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Greenhouse gas (GHG) emissions from human activity have triggered serious environmental issues related to climate change. One important strategy to attenuate such effects is to reduce GHG emissions with renewable energy routes such as biomass fast pyrolysis. Biomass refers to non-fossilized and biodegradable carbonaceous materials, which have several advantages, including renewability, high carbon content, and broad worldwide availability. Some of the most promising feedstocks are lignocellulosic biomass and algae, with the former yielding products with high energy density and the latter requiring lower energy input to be pyrolyzed. Therefore, the co-pyrolysis of both feedstocks offers a compelling pathway for future bioenergy value chains. In this context, this work developed, in Aspen PlusTM, a simulation of the co-pyrolysis of lignocellulosic biomass (eucalyptus, EU) and algae (Gelidium amansii, GE, and Ulva lactuca, UL), aiming to analyze synergistic effects of combining both feedstock sources and study process parameters. The simulation was run at different temperatures (450–550 °C) and GE-EU or UL-EU blending proportions (0–100 wt%). The results show that increasing pyrolysis temperatures had small effects on the pyrolytic yields and product compositions, while the feedstock type increased bio-oil yields, higher heating values (HHV), densities, and O/C ratios in the order of UL < EU < GE. Blending EU to either GE or UL produced significant differences, as UL has much higher ash content than GE. In the GE-EU mixtures, increasing the GE proportion resulted in higher bio-oil yields, densities, HHV, and oxygen contents. In the UL-EU counterparts, higher UL proportions led to increased char yields due to the high UL ash contents. This study shows how different mixtures of algae and lignocellulosic biomass can be explored, aiming at enhancing bio-oil yields and quality. 
Introduction
Human activities, particularly the emission of greenhouse gases (GHGs), are driving a significant increase in global temperatures beyond pre-industrial levels. The main strategy to halt global warming is to reduce GHG emissions, which predominantly originate from the combustion of fossil fuels to meet the ever-increasing global energy demands (UNFCCC, 2023). In this context, biomasses have great potential as renewable energy sources due to their energy-dense composition and broad worldwide availability. Biomass refers to non-fossilized, biodegradable carbonaceous materials, obtained directly or indirectly from photosynthesis. Biomass covers a variety of sources, including forestry and agricultural residues, algae, and municipal solid wastes (Brandt et al., 2013).
Lignocellulosic biomass is the most abundant plant material on Earth and, therefore, available in large quantities. It is characterized by the presence of lignocellulose, which is composed of carbohydrates, lipids, proteins, and extractives. These components form three primary polymers: cellulose (38-50%), hemicellulose (23-32%), and lignin (15-25%) (Brandt et al., 2013). On a different biological reign, algae are a highly diverse group of organisms, and their compositions are of particular interest to the bioenergy sector, especially their lipid-rich content, which may be desirable for biofuel production (Chakraborty and Dunford, 2024).
Among the possible biomass conversion routes, thermochemical processes such as fast pyrolysis (FP) have emerged as sustainable and energy-efficient technologies. FP is the thermal decomposition of biomass at high temperatures (around 500 ºC) in the absence of oxygen and at low residence times (typically less than 2 s), rendering a carbon-rich liquid called bio-oil, as well as solids (char) and gaseous products (Motta et al., 2024a). FP products are highly dependent on the feedstock. For instance, the FP of macroalgae requires lower energy input, as it undergoes pyrolysis at temperatures ranging from 300 to 550 ºC. Due to the high nitrogen content of algae (up to 10 wt%), the resulting bio-oils tend to have elevated nitrogen levels and lower oxygen content. On the other hand, the FP of lignocellulosic biomass requires higher energy input and results in bio-oils with higher outputs, greater heating values, and lower nitrogen-containing species. Therefore, considering the perks of each feedstock, combining lignocellulosic biomass and algae represents a promising strategy to reduce the energy required for pyrolysis while producing bioproducts with improved thermochemical properties: higher yields, greater heating values, and lower polluting N-species. In summary, the co-pyrolysis of algae and lignocellulosic biomass may enhance the overall pyrolysis process and overcome the limitations associated with each feedstock when used individually (Fakayode et al., 2020).
This work developed the simulation of a co-pyrolysis reactor in Aspen PlusTM, aiming to represent the phenomena involved in the co-pyrolysis of algae and lignocellulosic biomass and predict product yields and compositions. A sensitivity analysis was conducted to evaluate the effects of temperature, algae-biomass blending ratios, and algae composition on the resulting products. This work aims to be a reference for future studies on the co-pyrolysis of different algae sources and lignocellulosic feedstocks, contributing to the sustainable use of algae in bioenergy applications.
Methods
Feedstock composition 
The feedstocks used in this work were the lignocellulosic biomass eucalyptus (EU) and the algae Gelidium amansii (GE) and Ulva lactuca (UL). EU was selected due to its wide availability and low ash content. GE and UL are red and green algae, respectively, and these algae were chosen to evaluate the effect of different algae species. Thus, the combinations between EU and two species of algae enable the investigation of algae composition and possible synergistic effects. Table 1 shows the treated compositions of the three feedstocks.
Table 1: Compositions of the feedstocks of the study.
	Eucalyptusa
	Algae
	Gelidium amansii
	Ulva
Lactuca

	Proximate analysis
	Lignocellulosic analysis

	Moisture content (wt%)
	6.4
	Volatiles (wt%, db)
	80.6
	Cellulose (wt%)
	24.1c,d
	9.1g

	Fixed carbon (wt%, db)b
	17.8
	Ash (wt%, db)
	1.6
	Hemicellulose (wt%) 
	45.1c,d
	19.5g

	
	
	
	
	Lignin (wt%)
	0c
	5.1g

	Ultimate analysis
	
	
	
	Extractives (wt%)i
	17.5c
	10.8g

	C (wt%, db)
	49.5
	N (wt%, db) 
	0.2
	Ash (wt%)
	3.2e
	45.4h

	H (wt%, db)
	5.8
	S (wt%, db)
	0.0237
	Moisture content (wt%)
	10.0f
	7.2h

	O (wt%, db)b
	42.8
	Cl (wt%, db)
	0.121
	
	
	

	Ash (wt%, db)

	1.6
	
	
	
	
	

	Lignocellulosic analysis 
	
	
	
	
	

	Cellulose (wt%, daf)
	44.08
	Lignin (wt%, daf)
	24.9
	
	
	

	Hemicellulose (wt%, daf)
	24.02
	Extractives (wt%, daf)b
	7.0
	
	
	


[bookmark: _Hlk186125139]db: dry basis; daf: dry and ash free; aPienihäkkinen et al. (2022); bby difference; cFakayode et al. (2023); dIstianah et al. (2024); eWi et al. (2009); fassumed to be 10%, as it is common value for biomass; gYaich et al. (2015); hFarobie et al. (2024); i17.29% of lipids and 0.25% of proteins, UL: 5.7% of lipids and 8.0% of proteins.

The composition of EU was reported in the work of Pienihäkkinen et al. (2022), consisting of proximate, ultimate, and lignocellulosic analysis. As for the algae, their composition is usually characterized by their carbohydrate, lipid, protein, and ash contents, as exemplified in the study of Fakayode et al. (2023). However, this approach does not adequately meet the requirements of pyrolysis kinetic equations, based on lignocellulosic components (Ranzi, Debiagi, and Frassoldati, 2017). Also, the algae composition must include ash and moisture contents. To obtain the lignocellulosic contents of the algae, several studies were evaluated, and assumptions were made to ensure the algae composition contained cellulose, hemicellulose, lignin, extractives, ash, and moisture.
In the case of GE, carbohydrate, lipid, and protein contents were collected from the work of Fakayode et al. (2023) and normalized to 100%, representing the composition on dry and ash-free bases. The carbohydrate content was then divided into cellulose and hemicellulose based on the proportion of such components reported in the work of Istianah et al. (2024). Proteins and lipids were categorized as extractives and modeled as tannins (TANN) and triglycerides (TGL), respectively, which are model compounds defined by Ranzi, Debiagi, and Frassoldati (2017). Finally, as the algae also contains ash and moisture, the composition of GE was normalized to include the ash and moisture shares in the composition. Ash content (dry basis) was collected from Wi et al. (2009) and moisture content was assumed to be 10%.
Concerning UL, cellulose, hemicellulose, lignin (assumed as the total fiber concentrate), and extractives (sum of proteins and lipids) were available in the work of Yaich et al. (2015) and normalized to 100% (dry and ash-free basis). Similar to the case of GE, ash (dry basis) and moisture were also included, collected from the work of Farobie et al. (2024). 
Simulation in Aspen PlusTM
The algae-EU co-pyrolysis simulation was built in Aspen PlusTM v.10 (see flowsheet in Figure 1) by integrating thermodynamic models and FP kinetic equations. The primary FP kinetic phenomena involve the conversion of cellulose, hemicellulose, lignin, and extractives into intermediate lignocellulosic compounds, which subsequently form products such as levoglucosan, char, C5–C6 tar, and other decomposition byproducts. All lignocellulosic species were represented by model compounds composed of carbon, hydrogen, and oxygen, with their structures defined by Ranzi, Debiagi, and Frassoldati (2017).
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Figure 1: Simulation flowsheets: a) fast pyrolysis; b) product recovery.
To apply the FP kinetic models, the feedstock composition input must include cellulose, hemicellulose, three types of lignin (lignin compounds, either rich in carbon, hydrogen, or oxygen), and two extractive compounds (TANN and TGL). For EU, a SOLVER tool in MS Excel using the LP Simplex method was used to determine the contents of the lignocellulosic model compounds. The SOLVER tool performs elemental and mass balances between the ultimate and lignocellulosic analyses of Table 1, as described elsewhere (Motta et al., 2023). For the algae, the lignocellulosic contents reported in Table 1 could be directly used, being represented by the model compound of lignin rich in oxygen.
Several assumptions were made in the simulation. The pyrolyzer was modeled under steady-state and isothermal conditions, with heat losses and effects of feedstock particle size and density not considered. The thermodynamic models employed were Peng-Robinson with Boston-Mathias modifications (PR-BM) for co-pyrolysis and NRTL for product recovery, encompassing separate bio-oil, char, and gas streams.
In the co-pyrolysis flowsheet (Figure 1a), EU was inserted as a nonconventional stream (stream BIOM) at 25 °C and 1 atm. The GE and UL streams (streams GELIDIUM and ULVA, also at 25 °C and 1 atm) had nonconventional and conventional substreams to account for the presence of ash (nonconventional) and all other species (conventional), following the composition reported in Table 1. The RYield reactor R-DEC converts the nonconventional stream BIOM into its lignocellulosic analysis, generating the stream BIOMDEC. The latter, along with algae (either the stream GELIDIUM or ULVA) and nitrogen (stream N2-HOT), is then sent to the RCSTR reactor RKINETIC (450-550 ºC,1 atm), which performs the co-pyrolysis process using kinetic equations. The stream PROD, coming from the RKINETIC block, then enters the RStoic reactor R-IMPUR to simulate the formation of sulfur and nitrogen compounds, generating the stream PRODUCTS.
The stream PRODUCTS then are directed to the product recovery flowsheet (Figure 1b) to be separated into bio-oil, char, and gas streams. The recovery is composed of a cyclone (SEP block CYCLONE), a direct-contact condenser (QUENCH), and two condensers (CON-1 and SEP-1, CON-2 and SEP-2). The bio-oil, char, and gas yields were calculated by dividing the mass flows of streams BIO-OIL, CHAR-1, and GASES-2 (excluding nitrogen mass flow) by the mass flow of BIOM, respectively. 
Evaluated scenarios
This work evaluated the effect of temperature, algae-EU blending ratios, and algae species on product yields and quality. In the case of temperature, the simulation was run at 450 ºC, 500 ºC, and 550 ºC and using the pure feedstocks (without blends) to assess the individual effect of temperature, resulting in nine main scenarios. As for the blending ratios, different mixtures of EU and algae at different algae proportions were considered: 0.0, 0.2, 0.4, 0.6, 0.8, and 1.0, referring to feeds with 0, 20, 40, 60, 80, and 100 wt% of either GE or UL in the blend, respectively. As six blending ratios were adopted for either GE-EU or UL-EU mixtures, 12 main scenarios were run. The co-pyrolysis cases at different algae proportions enable the evaluation of potential synergistic effects between lignocellulosic biomass and algae, as well as the influence of higher lignin and ash contents, as UL has higher amounts of both components. All scenarios were run via a sensitivity analysis, set up to provide the effects of the parameters on more than 150 variables (mass flows of main streams, mole flows of bio-oil, char, and gas components), and further treated to provide yields and compositions.
[bookmark: _Hlk495475023]Results and discussion
Table 2 presents the yields and higher heating values (HHV) of the bioproducts obtained from the FP of pure feedstocks at 450 ºC, 500 ºC, and 550 ºC. The results indicate that higher temperatures consistently enhanced the yields of bio-oil and gases, while the char yields decreased with temperature rise. This trend can be attributed to the decomposition and cracking of larger molecules at elevated temperatures, which may remain in the gas phase or condense into liquid bio-oil, decreasing the char yield. It should also be noted that higher temperatures influenced the bioproduct properties to a small extent: all properties increased slightly, except for the bio-oil moisture content.
Table 2: Yields and properties of bioproducts from the FP of the pure feedstocks
	Parameter
	450 ºC
	500 ºC
	550 ºC

	
	EU
	GE
	UL
	EU
	GE
	UL
	EU
	GE
	UL

	Ybio-oil (wt%)
	50.1
	55.9
	34.4
	51.8
	57.5
	35.0
	52.9
	58.6
	35.2

	Ychar (wt%)
	30.4
	22.0
	54.7
	27.2
	19.9
	53.8
	24.7
	17.9
	53.0

	Ygases (wt%)
	19.5
	22.1
	10.9
	21.0
	22.6
	11.2
	22.4
	23.5
	11.7

	HHVbio-oil (MJ/kg)
	33.5
	36.2
	30.6
	34.0
	36.5
	30.9
	34.2
	36.7
	31.0

	ρbio-oil (kg/m3)
	1094.4
	1129.6
	1072.1
	1097.0
	1132.3
	1074.0
	1096.8
	1132.9
	1074.2

	MCbio-oil (wt%)
	22.7
	25.5
	27.0
	22.0
	24.8
	26.6
	21.8
	24.4
	26.5

	H/Cbio-oil
	1.565
	1.447
	1.529
	1.574
	1.451
	1.534
	1.586
	1.456
	1.540

	O/Cbio-oil
	0.526
	0.621
	0.456
	0.536
	0.623
	0.463
	0.544
	0.625
	0.467

	HHVchar (MJ/kg)
	49.4
	42.6
	44.8
	50.2
	42.5
	45.0
	51.6
	43.7
	46.3



Table 2 also provides a comparative analysis of the yields and properties of bioproducts derived from each feedstock. Across all temperatures, the FP of GE yielded the highest bio-oil yields and HHV, densities, and O/C ratios, while utilizing UL as a biomass source rendered the highest char yields and bio-oil moisture contents. Conversely, the use of EU resulted in chars with the highest HHV. These results can be attributed to the feedstock compositions: EU and GE comprise ~70% of cellulose and hemicellulose, which decompose and condense into bio-oil. On the other hand, UL has the highest ash content of all feedstocks (as shown in Table 1), significantly contributing to char formation.
Figure 2 shows the product yields and bio-oil properties (density, HHV, moisture content, H/C and O/C ratios) obtained in the co-pyrolysis simulation with feedstocks containing 0–100 wt% of either GE or UL and at 500 ºC.
Figure 2a shows that increasing the GE proportion increased the bio-oil yield, while char formation decreased, which occurred due to GE not having lignin, which would decompose into char (among other molecules), as described by Ranzi, Debiagi, and Frassoldati (2017). Figure 2b, on the other hand, shows that increasing UL proportion increased char formation, which was expected due to UL having a significantly higher ash content than EU. As a result, bio-oil and gas yields decreased in the UL-EU co-pyrolysis at increasing UL contents.
[bookmark: _Hlk186156456][bookmark: _Hlk186156299]Figure 2c shows that increasing the GE proportion led to a slightly denser bio-oil. This could be explained by a higher content of sugar-like molecules derived from hemicellulose, such as xylan (Motta et al., 2024b), as well as the higher bio-oil oxygen content (Motta et al., 2023), denoted by the increasing O/C ratios and decreasing H/C ratios shown in Figure 2e. The increasing HHV can be attributed to higher content of extractives in the GE-rich samples, which have been correlated to higher bio-oil HHVs (Motta et al., 2023). 
[bookmark: _Hlk186157410]Figure 2d shows that increasing UL proportion decreased density and HHV. These occurrences can be explained by the lower cellulose and hemicellulose contents in UL compared to EU, which tend to form bio-oil with fewer sugar-like molecules, decreasing O/C ratios, as shown in Figure 2f. Furthermore, Figures 2c and 2d show that increasing algae proportion increased moisture content in the resulting bio-oils, attributed to the higher moisture content of both algae when compared to EU.
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 [image: ] [image: ]    [image: ] [image: ]Figure 2: Simulation results by algae/EU ratio: product yields for GE (a) and UL (b); bio-oil properties for GE (c) and UL (d); bio-oil H/C and O/C ratios for GE (e) and UL (f).
Conclusions
[bookmark: _Hlk186205383][bookmark: _Hlk186158846][bookmark: _Hlk186159400]The present work developed a simulation of the co-pyrolysis of eucalyptus and algae (namely: Gelidium amansii, and Ulva Lactuca). The co-pyrolysis simulation was developed in Aspen PlusTM using kinetic equations to model the pyrolysis behavior of both EU and algae. A sensitivity analysis was performed to analyze the effects of co-pyrolysis temperature, algae proportion, and algae type on the pyrolytic product yields and quality. In the pyrolysis of pure feedstocks, increasing temperatures had small effects on the pyrolytic yields and product compositions. The feedstock type, on the other hand, had significant effects, increasing bio-oil yields, higher heating values (HHV), densities, and O/C ratios in the following order: UL < EU < GE. In the study of the blending ratios of the GE-EU and UL-EU mixtures, the algae type also had significant effects due to differences in the algae composition. Increasing the GE proportion resulted in higher bio-oil yields with higher density, HHV, and oxygen contents. Alternatively, increasing the proportion of UL led to higher char yields due to its high ash content, while the yield and O/C ratio of the resulting bio-oil decreased. This study showed that kinetic-based pyrolysis simulations are interesting options for studying the use of algae as a renewable energy source, serving as a starting point for the design of co-pyrolysis processes with either GE-EU or UL-EU mixtures or blends with other residues.
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