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Abstract 6 

Lignocellulosic ethanol is a promising alternative to replace liquid fossil fuels for the transportation sector 7 

in the near future. Organosolv pretreatment has been tested as a method for separating lignin from the 8 

biomass and commercializing it as a biopolymer. Based on published laboratory scale data we propose a 9 

feasible process flowsheet for organosolv pretreatment. Simulation of the pretreatment process provided 10 

mass and energy balances for a techno-economic analysis and the values were compared with the most 11 

prevalent and mature pretreatment method: diluted acid. Organosolv pretreatment required more energy, 12 

578.1 MW versus 213.8 MW for diluted acid pretreatment, but resulted in a higher ethanol concentration 13 

after the biomass fermentation, 11.1% compared to 5.4%. Total annual costs (TAC) calculations showed 14 

advantages for diluted acid pretreatment but future improvements explored in the sensitivity analysis 15 

turned into possible savings of 42.8% in the minimum ethanol selling price (MESP) for organosolv 16 

pretreatment.  17 
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1. Introduction 25 

Oil prices fluctuation, geopolitical unrest in fossil fuel producing areas, limited known oil 26 

reserves and increasing global warming pushes humanity towards renewable fuel alternatives. High 27 

biomass availability and an established conversion process turned first generation bioethanol into a viable 28 

commercial choice in countries like United States, Brazil and China (Balat and Balat, 2009). However, 29 

the conflict between crop for fuel and crop for food caused an increase in the feedstock price, creating a 30 

lose-lose situation due to limited supply for the demand requested (Patil et al., 2008). 31 

Having no competition with the food market, lignocellulosic feedstock represents the 32 

largest available resource for bioethanol production, commodity chemicals and green materials (Sun and 33 

Cheng, 2002). However, in order to make the sugars available for conversion, a pretreatment step is 34 

required to break the lignin barrier present on the lignocellulosic biomass. Several pretreatment methods 35 

have been tested in the past years with different degrees of success, including steam explosion, diluted 36 

acid, ammonia fiber explosion, liquid hot water and alkali pretreatments (Alvira et al., 2010; Sun and 37 

Cheng, 2002).  38 

As the main barrier protecting the cellulose and hemicellulose from external agents, the 39 

removal of lignin can bring several advantages on the bioethanol production. A direct impact of the 40 

delignification of the biomass is the reduced energy requirements and equipment size for the later stages 41 

of the process. Furthermore, lignin is one of the responsible for the inhibitors formation that hinders the 42 

effectiveness of hydrolysis and fermentation reactions (Öhgren et al., 2007). On top of that, the possibility 43 

of separating and selling lignin co-products contribute to the plant revenue and decrease the overall 44 

product price.  45 

Organosolv pretreatment has been known since 1940 as a pulping process to delignify the 46 

biomass and produce paper. Organosolv pretreatment relies on the solvent penetration in the biomass’ 47 

pores to promote physical deconstruction of the lignocellulose structure (Zhang et al., 2016). Compared to 48 

aqueous mediums, organic solvents can increase the catalytic activity by reducing the activation energy, 49 

resulting in a higher yield for the process (Mellmer et al., 2014). Furthermore, the recovery and recycling 50 
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of the organic solvents used are simple, making the process interesting from the techno-economic point of 51 

view (Hallac et al., 2010). 52 

Several studies have been carried out on organosolv pretreatment methods to better 53 

understand solvent choices and catalyst usage – both alone and in combination with other types of 54 

pretreatments. Araque et al. (2008) pretreated Pinus radiata with a mixture of acetone and water 1:1 with 55 

sulfuric acid as catalyst and obtained 99.5% of ethanol yield. Hallac et al. (2010) showed in another study 56 

that organosolv pretreatment can effectively reduce the degree of polymerization of the biomass, decrease 57 

the crystalline allomorphs of cellulose and increase the susceptibility of the feedstock to enzymatic 58 

hydrolysis. Using ethanol as solvent, Audu et al. (2012) managed to extract 67% of the initial lignin from 59 

Typha capensis by adding sulfuric acid as a catalyst to the process. Jang et al. (2016) investigated the 60 

effect of several organosolv pretreatment factors in the lignin recovery and enzymatic digestibility of 61 

Liriodendron tulipifera obtaining maximum lignin recovery of 12.9% and enzymatic conversion of 62 

97.9%. Mesa et al. (2011) set up a two-step pretreatment process, applying organosolv pretreatment using 63 

ethanol to sugarcane bagasse previously treated with diluted acid pretreatment and obtained 9% better 64 

glucose fraction recovery when comparing to one stage diluted acid pretreatment method. In a further 65 

investigation, Mesa et al. (2016) evaluated the economic impacts of several operational conditions in the 66 

same two-step setup, achieving a cost of 1.03US$/L of ethanol. 67 

Many studies have been carried out on organosolv pretreatment, but mostly focused on 68 

specific conditions of the process at laboratory level. Few researchers have turned their attention to 69 

investigate the synthesis, design and process simulation of a larger scale organosolv unit. The objective of 70 

this study is to fill that gap and develop a detailed process using the conceptual and experimental works 71 

done so far as a starting point. We present the design and simulate a bioethanol production facility using 72 

the organosolv pretreatment method, including the solvent recycle and the conversion steps. Furthermore, 73 

a sensitivity analysis of several process parameters is presented to identify the most important points of 74 

the organosolv process for future process development. Finally, we compared the results obtained with 75 

published data from Larsson et al. (1999), who used a more established technology for biomass 76 

conversion: diluted acid pretreatment method. 77 

2. Methods 78 
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2.1 Process synthesis and design 79 

Significant energy is required to disrupt the lignocellulosic structure, making 80 

pretreatment account for one third of the total production cost in a bioethanol plant (Mosier et al., 81 

2005).The possibility of aggregating value to lignin co-products and capital investment savings can 82 

overcome the cost pressure of pretreatment methods in the overall bioethanol process, making second 83 

generation bioethanol economically viable.  84 

Organosolv pretreatment was proven an effective pretreatment specially for hardwood 85 

and softwood biomass with a high enzymatic hydrolysis conversion rate (Pan et al., 2005). Cost, ease of 86 

recovery and the ability to remove lignin are the main factors to take into account when choosing a 87 

suitable solvent for the process (Zhang et al., 2016). Ethanol rises as an appropriate option for solvent in 88 

the process as its low boiling point makes it simple to recover. The use of ethanol brings the potential of 89 

mass integration within the process for it is the final product, reducing the costs of solvent purchase. 90 

Furthermore, it has low toxicity and flammability when compared to other possible alternatives (Zhang et 91 

al., 2016).  92 

The organosolv process requires a high temperature in the pretreatment reactor (160°C - 93 

250°C) for effective delignification of the biomass(Zhao et al., 2009). However, the use of acid as a 94 

catalyst in the process makes possible a reduction in reactor temperature and the total residence time of 95 

the process (Zhang et al., 2016). The ethanol concentration in the solvent also impacts biomass 96 

delignification: low ethanol concentrations promote acid-catalyzed cleavage in the lignin linkages, 97 

fragmenting the lignin molecules and increasing their solubility, whereas high ethanol concentrations 98 

solubilize the lignin molecules without fragmentation. Hallac et al. (2010) tested different ethanol 99 

concentrations in a high lignin content biomass and achieved the best result combining delignification and 100 

hydrolysis conversion by using an ethanol concentration of 50% (w/w). 101 

In this work, Aspen Plus v8.0 was used to set up a plant processing 88,500 kg per hour of 102 

dry biomass, similar to values used by Humbird et al. (2011) and Aden and Foust (2009).  The selected 103 

biomass was spruce, a softwood tree from the Pinaceae family. The dry matter biomass composition was 104 

45% glucan, 22% xylan, 28% lignin, 3% acetate and 2% ash (Wingren et al., 2003). Furthermore, to 105 
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represent more closely the real feedstock, we considered that 20% of moisture content was present in the 106 

biomass, adding up to 106,200 kg/h of processed raw material. The NRTL (non-random two-liquid) 107 

property method was used in the simulations and components in Aspen’s native databanks were used 108 

whenever possible, otherwise properties from the National Renewable Energy Laboratory - NREL report 109 

were used instead (Humbird et al., 2011). 110 

2.1.1 Process setup for organosolv pretreatment 111 

 Figure 1 presents the flowsheet setup used for organosolv pretreatment. The setup was 112 

based on previously published experimental and theoretical works (Hallac et al., 2010; Mesa et al., 2011; 113 

Pan et al., 2005). It is important to mention that, although hemicellulose can be separated from the 114 

biomass by organosolv pretreatment (Pan et al., 2005; Zhang et al., 2016), we chose to co-ferment those 115 

sugars to increase the ethanol yield of the process. The wood chips at the processing plant are pre-116 

steamed to 130°C (ST1) and afterwards mixed with 50% (w/w) ethanol solution in a solvent:dry biomass 117 

ratio of 5:1. Sulfuric acid is added as a catalyst to the process in a total of 1.75% (w/w) to dry weight 118 

biomass. The pretreatment reactor (R1) operates at 180°C and 27.2 atm of pressure, with a total residence 119 

time of 40 minutes. After the cooking time, the pressure is released and the pretreated material is filtered 120 

(F1) to obtain one solid rich (PULP) and one liquid rich stream (LIQ). The solid stream, also called pulp 121 

stream, is rich in cellulose and goes through a two stage washing step. In the first step (W1) the pulp is 122 

washed with the same ethanol (50/50) solvent, in a ratio of 2:1 to the pulp weight stream in order to 123 

recover some of the solvent and the remaining ethanol organosolv lignin (EOL) that are still present in the 124 

solid fraction. The second stage of the washing process (W2) is done with water to recover the remaining 125 

solvent present in the pulp stream, in a ratio of 2:1. After the washing process the pulp is sent to the 126 

mixing tank (T1) prior to hydrolysis and fermentation. As no literature data was available regarding the 127 

washing step, we considered that all the solvent soaked in the solid fraction was recovered in the washing 128 

step, which is a conservative way for process evaluation in that the energy required for the solvent 129 

recovery is maximized. 130 

The liquid stream from the pretreatment reactor is rich in lignin, hemicellulose and solvent. The 131 

stream is flashed (FL1) to initially recover part of the solvent used in the process. The bottom stream 132 

(S11) from the flash operation is mixed with the solvent and water used in the washing steps of the pulp 133 
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stream and more water (S24) is added to precipitate the lignin in the precipitation tank (P1). The material 134 

is filtered (F2) to recover the lignin (EOL) and the liquid stream (S25) is sent to a distillation column (C1) 135 

to recover the remaining solvent as distillate (S26). The amount of ethanol organosolv lignin was 136 

obtained from the literature where the same conditions as the simulated process were used (Hallac et al., 137 

2010). The bottom product of the column is rich in hemicellulose and the acid catalyst and needs to be 138 

neutralized prior to the hydrolysis and fermentation steps. Acetic acid formed in the pretreatment reactor 139 

and sulfuric acid are neutralized with ammonia (S31). Part of the water is removed from the stream by an 140 

evaporator (FL2) and the remainder of the liquid fraction is mixed with the pulp stream in the mixing tank 141 

(T1). The solids content is adjusted to 20% (w/w) and sent to the hydrolysis (R3) and fermentation (R4) 142 

steps.  143 

144 
Fig. 1 Flowsheet setup for organosolv pretreatment 145 

2.1.2 Process setup for diluted acid pretreatment 146 

 Diluted acid pretreatment was simulated according to the methods described by Larsson 147 

et al. (1999). In their work they also used spruce as the biomass for the process, however the feedstock 148 

composition was slightly different: cellulose (43.4%), xylan (4.9%), lignin (28.1%), mannan (12.0%), 149 

galactan (1.8%), arabinan (1.1%) and extractives (1.0%) with a moisture content of 57%. For simulation 150 

purposes we grouped all the hemicellulose sugars, i.e. galactan, mannan, arabinan and xylan into the 151 

xylan composition following the guidelines of the NREL group (Humbird et al., 2011). Therefore the 152 

final biomass composition consists of cellulose (43.4%), xylan (19.8%), lignin (28.1%) and extractives 153 
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(1.0%) with the remaining 7.7% considered as ash and acetate. The flowsheet setup for the diluted acid 154 

process is presented in Figure 2.  155 

 The process starts by mixing the biomass with diluted sulfuric acid at 2.4% (w/w) and 156 

incubated at room temperature. The biomass is preheated to 100°C and then fed to the pretreatment 157 

reactor operating at 210°C. In the referenced paper there was no indication on the operating pressure and 158 

solids loading of the pretreatment reactor, as a simulation alternative we used the same values as the 159 

NREL report (Humbird et al., 2011), 5.5 atm and 30% of solids loading. At the discharge of the reactor, a 160 

flash operation (FL1) separates some of the volatile inhibitors formed (S5), such as acetic acid and 161 

furfural. Following the flash, a filtration process (F1) separates the liquid fraction and the solid fraction. 162 

The pH of the liquid fraction is adjusted by adding calcium hydroxide and any resulting precipitate is 163 

removed by centrifugation. The streams were then mixed and had their solids level adjusted to 20 % prior 164 

to the hydrolysis and fermentation section. 165 

 166 

Fig. 2 Flowsheet setup for diluted acid pretreatment 167 

2.1.3 Hydrolysis and fermentation 168 

 For the sake of comparison we used separate hydrolysis and fermentation (SHF) method 169 

for bioethanol conversion, the same method employed in the NREL analysis. 10% of the biomass from 170 

the conditioning tank was diverted to in-situ enzyme production (S13) while the remaining (S12) was 171 

cooled to 48°C and sent to the hydrolysis reactor (R3). Cellulase was added at 20mg/g cellulose, 172 

providing 90% cellulose to glucose conversion (Humbird et al., 2011). Passed 84h of the reaction, the 173 

slurry was further cooled and sent to the fermentation reactors (R4) where Zymomonas mobilis was 174 
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added. The initial inoculum level was 10% volume and the fermentation required 36h of residence time. 175 

Finished the fermentation reactions, the products are ready to be sent to separation and purification areas. 176 

2.1.4 Product separation 177 

 Although the main objective of this study is to evaluate the main bottlenecks for the 178 

development of the organosolv pretreatment method in an industrial level, a product separation stage was 179 

included and analyzed for the best case scenario to provide a more realistic final ethanol price. The 180 

separation process is presented in Figure 3. Initially, the fermentation broth is vented to remove part of 181 

the carbon dioxide present in the stream and the resulting stream is sent to the beer well tank. From the 182 

beer well the broth is directed to the beer column where 3 streams are separated. The top product stream 183 

is rich in carbon dioxide and contains around 3% (w/w) of ethanol. This carbon dioxide rich stream is 184 

mixed with the fermentation vent and sent to a vent scrubber, where water is added on a counter-flow 185 

configuration to recover the ethanol present in the vapour phase. The effluent stream from the vent 186 

scrubber is sent back to the beer well. The bottom product of the beer column contains the non reacted 187 

and dissolved solids, which can be dried and burned for energy production. Finally, a side stream is 188 

drawn from the beer column containing ethanol at 40% (w/w) and 99.5% of the total ethanol entering the 189 

column. The side stream is sent to the rectifying column where it is purified to the near azeotropic point 190 

and directed to the molecular sieves. The two molecular sieves units work on offset cycles, meaning that 191 

while one unit is adsorbing the water from the stream the other is regenerating. Two streams leave the 192 

molecular sieves, ethanol product at 99.5% (w/w) and low concentration ethanol, that is sent back to the 193 

beer well. 194 

 195 
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Fig. 3 Flowsheet setup for product separation and purification. 196 

2.2 Economic analysis 197 

 The factorial method using the parameters defined by Towler and Sinnott (2008) was 198 

used for the capital costs calculations. Correction factor due to fluid-solid process was applied in the 199 

analysis. Furthermore, factors corresponding to equipment erection, piping, instrumentation and control, 200 

electrical installations, civil costs, structural and building costs, design and engineering and contingency 201 

costs were also considered (Towler and Sinnott, 2008). All prices reported in the manuscript are in U.S. 202 

dollars. 203 

 Table 1 shows the values used for variable costs calculations. Utilities and chemicals 204 

costs were obtained from the literature and corrected to 2014 prices (Turton et al., 2009). Equipment costs 205 

were corrected using CEPCI 2014 index of 576.1. Total annual cost (TAC) was calculated by dividing the 206 

total capital cost (CC) by the years for return of investment (n), defined as 5, and adding to that the annual 207 

value of the variable costs, composed by utilities cost (UC), chemicals cost (ChemC) and raw material 208 

cost (RM), as shown in the Equation 1 below: 209 

RMChemCUC
n

CCTAC +++=     (1) 210 

Table 1: Feedstock, chemicals and utilities prices. 211 

Input Price 
Spruce 67.13 US$/ton 
Calcium Hydroxide 0.07 US$/kg 
Sulfuric Acid 0.085 US$/kg 
Ammonia 0.30 US$/kg 
Water 0.40 US$/ton 
Vapour – Hot utility 16.50 US$/GJ 
Cool water – Cold utility 0.35 US$/GJ 
Electricity 16.8 US$/GJ 

 212 

 We calculated the fixed capital investment (FCI), the variable operating costs and the 213 

fixed operating costs to compute the discounted cash flow rate of return (DCFROR) and to obtain the 214 

minimum ethanol selling price (MESP). Fixed operating costs were estimated based on literature and 215 
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cover labor salary costs, labor burden (90% of total salaries) and property insurance (0,7% of FCI) 216 

(Humbird et al., 2011). We considered the plant operational life as 30 years, running 7920h per year, with 217 

the remaining hours as downtime and programmed maintenance stops. The internal rate of return was set 218 

at 10% and taxes at 35%. Internal Revenue Service Modified Accelerated Cost Recovery System (IRS-219 

MACRS) was used as the depreciation method. Working capital was defined as 5% of FCI and the 220 

construction period was 3 years. The plant did not need external financing and once the construction was 221 

finished the plant was fully functional. The considerations used for the calculations of MESP were based 222 

on previously published papers (Humbird et al., 2011). For the MESP calculation, we did not use the 223 

isolated lignin as a co-product nor burned it for the co-generation of energy to the process. The MESP 224 

was obtained by iterating the net present value (NPV) until its value equaled zero, where NPV is defined 225 

as follows: 226 

( )∑
=

= +
=

tn

n
n

n

i
CFNPV

1 1
   (2) 227 

With n being the period, t the number of time periods, i is the internal rate of return and CFn is the net 228 

cash flow in the period n. 229 

2.3 Sensitivity analysis 230 

 Several process parameters can impact the final performance of the plant. Future 231 

technological scenarios and their effects on plant performance and economics were investigated. All 232 

changes made in the sensitivity analysis were based on previously published research results (Aden and 233 

Foust, 2009; Gnansounou and Dauriat, 2010; Humbird et al., 2011). We analyzed the changes in raw 234 

material, chemicals and utilities costs, utilities consumption, solvent usage, amount of acid catalyst 235 

utilized, solvent ratio (fraction of ethanol to water), the effects of temperature in the pretreatment, 236 

hydrolysis and fermentation reactors, the effect of pressure in the pretreatment reactor, the conversion in 237 

the pretreatment, hydrolysis and fermentation reactors and the solids loading in the hydrolysis reactor. 238 

Each process and economical variable was changed individually while all the others were kept constant. 239 

The effect of those changes in the TAC and MESP was investigated and discussed in more details at 240 

section 3. 241 
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3. Results and Discussion 242 

From the initial 88,500 kg/h of spruce feedstock, simulation results show that the product 243 

stream from organosolv pretreatment yields 25,084.5 kg/h of ethanol, of which 300 kg/h is due to 244 

incomplete recovery of solvent ethanol used in the pretreatment process, as seen on column S9 from 245 

Table 2. The ethanol productivity represents around 75% of the total theoretical ethanol yield possible 246 

and was obtained with a total energy consumption of 598.6 MW, equivalent to 23.9 kW/kg of ethanol. 247 

Furthermore, organosolv pretreatment consumed 147,480 kg/h of water in the total process and was able 248 

to recycle nearly 99.9% of the ethanol used as solvent. Detailed values for the most important streams can 249 

be seen in Table 2, such as the amount of solvent recovered in the first flash operation (S18), in the 250 

solvent distillation column (S26) and in the evaporator unit (S8). Streams S18, S26 and S8 need to be 251 

balanced to reach the desired solvent concentration, and the remaining of the water can be sent to the 252 

waste water treatment. Moreover, from Table 2 we can also observe the amount of unreacted solids in the 253 

production streams, that can be further burned to produce energy for the process.254 
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Table 2: Mass balance for organosolv pretreatment. 255 

Streams DRYBM BIOMASS PTINLET LIQ PULP S18 WTR-S24 S10 EOL S25 S26 NH3-S31 NEUT-S32 S8 S9 S30 DEV-S13 S14 PROD-ETH 

Temperature (°C) 25 25 35.9 131.1 131.1 85 25 64.9 64,9 64.9 78.3 25 95 100.5 100.5 28.5 97.5 45 32 

Pressure (atm) 1.0 1.0 27.2 5.0 5.0 1.0 1.0 1.0 1,0 1.0 1,0 1,0 1.0 1.0 1.0 1.0 1.0 1,0 1.0 

Mass Vapor Fraction 0 0 0 0.206 0 1 0 0 0 0 0 1 0 1 0 0 0 0 0.084 

Mass Solid Fraction 1 0.833 0.161 0.004 1 0 0 0.003 0 0.003 0 0 0.004 0 0.009 1 0.206 0.206 0.089 

Component flowrate (kg/h)                    

CELLULOSE 39825 39825 39825 0 28223 0 0 0 0 0 0 0 0 0 0 28223 2822 25401 1219 

XYLAN 19470 19470 19470 0 3037 0 0 0 0 0 0 0 0 0 0 3037 303 2733 546 

LIGNIN 24780 24780 24780 0 18585 0 0 0 0 0 0 0 0 0 0 18585 1858 16726 16726 

ACETATE 2655 2655 2655 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

ASH 1770 1770 1770 1770 0 0 0 1770 0 1770 0 0 1770 0 1770 0 177 1593 1593 

ETHANOL 0 0 221250 221250 0 138333 0 132767 13 132753 127187 0 5566 5230 336 0 33 302 25084 

WATER 0 17700 239066 238133 0 54838 65500 398344 398 397946 14086 0 383859 219895 163964 0 16396 147567 144857 

GLUCOSE 0 0 0 12832 0 0 0 12832 0 12832 0 0 12832 0 12832 0 1283 11549 1701 

XYLOSE 0 0 0 14991 0 0 0 14991 0 14991 0 0 14991 1.5 14990 0 1499 13491 2304 

XYLOSE OLIGOMER 0 0 0 467 0 0 0 467 0 467 0 0 467 trace 467 0 46 421 420 

GLUCOSE OLIGOMER 0 0 0 13 0 0 0 13 0 13 0 0 13 0 13 0 1 12 1140 

SOLUBLE LIGNIN 0 0 0 6195 0 0 0 6194 4460 1734 0 0 1734 1 1733 0 173 1560 1560 

GLYCEROL 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 199 

CELLOBIOSE 0 0 0 29 0 0 0 29 0 29 0 0 29 0 29 0 3 26 321 

O2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 34 

CO2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 23674 

NH3 0 0 0 0 0 0 0 0 0 0 0 1250 40 38 2 0 0.2 1.8 1.8 

SULFURIC ACID 0 0 1548 1548 0 trace 0 1548 0 1548 0 0 0 0 0 0 0 0 0 

ACETIC ACID 0 0 0 2655 0 285 0 2369 0 2369 trace 0 0 0 0 0 0 0 0 

HMF 0 0 0 9 0 trace 0 9 0 9 0 0 9 trace 9 0 1 8 8 

FURFURAL 0 0 0 623 0 223 0 399 0 399 trace 0 399 353 45 0 4 41 41 

AMMONIUM ACETATE 0 0 0 0 0 0 0 0 0 0 0 0 3041 0 3041 0 304 2737 2737 

AMMONIUM SULFATE 0 0 0 0 0 0 0 0 0 0 0 0 2086 0 2086 0 208 1877 1877 
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Diluted acid on the other hand, produced 16,202.5 kg/h of ethanol, approximately 34.6% 256 

less when compared to organosolv pretreatment. The fraction of the theoretical ethanol yield achieved by 257 

diluted acid pretreatment in the process corresponded to 49.2%, showing that diluted acid pretreatment is 258 

not recommended for high lignin content biomass. The formation of lignin droplets and considerable 259 

amounts of inhibitors is a known fact when using diluted acid pretreatment in softwood biomass, 260 

hampering the biomass overall conversion yield as stated by several authors (Brodeur et al., 2011; 261 

Larsson et al., 1999; Tengborg et al., 1998). However, considering the amount of energy spent per mass 262 

unit of ethanol produced, diluted acid pretreatment of softwood utilized 13.2 kW/kg of ethanol, 55% of 263 

the value obtained for the organosolv pretreatment. In total, diluted acid required 213.8 MW of energy, 264 

64% less than the organosolv pretreatment, as no recycle was used to recover the acid in the process.  265 

Table 3 shows detailed values for electricity, hot utilities, cold utilities, water and 266 

chemicals used in the processes. Limitations due to heat and mass transfers require that the biomass has a 267 

low solids loading in the processes. To decrease the solids fraction, water is used as solvent for the diluted 268 

acid pretreatment, whereas a mixture of ethanol and water is employed for the organosolv method. The 269 

direct consequence of the biomass dissolution in the processes is that the demand of water in diluted acid 270 

doubles the amount required for the organosolv process. However, to be economically feasible, 271 

organosolv pretreatment needs to recover the solvent used in the process, greatly increasing its energy 272 

demand. Figure 4 shows that the solvent recovery section represents more than 70% of the utilities 273 

requirement for the organosolv process. The solvent distillation column and the evaporator unit, simulated 274 

as a flash 2 separator, need 92.4MW and 108.8MW of hot utilities, respectively, and are the main energy 275 

sinks of the process. Furthermore, in the organosolv pretreatment, a high amount of cold utility is 276 

necessary to condense the solvent back to its liquid form, whereas for diluted acid there is no such 277 

requirement as, in our case, the water is not recycle back to the process.  278 

Table 3: Summary of process data. 279 

 Organosolv Diluted Acid 
Ethanol Productivity (kg/h) 25,084.5 16,202.5 
Ethanol concentration (%w/w)  11.1 5.4 
Electricity (kW) 476.5 82.9 
Hot Utilities (kW) 331,279.8 149,708.2 
Cold Utilities (kW) 266,850.0 64,057.5 
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Total Energy (MW) 598.6 213.8 
Energy (kW)/kg of Ethanol 23.9 13.2 
Water consumption (kg/h) 147,480.0 391,000.0 
Chemicals consumption 1,550 kg/h H2SO4 5,328 kg/h H2SO4 

1,250 kg/h NH3  3,084 kg/h Lime 

 280 

 281 

Fig. 4 Energy consumed (MW) in each process section 282 

3.1 Economic evaluation 283 

 Diluted acid is a relatively simple process, with no recycles or washing steps, however, 284 

the equipment costs are considerably higher due to increased chances of corrosion in the process and the 285 

requirements for special materials (Kumar et al., 2009). Equipment costs including hydrolysis and 286 

fermentation series of batch reactors account for nearly 135.1 million dollars for diluted acid 287 

pretreatment, whereas for organosolv pretreatment represent approximately 113 million dollars, 16.3% 288 

less. Tables 4 and 5 show the major equipment costs for organosolv and diluted acid pretreatments. 289 

Table 4: Major equipment costs for organosolv pretreatment. 290 

Equipment Type Cost (Million US$) 
ST1 Pre-steamer 2.44 
R1 Jacketed agitated reactor 6.02 
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R2 Jacketed agitated reactor 5.54 
F1 Plate and frame filter 2.45 
F2 Plate and frame filter 1.06 
FL1 Flash tank 4.16 
FL2 Flash tank 2.54 
C1 Distillation column 1.69 
P1 Precipitation tank 0.68 
T1 Mixing tank 5.58 

 291 

Table 5: Major equipment costs for diluted acid pretreatment. 292 

Equipment Type Cost (Million US$) 
ST1 Pre-steamer 7.42 
R1 Jacketed agitated reactor 5.12 
N1 Jacketed agitated reactor 1.80 
FL1 Flash tank 4.45 
F1 Filter 1.31 
T1 Mixing tank 4.10 

  293 

Combining the capital costs and the variable costs of the processes result in a total annual 294 

costs (TAC) of 243.18 million U.S. dollars per year for organosolv pretreatment. The main contribution to 295 

the TAC comes from the total utilities costs required for the process, accounting for 158.74 million U.S. 296 

dollars per year, i.e. 65% of total annual costs. Table 6 shows the breakdown of the TAC for organosolv 297 

and diluted acid pretreatment. The feedstock cost in organosolv pretreatment is responsible for 19% of the 298 

total share, whereas for diluted acid it represents 28.7%. The lower consumption of utilities for diluted 299 

acid translates into a lower TAC and, therefore, increases the total share of the biomass on it. On the other 300 

hand, chemical costs and equipment costs are lower for organosolv pretreatment, as less amount of acid is 301 

required in the process. 302 

Table 6: TAC breakdown for the pretreatment processes. 303 

 Organosolv (Million US$)  Diluted Acid (Million US$) 
Feedstock  47.05  47.05  
Hot Utilities  155.85   70.43 
Cold Utilities  2.66   0.64 
Electricity  0.23   0.04  
Water  0.47   1.24 
Sulfuric Acid  1.12   3.59 
Ammonia  2.97    -  
Lime   -  1.71 
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Annualized Capital Costs  32.82   39.21  
TAC  243.17   163.91 

 304 

 Considering the aspects presented in section 2.2 and taking into account the ethanol 305 

productivity of both pretreatments, it is possible to calculate the minimum ethanol selling price for the 306 

processes. Organosolv pretreatment resulted in a MESP of 1.228 US$/kg of ethanol, whereas diluted acid 307 

pretreatment showed a MESP of 1.248 US$/kg of ethanol. Although diluted acid had a considerable lower 308 

value on the total annual costs, the ethanol productivity from softwood by diluted acid pretreatment 309 

counterbalanced the difference for the minimum ethanol selling price. Figure 5 shows the main 310 

contributions for the MESP in both organosolv and diluted acid pretreatments. It can be observed that 311 

utilities cost plays an important role in the final ethanol price for both organosolv pretreatment and 312 

diluted acid, more precisely 65.8% and 44.4% of the MESP, respectively. It is important to highlight as 313 

well the higher share of the feedstock and equipment capital costs in the MESP for the diluted acid 314 

pretreatment, with values of 29.4% and 18.5%. 315 

 316 

Fig. 5 MESP contributions from each pretreatment method 317 

3.2 Sensitivity analysis 318 
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 A sensitivity analysis was done to investigate the effects of future technological 319 

improvements for organosolv pretreatment and how they affect the TAC and the MESP of the process. 320 

Several process improvements and prices fluctuations were evaluated regarding their impacts on 321 

economic aspects of the process, as shown in Table 7. Cases 1 to 7 are related to costs and general 322 

chemicals consumption in the process, and reflect directly in the TAC and MESP calculations, whereas 323 

cases 8 to 15 are related to technological process improvements. For those cases new simulations were 324 

performed considering the parameter values showed in Table 7. For all the cases evaluated, the process 325 

variables were kept constant and adjustments were made when necessary to maintain the hydrolysis solids 326 

loading at 20% (except for case 15) and inhibitors and ethanol level below 0.14% (w/w). 327 

In the first category, cases 1 to 7, the solvent usage was the most important factor for reducing the 328 

final MESP for organosolv pretreatment. A reduction in 5% of total solvent usage caused a decrease of 329 

4.32% in the minimum ethanol selling price due to energy savings in the pretreatment reaction section 330 

and in the solvent recovery section. The second most significant process parameter in this category was 331 

the solvent ratio (ethanol to water percentage in the solvent). A 5% increase in the amount of ethanol 332 

fraction in the solvent reduced the total MESP in 3.91%, whereas a decrease in 5% of the ethanol fraction 333 

in the solvent caused an increase of 15.23% in the MESP. The change observed was mostly due to the 334 

difference in the specific heat capacity, i.e. more ethanol in the solvent used means that less energy is 335 

required for the recovery, since ethanol boiling point is lower than water. Furthermore, according to 336 

Zhang et al. (2016) an increase in the ethanol fraction can improve the delignification process and provide 337 

even further savings for the process.338 
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Table 7: Parameters evaluated and impacts on TAC and MESP. 339 

      
TAC (Million US$/year) MESP (US$/kg) 

Parameter changed   min Baseline max unit min (%) change Baseline max (%) change min (%) change Baseline max (%) change 

Raw material Cost case 1 63.77 67.13 70.49 US$/ton 240.82  -0.97  243.18  245.53  0.97 1.216 -0.98 1.228 1.240 0.98 

Chemicals Cost case 2 different for water and sulfuric acid 243.10  -0.03  243.18 243.26  0.03 1.227 -0.08 1.228 1.228 0.00 

Utilities Cost case 3 different for each utility 235.24  -3.26  243.18 251.11  3.26 1.187 -3.34 1.228 1.268 3.26 

Utilities Consumption case 4 446.43 469.93 493.43 MW 235.24  -3.26  243.18 251.11  3.26 1.187 -3.34 1.228 1.268 3.26 

Solvent Usage case 5 420,000.0 442,500.0 465,000.0 kg/h 232.78  -4.28  243.18 253.93  4.42 1.175 -4.32 1.228 1.282 4.40 

Solvent Ratio a case 6 45.0 50.0 55.0 % 280.02  15.15  243.18 233.83  -3.84 1.415 15.23 1.228 1.180 -3.91 
Acid catalyst Usage b case 7 1.5 1.75 2.0 % 242.88  -0.12  243.18 243.09  -0.04 1.226 -0.16 1.228 1.227 -0.08 

PT temperature change case 8 170.0 180.0 190.0 °C 243.17  0.00  243.18 243.17  0.00 1.228 0.00 1.228 1.228 0.00 

PT pressure change case 9 25.5 27.2 28.5 atm 243.18  0.00  243.18 243.18  0.00 1.228 0.00 1.228 1.228 0.00 

Hyd temperature change case 10 42.0 45.0 48.0 °C 243.18  0.00  243.18 243.18  0.00 1.228 0.00 1.228 1.228 0.00 

Ferm temperature change case 11 30.0 32.0 34.0 °C 243.18  0.00  243.18 243.17  0.00 1.228 0.00 1.228 1.228 0.00 

PT conversion c,d case 12 -3.0 - 3.0 % 240.15  -1.24  243.18 260.71  7.21 1.217 -0.90 1.228 1.311 6.76 

Hyd conversion c,e case 13 -3.0 - 3.0 % 243.16  -0.01  243.18 243.19  0.01 1.250 1.79 1.228 1.206 -1.79 

Ferm conversion c,f case 14 -3.0 - 3.0 % 243.17  0.00  243.18 243.18  0.00 1.269 3.34 1.228 1.189 -3.18 

Hyd Solids loading case 15 -3.0 20.0 3.0 % 227.14  -6.59  243.18 251.64  3.48 1.146 -6.68 1.228 1.271 3.48 
 340 
PT: Pretreatment 341 
Hyd: Hydrolysis 342 
Ferm: Fermentation 343 
a: ethanol to water 344 
b: acid to dry biomass w/w 345 
c: Variations of -3% and +3% in the conversion of the products of interest 346 
d: Glucose, xylose and soluble lignin for pretreatment 347 
e: Glucose and xylose for hydrolysis 348 
f: Glucose and xylose to ethanol for fermentation349 
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The effects on the TAC and MESP for cases 8-15 are less direct, being mostly due to 350 

changes in the overall yield of the process and/or an indirect effect on the process’ utilities consumption. 351 

For these cases, the hydrolysis’ solids loading showed the most impact on the final MESP of the process, 352 

a decrease of 6.68% from the initial value when the hydrolysis was carried with 23% solids loading 353 

instead of 20%. An increase in solids loading means that less water needs to be cooled prior to the 354 

conversion section, furthermore it also increases the ethanol concentration in the product stream, which 355 

according to da Silva et al. (2016) can provide savings in the downstream purification process. The effect 356 

of the parameters evaluated as a percentage of the variation on the MESP can be seen in Figure 6. 357 

 358 

Fig. 6 MESP fluctuation with parameters changes 359 

Contrary to expectations, changes in the pretreatment temperature, pretreatment pressure, 360 

hydrolysis temperature and fermentation temperature did not affect the MESP or TAC. For the 361 

pretreatment parameters, savings in the energy consumption in the reactor meant more energy spent in the 362 

flash and solvent recovery. For the hydrolysis and fermentation processes, changes in the temperature 363 
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investment and raw material cost of 5%. The new plant was set to operate 8316 hours per year for a 367 

period of 40 years, instead of 7920 hours and 30 years period as the previous calculations. Furthermore, 368 

we assumed an increase in the pretreatment, hydrolysis and fermentation effectiveness and a decrease in 369 

the overall utilities consumption and solids loading for hydrolysis and fermentation due to improvements 370 

in mass and energy transfers in the process’ equipment. The sensitivity analysis indicated that ethanol to 371 

water  solvent at 55/45 (w/w) and solvent usage of 4.75:1 solvent to dry biomass ratio achieved the best 372 

results, therefore, those values were chosen for the new simulation. The internal rate of return was fixed 373 

at 5% and taxes at 30%, in contrast with 10% and 35% from the initial cases, respectively. The long term 374 

scenario provided a final MESP 0.702 US$/kg of ethanol, a value 43.3% lower than the diluted acid 375 

counterpart and represented a reduction of 42.8% from the initial organosolv process. 376 

In order to get closer to future real results of the production costs and thus the product 377 

price, a product separation area, as described on section 2.1.4, was included in the calculations. The 378 

addition of the separation stage in the process raised the fixed capital investment of the process by 10% 379 

and the total utility costs by 27.4%. The new MESP obtained was 0.857 US$/kg of ethanol. Comparing to 380 

other published data, the value was 16.8% lower than the reported by Mesa et al. (2016), confirming that 381 

the improvements proposed can indeed make the process more competitive. However, Humbird et al. 382 

(2011) obtained a MESP of 0.720 US$/kg of ethanol utilizing corn stover pretreated with diluted acid and 383 

Piccolo and Bezzo (2009) using acid catalyzed steam explosion on hardwood achieved 0.811 US$/kg of 384 

ethanol, showing that there is still work to be done before the commercial application of the organosolv 385 

process for bioethanol production.  386 

4. Conclusions 387 

Organosolv pretreatment requires higher energy consumption than diluted acid 388 

pretreatment. However, the organosolv process uses less water, and enables savings in equipment costs 389 

and better usage of the biomass. Much work still has to be done on energy saving mechanisms, especially 390 

during solvent recovery stage, to make the process more competitive. Furthermore, ethanol productivity, 391 

25,084.5 kg/h, and concentration, 11.1%, represent the biggest benefits of organosolv pretreatment when 392 

comparing to diluted acid pretreatment, which gives 16,202.5 kg/h and 5.4% respectively. The increased 393 

amount of ethanol produced and the more efficient removal of lignin translate into a higher ethanol 394 
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concentration in the products (pretreatment output) stream, meaning more savings potential in the 395 

downstream purification process. Additionally, compared to other methods for softwood biomass, 396 

organosolv pretreatment is one of the most preferable methods. Furthermore, additional development of 397 

organosolv pretreatment are expected to reduce solvent usage, create higher solids loading in hydrolysis 398 

and increase the ratio of ethanol in the solvent. When simulated, these changes revealed some promising 399 

results, with savings of 43.3% in the MESP compared to the most commonly employed diluted acid 400 

pretreatment method using softwood as biomass. 401 

5. References 402 

Aden A, Foust T (2009) Technoeconomic analysis of the dilute sulfuric acid and enzymatic hydrolysis 403 

process for the conversion of corn stover to ethanol. Cellulose 16:535–545. doi:10.1007/s10570-404 

009-9327-8 405 

Alvira P, Tomás-Pejó E, Ballesteros M, Negro MJ (2010) Pretreatment technologies for an efficient 406 

bioethanol production process based on enzymatic hydrolysis: A review. Bioresour. Technol. 407 

101:4851–4861. doi:10.1016/j.biortech.2009.11.093 408 

Araque E, Parra C, Freer J, Contreras D, Rodríguez J, Mendonça R, Baeza J (2008) Evaluation of 409 

organosolv pretreatment for the conversion of Pinus radiata D. Don to ethanol. Enzyme Microb. 410 

Technol. 43:214–219. doi:10.1016/j.enzmictec.2007.08.006 411 

Audu IG, Brosse N, Desharnais L, Rakshit SK (2012) Ethanol organosolv pretreatment of Typha 412 

Capensis for bioethanol production and co-products. BioResources 7:5917–5933. 413 

Balat M, Balat, H (2009) Recent trends in global production and utilization of bio-ethanol fuel. Appl. 414 

Energy 86:2273–2282. doi:10.1016/j.apenergy.2009.03.015 415 

Brodeur G, Yau E, Badal K, Collier J, Ramachandran KB, Ramakrishnan S (2011) Chemical and 416 

Physicochemical Pretreatment of Lignocellulosic Biomass: A Review. Enzyme Res. 1-17. 417 

doi:10.4061/2011/787532 418 

da Silva ARG, Torres Ortega CE, Rong BG (2016) Techno-economic analysis of different pretreatment 419 

processes for lignocellulosic-based bioethanol production. Bioresour. Technol. 218:561–570. 420 



22 
 

doi:10.1016/j.biortech.2016.07.007 421 

Gnansounou E, Dauriat A (2010) Bioresource Technology Techno-economic analysis of lignocellulosic 422 

ethanol : A review. Group 101:4980–4991. doi:10.1016/j.biortech.2010.02.009 423 

Hallac BB, Sannigrahi P, Pu Y, Ray M, Murphy RJ, Ragauskas AJ (2010) Effect of ethanol organosolv 424 

pretreatment on enzymatic hydrolysis of Buddleja davidii stem biomass. Ind. Eng. Chem. Res. 425 

49:1467–1472. doi:10.1021/ie900683q 426 

Humbird D, Davis R, Tao L, Kinchin C, Hsu D, Aden A (2011) Process Design and Economics for 427 

Biochemical Conversion of Lignocellulosic Biomass to Ethanol, NREL Technical Report. 428 

Jang SK, Kim HY, Jeong HS, Kim JY, Yeo H, Choi IG (2016) Effect of ethanol organosolv pretreatment 429 

factors on enzymatic digestibility and ethanol organosolv lignin structure from Liriodendron 430 

tulipifera in specific combined severity factors. Renew. Energy 87: 599–606. 431 

doi:10.1016/j.renene.2015.10.045 432 

Kumar P, Barrett DM, Delwiche MJ, Stroeve P (2009) Methods for Pretreatment of Lignocellulosic 433 

Biomass for Ef cient Hydrolysis and Biofuel Production. Ind. Eng. Chem. 3713–3729. 434 

doi:10.1021/ie801542g 435 

Larsson S, Palmqvist E, Hahn-Hägerdal B, Tengborg C, Stenberg K, Zacchi G, Nilvebrant NO (1999) 436 

The generation of fermentation inhibitors during dilute acid hydrolysis of softwood. Enzyme 437 

Microb. Technol. 24:151–159. doi:10.1016/S0141-0229(98)00101-X 438 

Mesa L, González E, Cara C, González M, Castro E, Mussatto SI (2011) The effect of organosolv 439 

pretreatment variables on enzymatic hydrolysis of sugarcane bagasse. Chem. Eng. J. 168:1157–440 

1162. doi:10.1016/j.cej.2011.02.003 441 

Mesa L, López N, Cara C, Castro E, González E, Mussatto SI (2016) Techno-economic evaluation of 442 

strategies based on two steps organosolv pretreatment and enzymatic hydrolysis of sugarcane 443 

bagasse for ethanol production. Renew. Energy 86:270–279. doi:10.1016/j.renene.2015.07.105 444 

Mosier N, Wyman C, Dale B, Elander R, Lee YY, Holtzapple M, Ladisch M (2005) Features of 445 



23 
 

promising technologies for pretreatment of lignocellulosic biomass. Bioresour. Technol. 96:673–446 

686. doi:10.1016/j.biortech.2004.06.025 447 

Öhgren, K., Bura, R., Saddler, J., Zacchi, G., 2007. Effect of hemicellulose and lignin removal on 448 

enzymatic hydrolysis of steam pretreated corn stover. Bioresour. Technol. 98, 2503–2510. 449 

doi:10.1016/j.biortech.2006.09.003 450 

Pan X, Arato C, Gilkes N, Gregg D, Mabee W, Pye K, Xiao Z, Zhang X, Saddler J (2005) Biorefining of 451 

softwoods using ethanol organosolv pulping: Preliminary evaluation of process streams for 452 

manufacture of fuel-grade ethanol and co-products. Biotechnol. Bioeng. 90:473–481. 453 

doi:10.1002/bit.20453 454 

Patil V, Tran KQ, Giselrød HR (2008) Towards sustainable production of biofuels from microalgae. Int. 455 

J. Mol. Sci. 9:1188–1195. doi:10.3390/ijms9071188 456 

Piccolo C, Bezzo F (2009) A techno-economic comparison between two technologies for bioethanol 457 

production from lignocellulose. Biomass and Bioenergy 33:478–491. 458 

doi:10.1016/j.biombioe.2008.08.008 459 

Sun Y, Cheng J (2002) Hydrolysis of lignocellulosic materials for ethanol production: A review. 460 

Bioresour. Technol. 83:1–11. doi:10.1016/S0960-8524(01)00212-7 461 

Tengborg C, Stenberg IK, Galbe IM, Larsson IS, Palmqvist EVA (1998) Comparison of S02 and H2S04 462 

Impregnation of Softwood Prior to Steam Pretreatment on Ethanol Production. Applied 463 

Biochemistry and Biotechnology 70-72: 3–15. 464 

Towler G, Sinnott R (2008) Chemical Engineering Design: Principles, Practice and Economics of Plant 465 

and Process Design, first ed., Elsevier, London. 466 

Turton R, Baile RC, Whiting WB, Shaeiwitz JA, Bhattacharyya D (2009) Analysis, Synthesis, and 467 

Design of Chemical Processes, fourth ed., Prentice Hall, New Jersey. 468 

Wingren A, Galbe M, Zacchi G (2003) Techno-Economic Evaluation of Producing Ethanol from 469 

Softwood : Comparison of SSF and SHF and Identification of Bottlenecks. Biotechnol. Prog. 470 



24 
 

19:1109-1117. 471 

Zhang Z, Harrison MD, Rackemann DW, Doherty WOS, O’Hara IM (2016) Organosolv pretreatment of 472 

plant biomass for enhanced enzymatic saccharification. Green Chem. 18:360–381. 473 

doi:10.1039/C5GC02034D 474 

Zhao X, Cheng K, Liu D (2009) Organosolv pretreatment of lignocellulosic biomass for enzymatic 475 

hydrolysis. Appl. Microbiol. Biotechnol. 82:815–827. doi:10.1007/s00253-009-1883-1 476 

 477 


