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Abstract

:

Hydrothermal liquefaction can directly and efficiently convert wet biomass into biocrude with a high heating value. We developed a continuous hydrothermal liquefaction model via Aspen Plus to explore the effects of moisture content of Chlorella, reaction pressure and temperature on thermodynamic equilibrium yields, and energy recoveries of biocrude. We also compared the simulated biocrude yield and energy recoveries with experiment values in literature. Furthermore, vertical and horizontal transportation characteristics of insoluble solids in Chlorella were analyzed to determine the critical diameters that could avoid the plugging of the reactor at different flow rates. The results showed that the optimum moisture content, reaction pressure, and reaction temperature were 70–90 wt%, 20 MPa, and 250–350 °C, respectively. At a thermodynamic equilibrium state, the yield and the energy recovery of biocrude could be higher than 56 wt% and 96%, respectively. When the capacity of the hydrothermal liquefaction system changed from 100 to 1000 kg·h−1, the critical diameter of the reactor increased from 9 to 25 mm.
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1. Introduction


Increasing global energy demand leads to the excessive consumption of fossil fuels and causes serious environmental pollution problems. Fuel from biomass has attracted wide attention for its renewability, sustainability, and low net CO2 emissions from a life cycle perspective [1]. Hydrothermal liquefaction (HTL) is a typical thermochemical conversion process with water involved in reactions under sub-critical conditions [2]. It could convert macromolecules in biomass into biocrude through complex reactions, such as depolymerization, bond breaking, rearrangement, and decarboxylation [3]. HTL can utilize the fat, as well as the full components in biomass. It also has the advantages of avoiding the energy-intensive drying process by directly treating wet biomass [4]. Biocrude produced from HTL presents a high heating value and great potential to solve an energy crisis.



Previous studies on HTL research focused on the influence of biomass type, temperature, time, biomass concentration, catalyst, reaction media, and recovery solvent on biocrude yields and properties [5,6]. However, HTL experiments were usually performed with batch apparatus, and studies on continuous HTL systems were few [7]. Aspen Plus has many reaction modules such as RStoic, RYield, and RGibbs, which can be used for the analysis of a continuous HTL system. With Aspen Plus, Hansen et al. [8] developed a conceptual HTL flow sheet with an electrofuel system to recover the carbon in aqueous phase and gaseous by-products, and the total carbon efficiency was estimated as 84.8%. Lozano et al. [9] established a HTL process of wood with the aqueous phase recirculated and explored the duties of the reactor and heat exchanger. Ong et al. [10] analyzed a 2000 t·d−1 HTL process of pine and estimated the operating cost of the system. Hoffmann et al. [11] simulated a combined HTL and upgrading process of 1000 kg·d−1 manure, and the energy recovery of biofuels could reach 62–84%. However, biocrude yields in the above studies were all assumed by experimental results and simulated with a yield reactor in Aspen Plus. The change of biocrude yield under different operating conditions cannot be clarified from a thermodynamic perspective.



The above research gaps motivate this study on developing a continuous HTL system by Aspen Plus to investigate the influences of operation conditions (biomass moisture content, pressure, and temperature) on biocrude yield and its energy recovery and to obtain optimum reaction conditions thermodynamically. In addition, the blockage problem of reactor limits the development of continuous HTL systems, and determination of the reactor diameter is crucial [12]. Different from prior studies, which determine the reactor diameter by either experiments [13] or computational fluid dynamics [14], this work will theoretically obtain the reactor diameters at different flow rates by analyzing the transportation characteristics of insoluble solids in biomass.




2. Process Design


2.1. Materials


Feedstock of HTL mainly includes microalgae, agricultural and forestry biomass, manure, and sludge. Thereinto, microalgae are cost-effective raw materials with the advantages of growing in an aquatic environment, not occupying land, and having a superior carbon fixation rate, excellent photosynthesis efficiency, and high lipid content. As a typical species of algae, Chlorella has a fast growth rate and can undergo some inhibitory components including nitrogen-containing heterocyclic substances and phenols [15]. Therefore, Chlorella was chosen as the feedstock for the HTL system. Table 1 summarizes the proximate and ultimate analyses of Chlorella [16].




2.2. Process Flow Sheet


The flow sheet for continuous HTL of Chlorella was simulated by Aspen Plus V8.0 (see Figure 1) based on the Gibbs free energy minimization method. The initial mass flow, moisture content, temperature, and pressure of Chlorella were supposed as 100 kg·h−1, 80 wt%, 25 °C, and 0.1 MPa, respectively. The biocrude was modeled as a mixture of palmitic acid and phenol [11]. This composition was based on the GC-MS analysis of biocrude because palmitic acid was generally the most abundant compound in biocrude while most cyclic oxygenates have the structure of phenol [17]. The Soave–Redlich–Kwong equation was applied to define the physical property of the model compounds in Aspen Plus. For non-conventional components such as Chlorella and ash, HCOALGEN and DCOALIGT models in Aspen Plus were applied to calculate their enthalpies and densities through their proximate and ultimate analyses.



In Figure 1, Chlorella (ALGAE) and water (H2O) were mixed in a mixer (MIXER) and pressurized by a pump (PUMP). After pressurization, the stream was heated to the reaction temperature by a preheater (HEATER). The reaction pressure and temperature were initially set at 20 MPa and 350 °C, respectively. Afterwards, the mixed stream was decomposed into conventional components including C, H, O, N, S, H2O, and ASH in a yield reactor (RYIELD) and entered a Gibbs reactor (RGIBBS) to produce biocrude (palmitic acid and phenol), syngas (H2 and CO), and other gaseous products via HTL reaction. Thermodynamic equilibrium compositions of HTL products were calculated based on the Gibbs free energy minimization principle in Aspen Plus. After HTL reaction, the stream was cooled down and depressurized to ambient conditions (50 °C and 0.10 MPa). Products from COOLER and VALVE subsequently entered a component separator (SEP) to obtain the oil phase (BIOCRUDE), water phase (WATER), solid phase (SOLID), and gas phase (GAS). Finally, the influences of moisture content of Chlorella, pressure, and temperature on yields and energy recoveries of biocrude were explored by the sensitivity analysis tool in Aspen Plus.




2.3. Data Analysis


Yields of palmitic acid, phenol, and biocrude were calculated by Equation (1).


   Yield   ( wt % ) =     mass   of   palmitic   acid ,   phenol   or   biocrude       mass   of   the   dried    C h l o r e l l a   ×  100 %   



(1)







Energy recoveries of biocrude were formulated by Equation (2). Higher heating values of palmitic acid, phenol, and Chlorella were 38.91, 32.45, and 20.47 MJ·kg−1, respectively.


   Energy   recovery   ( % ) =     flow   rate   of   palmitic   acid  ×  HHV   of   palmitic   acid + flow   rate   of   phenol  ×  HHV   of   phenol       flow   rate   of    C h l o r e l l a ×  HHV   of    C h l o r e l l a   ×  100 %   



(2)









3. Results and Discussion


3.1. Effect of Moisture Content


Figure 2 displays the impact of moisture content of Chlorella on the biocrude yield and its energy recovery at 350 °C and 20 MPa. As shown in Figure 2a, despite the fact that the simulated biocrude yields were all higher than the experimental values from HTL of Chlorella [18,19], their general variation trends were similar. The simulated biocrude yield changed little as the water content of Chlorella ascended from 70 to 90 wt%. It reached a small peak of 55.5 wt% with 80 wt% water content. When the moisture content exceeded 95 wt%, a considerable decrease in the biocrude yield was observed. The change trend of phenol was similar to that of biocrude, and the peak yield also appeared at 80 wt% moisture content. In comparison, the yield of palmitic acid reached a valley value at 80 wt% moisture content, and then slowly increased. When the moisture content exceeded 95 wt%, the yield of palmitic acid also decreased rapidly.



Similar to the yield, the simulated energy recovery of biocrude in Figure 2b also kept stable as the water content of Chlorella ranged from 70 to 90 wt% but significantly decreased with the water content higher than 95 wt%. This downward trend with moisture content higher than 95 wt% was consistent with Jazrawi et al.’s experimental data [19] (see the dashed line in Figure 2b). During the HTL process, hydrolysis reactions initially occurred to produce water-soluble products, and then the water-soluble products were converted into biocrude [20]. Higher moisture contents might promote the hydrolysis of Chlorella to produce water-soluble products but inhibit dehydration reactions of water-soluble products to form biocrude. Thus, the moisture content of Chlorella should be controlled at 70–90 wt%.




3.2. Effect of Pressure


Figure 3 reports the impact of pressure on the biocrude yield and its energy recovery produced by 80 wt% Chlorella at 350 °C. As shown in Figure 3a, the biocrude yield increased from 47.2 to 56.9 wt% with the pressure changing from 10 to 20 MPa. Sangon et al. [21] also found that an increase in pressure from 7 MPa to 12 MPa slightly improved the liquefied oil yield by 7 wt% during coal liquefaction. However, when the pressure was higher than 20 MPa, yields of biocrude, palmitic acid, and phenol remained stable.



High pressure will promote the hydrolysis of Chlorella and accelerate ionic reactions during the HTL process, but excessively high pressure will generate a solvent cage effect and inhibit free radical reactions [22,23]. Thus, the biocrude yields underwent little change when the pressure exceeded the critical pressure of water (22 MPa). Although few studies report the influence of pressure on HTL of Chlorella, experiments on HTL of sludge [20], Cyanophyta [24], empty fruit bunch, palm mesocarp fiber, palm kernel shell [25], and Nannocholoropsis sp. [26] (see dashed lines in Figure 3) all confirmed that once the pressure was close to or higher than the critical pressure of water, it had a negligible influence on biocrude yield. This phenomenon was consistent with the thermodynamic biocrude yield in Figure 3a.



In Figure 3b, the simulated energy recovery of biocrude shows the same variation trend as the biocrude yield. It reached 96% when the reaction pressure was 20 MPa. Further increasing the pressure seldom changed the energy recovery of biocrude but significantly improved costs of the feeding pump, HTL reactor, and effluent pressure regulators in a continuous system [5]; so, the pressure should be controlled at about 20 MPa.




3.3. Effect of Temperature


Temperature significantly influences the HTL fraction products and determines the reaction pressure, which is generally regarded as the most important factor for HTL of biomass [5]. Table 2 summarizes the properties of Chlorella and the corresponding experimental biocrude yields in literature [27,28,29,30,31]. Experimental biocrude yields ranged from 26 wt% to 63.4 wt% due to differences in the properties of Chlorella, especially the lipid contents. When the lipid content of Chlorella increased from 6.22 wt% to 59.9 wt%, the experimental biocrude yield rose from 26–31 wt% to 61.2–63.4 wt%.



Figure 4 depicts the yield and energy recovery of biocrude with respect to the temperature rising from 250 to 350 °C at 20 MPa and with the moisture content of 80 wt%. We also compared the simulated biocrude yields and energy recoveries with experimental results from HTL of Chlorella in literature (see dashed lines in Figure 4). As shown in Figure 4a, at 250–350 °C, the simulated biocrude yield kept stable at about 56 wt%. This trend was similar to the experimental data, marked with dashed lines in Figure 4. It was observed that variations of experimental biocrude yields were all less than 5 wt% between 250 °C and 350 °C. When the temperature was higher than 350 °C, a rapid decrease in the biocrude yields could be observed because Chlorella underwent gasification reactions [32] and converted biocrude into gaseous products.



Phenolic compounds and organic acids in biocrude were formed by the hydrolysis of carbohydrates and lipids in Chlorella, respectively [33]. In Figure 4a, yields of palmitic acid and phenol present opposite trends between 250 °C and 330 °C. This outcome was consistent with literature [28], showing that with ascending temperature from 250 to 300 °C, the organic acid contents rose while the total phenol contents declined.



The simulated energy recovery of biocrude in Figure 4b remained stable at about 96% from 250 to 350 °C, which was close to the experimental values of 91% at 260 °C obtained by Li et al. [31]. Further increase in the temperature led to the energy partitioned into the gaseous products; hence, the energy recovery of biocrude noticeably reduced. Consequently, the HTL temperature should be controlled at 250–350 °C.




3.4. Determination of the Reactor Diameter


The insoluble solid particles, such as ash in biomass, may cause the plugging of the reactor. The deposition characteristics of these insoluble solids can guide the design of the continuous HTL reactor. According to the simulation results by Aspen Plus, it was supposed that the moisture content of Chlorella, the pressure, and the temperature were set at 80 wt%, 20 MPa, and 300 °C, respectively. Under these conditions, the simulated yield and energy recovery of biocrude were 56.7 and 96.2%. The insoluble particle size was assumed to be 50 μm [19].



The continuous HTL reactor is commonly a plug flow reactor with vertical and horizontal tubes. In a vertical transportation process, velocities of the insoluble solid particles should be higher than their settling flow velocities (ω), as shown in Equation (3) [34,35].


  ω =     4 d g (  ρ s  −  ρ w  )   3  C D   ρ w       



(3)






   C D  =   24   R  e p    ( 1 + 0.15 R  e p     0.687   ) +   0.413   1 + 16,300 R  e p     − 1.09                 ( 2000 < R  e p  < 2 ×   10  5  )  



(4)




where d is the particle size (~5 × 10−5 m), ρs denotes the density of insoluble solids (~2500 kg·m−3), ρw defines the water density (734.71 kg·m−3 at 300 °C and 20 MPa), g is the gravitational acceleration (9.81 m·s−2), CD refers to the drag coefficient as shown in Equation (4), and Rep gives the Reynolds number of particles.



In a horizontal transportation process, velocities of the insoluble solid particles should be higher than their critical flow velocities (vc) to keep the particles suspended, which was calculated by the Durand equation (see Equation (5)). In a HTL process, vc was much higher than w, so the reactor diameter was determined by the critical flow velocity.


   v c  =  F l    2 g D   (  ρ s  −  ρ w  )    ρ w       



(5)




where D is the reactor diameter, m, and Fl refers to the resistance coefficient, which is determined by the particle size and the volume fraction of insoluble solids [36].



Figure 5 depicts the critical diameters (Dc) that could avoid the deposition of insoluble particles at different flow rates (F). As shown in Equations (6) and (7), it was found that Dc∝F0.4; hence, the critical diameter increased from 9 to 25 mm with the flow rate changing from 100 to 1000 kg·h−1. The University of Sydney established a continuous HTL pilot plant with the Chlorella flow rates between 15 and 90 L·h−1 [19]. The inner diameter (6.2 mm) in their reactor was similar to the critical diameter in Figure 5.


  F = ρ A v =  1 4  ρ π  D 2  v ≥  1 4  ρ π  D 2   v c  =  1 4  ρ π  D 2   F l    2 g D   (  ρ s  −  ρ w  )    ρ w       



(6)






   D c  =     8  F 2   ρ w     π 2   ρ 2   F 1 2   (   ρ s  −  ρ w   )  g    5   



(7)




where F, ρ, and v are the flow rate, density, and velocity of the feedstock, respectively; A and D are the sectional area and diameter of the HTL reactor; and Dc is the critical diameter.





4. Conclusions


A continuous hydrothermal liquefaction model was developed by Aspen Plus to predict the thermodynamic equilibrium yield and energy recovery of biocrude produced with different moisture contents (70–99 wt%) of Chlorella at 10–30 MPa and 250–450 °C. At a thermodynamic equilibrium state, over 56 wt% biocrude yield and 96 wt% energy recovery can be achieved by Chlorella with 80 wt% moisture content at 20 MPa and 300 °C. To avoid the deposition of insoluble particles in biomass, the reactor diameter should be smaller than the critical diameters, which were demonstrated to be proportional to the flow rate to the power of 0.4.
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Figure 1. A continuous system for hydrothermal liquefaction of Chlorella. 
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Figure 2. Effect of moisture content on: (a) biocrude yield; (b) energy recovery at 350 °C and 20 MPa. 
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Figure 3. Effect of pressure on: (a) biocrude yield; (b) energy recovery at 350 °C and with 80 wt% moisture content. 
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Figure 4. Effect of temperature on: (a) biocrude yield; (b) energy recovery at 20 MPa and with 80 wt% moisture content. 
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Figure 5. The critical diameter of the reactor at different flow rates of Chlorella (300 °C, 20 MPa, and 80 wt% moisture content). 
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Table 1. Proximate and ultimate analyses of Chlorella on a dry basis [16].
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Moisture Content (wt%)

	
Proximate Analysis (wt%)

	
Ultimate Analysis (wt%)

	
HHV 2/MJ·kg−1




	
Volatile

	
Fixed Carbon

	
Ash

	
C

	
H

	
O 1

	
N

	
S






	
80

	
72.9

	
18.4

	
8.7

	
47.4

	
6.5

	
27.8

	
8.8

	
0.8

	
20.47








1 By difference: O=100-C-H-N-S-Ash; 2 Estimated by the Dulong Formula: higher heating value (HHV) = 0.3383C + 1.443(H-O/8) + 0.0927S.
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Table 2. Properties of Chlorella and experimental biocrude yields in literature [27,28,29,30,31].






Table 2. Properties of Chlorella and experimental biocrude yields in literature [27,28,29,30,31].





	
Moisture Content (wt%)

	
Elemental Analysis (wt%)

	
Biochemical Analysis (wt%)

	
Temperature (°C)

	
Biocrude Yield (wt%)

	
Reference




	
C

	
H

	
O

	
N

	
S

	
Lipid

	
Protein

	
Carbohydrate

	
Ash






	
80

	
48.5

	
7.0

	
35.0

	
8.5

	
0.2

	
18.7

	
54.0

	
24.3

	
3.0

	
300–350

	
45–48

	
[27]




	
95

	
53.62

	
8.10

	
35.08

	
2.59

	
0.61

	
36.58

	
22.17

	
36.12

	
5.13

	
250–300

	
48.2–50.6

	
[28]




	
85

	
46.44

	
7.24

	
24.23

	
8.75

	
-

	
6.22

	
53.8

	
19.79

	
13.1

	
270–350

	
26–31

	
[29]




	
90.9

	
-

	
-

	
-

	
-

	
-

	
10.7

	
44.62

	
42.88

	
2.50

	
250–330

	
27–32

	
[30]




	
75–85

	
60.5

	
9.1

	
21.8

	
1.9

	

	
59.9

	
9.3

	
25.9

	
4.9

	
260–300

	
61.2–63.4

	
[31]
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