabling the identification of a cost-effective trade-off between bio-oil yield and quality. In addition, it revealed the influence of production scale on the optimization strategy, yielding distinct optimal conditions to offset increased operational and capital costs. For the low productivity scenario, optimal conditions of 287 °C and 30 min were identified, whereas 304 °C and 12 min were obtained under high productivity conditions. These regimes resulted in MFSP reductions of 5.16% and 19.27%, respectively, compared to single-objective optimization based on bio-oil yield. Overall, these findings underscore the importance of integrating technoeconomic assessment with process optimization when evaluating the viability of HTL systems.
Under the studied conditions, substantial economic uncertainty remains, with a significant risk of high-cost outcomes in both scenarios, particularly under low productivity conditions. Beyond reducing cultivation costs, the sensitivity analysis of technoeconomic parameters identified increased fuel production rates and reduced fixed capital investment as key levers to improve process viability. Given that biofuel prices are largely driven by biomass costs, efficient microalgae cultivation is critical for industrial deployment. In regions with limited land availability, the development of photobioreactor technologies is therefore essential to achieve production levels comparable to those of open-pond systems. Regardless of the development approach, increasing the availability of continuous, pilot- or demonstration-scale data would be required and must be the focus of future research. 
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