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Abstract 

 Furfural, which is used as a precursor for the production of many other industrial chemicals, has 

been identified as one of the major bio–based platform chemicals that can compete with petroleum–

based chemicals. On the other hand, the current commercial furfural process has a low yield and is 

energy-intensive. Therefore, this study develops the biorefinery production process of furfural from 

lignocellulosic biomass using process heat integration and process intensification. In particular, a 

distillation unit of the furfural production process requires considerable energy, highlighting the need 

to improve energy efficiency, which is the motivation of this work. An integrated and intensified 

distillation sequence, including an innovative bottom dividing wall column with a decanter 

configuration (BDWC-D) was suggested to enhance the energy and cost efficiency of the furfural 

production process through a comprehensive and systematic procedure that combines process 

intensification with heat integration. The structures of the complex columns in all sequences were 

optimized using the optimization method – response surface methodology (RSM). All simulations 

were conducted using Aspen HYSYS. The results show the proposed sequence can reduce total 

annual cost and carbon footprint by 10.1% and 11.6%, respectively compared to the conventional 

sequence. 

 

Keywords: Biorefinery Development; Large–scale Furfural Process; Dividing Wall Column; Process 

Integration and Intensification; Bioprocess Design; Bioprocess Optimization  
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1. Introduction 

Global climate change and the depletion of mineral resources are the major issues of the current 

petro–based economy. Consequently, the development of alternative renewable resources, particularly 

biomass, which is the most abundant feedstock on Earth, have been intensely promoted in recent years. 

The manufacturing facilities that produce biofuels, power and bio–chemicals from various biomass 

feedstock are called biorefineries [1]. Conceptually, this is analogous to a current petroleum refinery 

that produces fuels and chemicals from petroleum. In addition to effective biomass conversion 

technologies, separation and purification technologies, which account for about 20–50% of the total 

production costs of biorefineries [2], play a major role in the commercial implementation of 

biorefineries. Therefore, the great enhancements in separation and purification technologies can 

reduce the total production cost significantly and result in better environmental sustainability. 

Furfural, which was listed as one of the top 30 potential chemicals from biomass by the US 

National Renewable Energy Laboratory (NREL) [3], is an important renewable lignocellulosic 

feedstock for producing fuels and chemicals. Furfural is used as an extractant for the refinement of 

lubricating oils, as a fungicide, nematocide and as a raw material (up to 65% of all furfural produced) 

for furfural alcohol production [4]. The first industrial production of furfural was constructed by the 

Quaker Oats company in 1921 and this process is still in use today [4]. Currently, the majority of 

furfural on the world market is produced in China by a large number of small producers with a 

capacity of few kilotons per year; whereas the largest furfural plant of 35 kilotons per year is located 

in the Dominican Republic [5].  

Essentially, the traditional furfural process from biomass has two steps involving reaction and 

distillation units. At first, biomass is pretreated through a pretreatment stage and is then introduced to 

a reactor. Herein, the hydrolysis reactions occur and a vapor stream comprised of approximately 6% 

furfural, 4% by–products (acetic acid and methanol) and 90% water is produced [4]. This stream is 

then liquefied and fed to a series of distillation columns to achieve the desired products. The 

production technologies of furfural have shown few enhancements in the past, considering that the 

present production processes of furfural have a relatively low production yield (i.e. approximately 50% 



 5 

of the theoretical yield) and use inefficient technology [6]. Consequently, it is essential to develop a 

new production process of furfural to make this renewable alternative competitive with petroleum–

based products. 

Zeitsch presented a comprehensive overview of the traditional furfural production processes in 

industry, such as Quaker Oats, Escher Wyss, Rosenlew, Supratherm, Stake, Supray Yield, Voest–

Alpine, and Chinese processes [4]. In recent times, several advanced processes of furfural have been 

studied extensively. Strong acid catalysts and salts are applied in the Vedernikovs process to improve 

the reaction efficiency [7]. Therefore, cellulose loss is reduced with a concomitant increase in furfural 

product yield. The CIMV production plant using organic acids to convert biomass (i.e. straw, bagasse, 

and wood) was launched 2010 in France to produce furfural along with whitened paper pulp and 

lignin [8]. Lignol Company constructed an advanced biorefinery pilot plant in British Columbia [6]. 

The advantage of this process is that many products can be produced from lignocellulosic biomass, 

such as ethanol, acetic acid, and furfural. The Suprayield process used a novel concept that furfural 

was removed from the reacting liquid phase [4]. As a result, furfural resinification, which is a reaction 

of furfural with itself, cannot occur and the furfural yield will be increased. This disruptive technology 

was then applied to several plants, such as the Proserpine sugar mill process in Queensland, and the 

furfural plant in Ankleshwar [6]. Recently, the innovative furfural production process from straw 

feedstock that uses a novel reactor, Multi Turbine Column, was reported [6]. In this process, the raw 

material was input from the top into the continuous turbine reactors and the steam rises up from the 

bottom. In addition, the furfural was removed continuously out of the reacting liquid, resulting in a 

high yield and low energy requirement.  

Overall, most previous processes focused only on increasing the furfural yield of the reaction unit, 

whereas there is lack of concern in the energy–intensive distillation unit. Interestingly, de Jong et al. 

[9] considered both reaction and separation units for the production of furfural from pentoses. In their 

study, however, no detailed design was presented, only the simple heat integrated techniques, 

including vapor recompression and preheating were applied. The excessively high (499 K) 

temperature of a compressor output stream may also cause compressor overheating, which is currently 
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the most serious problem of using compressor in industry [10]. To the best of the authors’ knowledge, 

there is no study demonstrating the application of advanced intensified techniques, such as dividing 

wall columns on the furfural separation process. 

Many techniques have been developed to improve the performance of the distillation system. 

Among them, process intensification (PI) and heat integration (HI) have been proven to be promising 

techniques in both academia and industry [11-15]. The primary benefit of process HI is to assess a 

system as a whole; thus, it can reduce the overall energy requirement by exchanging heat between the 

streams that need to be cooled and heated. Several examples of HI have been applied successfully, 

such as feed preheating, side reboiler, side condenser, and heat pump [16]. Interestingly, in the 

chemical and petro–refinery processes, PI has been applied widely to reduce the energy requirements 

and total cost of distillation processes [17-19]. A dividing wall column (DWC), which can allow 

reversible splits with no part of the separation being performed more than once, is one of the best 

examples of PI [20]. On the other hand, only a few studies of advanced PI and HI techniques have 

examined biorefinery processes, especially those processes using lignocellulosic biomass as feedstock. 

The main disadvantages in many current commercial furfural production processes include 

intensive energy use, low capacity, and a lack of integrated/intensified designs. In this study, a novel 

integrated and intensified separation process, i.e., a bottom dividing wall column with a decanter 

(BDWC-D) configuration was developed to overcome these limitations. A comprehensive and 

systematic study using process intensification and heat integration was proposed to maximize process 

energy efficiency. All configurations were simulated rigorously by Aspen HYSYS and then optimized 

using the reliable optimization method – response surface methodology (RSM). The promising 

furfural production process was proposed by evaluating the economic and environmental impacts of 

all alternatives.  

 

2. Methodology  

 The feed mixture for the distillation unit of the furfural production process is produced by the 

acidic hydrolysis reaction process of pentosan–rich biomass [4]. Oat hulls, corncob, and bagasse are 
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normally used as raw materials. The typical purification process of furfural consists of three 

distillation columns, as shown in Fig. 1. First, the reactor condensate consisting of 6% furfural, 4% 

by–products (i.e. methanol and acetic acid) and 90% water is introduced to the first column (C1) 

called the azeotropic column [4]. C1 delivers light components at the top, a liquid–liquid azeotrope 

between furfural and water at the side, and wastewater at the bottom. The wastewater consisting of 

acetic acid and water is sent to a wastewater treatment plant or occasionally into the sea [4]. Next, the 

top of C1 is input to the second column (C2) to produce methanol at the top whereas the bottom of C1 

is delivered to a decanter before being recycled back to C1. The heterogeneous azeotrope from the 

side of C1 is split naturally by a decanter into two liquid phases. The light water phase, is recycled 

back to the C1 while the heavy organic phase is fed to a third column (C3) to obtain desired furfural. 

Subsequently, furfural is collected at the bottom of C3 whereas the top of C3 is delivered to a decanter 

before being recycled back to the C1. 

2.1. Design  

 Fig. 2 shows a systematic framework combining PI and HI techniques to improve the performance 

of the furfural process. This procedure essentially has several steps. First, the conventional furfural 

process or the base case was designed and optimized. Next, HI technique was applied to evaluate its 

economic benefit quickly. In this step, the streams needed to be condensed and/or cooled and having 

high temperature can be used to exchange heat with the low–temperature streams that need to be 

heated and/or vaporized. Furthermore, when there is a small difference in temperature between the top 

and bottom of the column and the heat load is high, a heat pump system can be an attractive option for 

the recovery of heat released from the condenser to be used to boil the liquid in the reboiler. The 

process is then assessed to determine the feasibility of implementing PI methodologies. The DWC 

that is the most practical outstanding example of PI in distillation was proposed to improve energy 

and cost efficiency. Subsequently, both PI and HI techniques were applied to maximize the process 

performance. Furthermore, sensitivity analysis was conducted to show how different the proposed 

process can be with different feed compositions. The promising process was proposed in terms of the 

total energy requirements, total annual cost (TAC) and total annual CO2 emissions (TAE). Through 
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this systematic procedure, the optimal design and operating conditions for the furfural purification 

process can also be investigated. 

 In this study, all processes were simulated using the commercial simulator, Aspen HYSYS
®
 V8.6 

with the components and physical properties imported from Aspen Properties. The NRTL–HOC fluid 

package, which includes the Hayden–O’Connell equation of state as the vapor phase model and 

NRTL for the liquid phase model was used. This physical property can predict well not only the 

vapor–liquid–liquid equilibrium of these simulations but also the vapor–liquid equilibrium. The 

Hayden–O’Connell equation can predict reliably the solvation of polar compounds and dimerization 

in the vapor phase, which occurs with mixtures containing carboxylic acids [21]. In addition, the 

binary parameters of furfural–acetic acid and furfural–methanol were estimated using a UNIFAC fluid 

package. A vapor velocity of approximately 85% of the flooding velocity was designed to prevent 

flooding in the distillation columns. 

2.2. Optimization 

RSM, which has been widely applied in biochemical processes [22-24] was used to optimize the 

structures of the azeotropic column (C1) in the conventional columns and of the BDWC-D in the 

proposed sequence. Fig. S1 (Supplementary Material) presents the step–by–step optimization 

procedure using the RSM. The optimization objective is the minimal TAC that performs the optimal 

trade–off between the investment cost of the equipment and the energy requirements. At first, several 

preliminary simulation runs are carried out to determine the initial structure of the column, the main 

optimization variables, and the investigated ranges. The Box–Behnken design, which has been applied 

successfully to the optimization of a column structure [12, 25, 26], was chosen under RSM to generate 

simulation runs. The corresponding number of simulation runs provided by Box–Behnken design 

were carried out. In particular, there were 15 and 27 runs for optimizing three variables of the 

azeotropic column and four variables of the BDWC-D column, respectively. Subsequently, the TAC 

results of all runs were calculated and used for fitting a second–order polynomial model to obtain the 

regression coefficients. The generalized second–order polynomial model used in the response surface 

analysis is as follows: 
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where Y is the predicted response, Ni are the uncoded or coded values of the variables, β0 is a constant, 

βi, βii and βij are the coefficients of the linear, quadratic and interactive terms, respectively, and ε is the 

error term. The Response Optimizer in Minitab
®
 was then used to calculate a numerical optimal 

solution and draw an interactive plot to help identify the effects of investigated variables on the 

objective [27]. The optimal coded values achieved from the Response Optimizer were then derived to 

obtain the natural values, which is the number of trays of each section. The optimal structure was 

finally determined and the rigorous simulation can be conducted to confirm the values predicted from 

the RSM. 

 

3. Results and discussions 

 The feed mixture studied was obtained by the acidic hydrolysis reaction of biomass. Table 1 lists 

the detailed feed conditions and component compositions. In this study, the by–products consuming 

small amounts, such as 5–methyl furfural (from 0.32 wt. % to 0.95 wt. %) and furyl methyl ketone 

(from 0.04 wt. % to 0.35 wt. %), were not considered. The furfural plant was designed with a capacity 

of 50 kilotons of furfural per year, which is approximately 15% of the global furfural demand in 2013 

[28]. In the following sections, four alternative furfural processes were designed and optimized in 

detail. Each distillation process is discussed and evaluated in terms of the total energy requirements, 

costs and carbon footprint. The most promising process design is subsequently proposed for the 

production of furfural from lignocellulosic biomass. 

3.1. Optimized conventional furfural process (CP) 

 In this section, the conventional production process (CP) of furfural with a capacity of 50 kilotons 

per year was designed and optimized. The feed considered from the acidic hydrolysis reaction of 

biomass was comprised of 6 wt. % furfural, 2 wt. % acetic acid, 2 wt. % methanol, and the balance 

being water. With this feed mixture, there is a binary heterogeneous azeotrope formed between 

furfural and water at 370.9 K (see Table 2). Obviously, the major issue of furfural purification process 
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is to separate this azeotrope mixture. Fig. S2 (Supplementary Material) presents the detailed ternary 

diagrams and residue curve maps of two ternary mixtures furfural–acetic–water and furfural–

methanol–water. Note that the liquid–liquid region are large with the envelope close the pure points of 

furfural and water. As a result, a decanter that consumes no energy can be used to split the azeotrope 

naturally into two near–pure liquid phases. 

 A furfural separation process, which consisted of three distillation columns (see Fig. 1), was 

designed and optimized for a fair comparison with the alternative processes. The RSM was then 

employed to optimize the structure of C1, according to the optimization procedure described in detail 

in Section 2.2. In particular, after the initialization step, the side section (N1), feed rectifying section 

(N2) and the bottom section (N3) were selected to be main optimization variables, as shown 

conveniently in Fig. 3. The natural variables were derived to the coded levels for Box–Behnken 

design, as listed in Table 3. Fifteen simulations were carried out to optimize the three variables of the 

C1 structure. For each simulation, the reflux ratio was adjusted to minimize the TAC cost while 

achieving the purity and recovery of the products. Note that C1 only allows the maximal 

concentration of furfural up to 600 ppm in the waste water stream because of environmental issues [4]. 

The RSM then fitted the simulation data to a second–order polynomial model and the following 

regression coefficients were achieved. 

 

2
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 The TAC was predicted to be lowest ($8,147,870) with the coded levels N1 of 0.0505, N2 of 

0.9901 and N3 of 0.3939 (see Fig. 4). The determination coefficient (R
2
 = 0.97) showed that the 

model is reliable for use in these ranges of optimization variables. Fig. S3 (Supplementary Material) 

presents the interactions among N1, N2, and N3. Subsequently, the natural values (N1 = 6, N2 = 16, 

N3 = 15) derived from the coded levels were used to conduct the rigorous simulation. The optimal 

location of the recycled water–rich stream to minimize the TAC was found by manual adjustments. 

The TAC calculated from the rigorous simulation ($8,366,948) agreed well with the value predicted 

by the RSM (deviation of 2.6%). To optimize the C2 and C3, the total number of trays and feed tray 
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location were adjusted to minimize the TAC while obtaining the product purities and recoveries. Fig. 

1 shows the optimal structure of the conventional sequence with detailed design parameters, such as 

the energy performance and stream properties. In addition, Table 4 lists the column internal design for 

all columns, product recoveries, and purities. The results shows that the azeotropic column requires an 

energy of 19,400 kW, while C2 and C3 require 1166 kW and 467 kW, respectively. Note that low 

pressure steam (LPS) was used for the reboilers in all columns. 

3.2. Process heat integration (HI) 

 In principle, all nonintegrated distillation processes could be explored for heat integration 

opportunities. The appropriate heat integration systems can bring significant reductions in energy 

requirements [29]. The thermal conditions of the feed can be altered to reduce the reboiler duty by 

utilizing the bottom product or top vapor stream or any other available heat source [16]. The 

efficiency associated with using feed preheating to provide a portion of the thermal energy given to 

the feed reduces the reboiler duty [30]. In the conventional furfural process, the temperature of 

wastewater was 373 K, which is 20
 
K higher than the C1–feed temperature. Also, the C3–bottom 

temperature (416 K) was much higher than that of the C3–feed stream (318 K). Therefore, feed 

preheating can be applied to enhance the energy efficiency of these columns. Fig. 5 shows the 

simplified flow sheet for heat integrating the conventional furfural process. The simulation results 

showed that the H-C1 and H-C3 can reduce the energy requirements by 2.4% and 32.3% compared to 

C1 and C2, respectively. 

 In general, a distillation column, which has a low thermodynamic efficiency, requires high energy 

at high temperatures in the reboiler, whereas a similar amount of energy is released at low temperature 

in the condenser [31]. Consequently, a heat pump that can pump heat from a lower temperature to a 

higher temperature can be used to improve the energy efficiency of several distillation columns. A 

practical equation to evaluate the feasibility of a heat pump system is expressed as follows [32]: 

   

1
C

R C

TQ

W T T
 


        (3) 
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where TC and TR (K) are the condenser and reboiler temperatures,   is the Carnot efficiency, and Q 

(kW) and W (kW) are the reboiler duty and work provided, respectively. The heat pump is strongly 

recommended if the Q/W ratio more than 10. More evaluations are needed if it between 5 and 10. If it 

lower than 5, the use of a heat pump is not suggested [32]. In the furfural base case, the feasible use of 

a heat pump to pump heat from the C3 top to the C2 bottom was evaluated. Based on the Q/W ratio of 

approximately 10, it is economically feasible to apply a heat pump to this system. As shown in Fig. 5, 

when a heat pump is applied, the energy requirements of the H-C2 can be reduced by 20.1% 

compared to C2. Overall, the HI process requires 4.1% less energy than the conventional process.  

3.3. Process intensification with a novel BDWC-D configuration (PI) 

In addition to process integration, recent economic and environmental concerns have stimulated 

the chemical industry to focus on technologies based on process intensification. Therefore, attention 

must be turned to process intensification with complex configurations. The appropriate use of 

complex distillation arrangements can bring significant reductions in the energy requirements and the 

investment cost of purchased equipment. In particular, to intensify the performance of the base case, 

the innovative configuration, a bottom dividing wall column – decanter (BDWC-D) was applied to 

replace the C1 and C2. The RSM method was used to optimize the BDWC-D structure using the 

procedure described in Section 2.2. First, several simulations were run to determine the key 

optimization variables and their levels as listed in Table 3. In this case, the top section (M1), feed 

rectifying section (M2), wall section (M3), and liquid–out section (M4) were the optimization 

variables as shown in Fig. 6. 27 simulation runs provided by Box-Behnken design were then carried 

out to optimize the BDWC-D structure. For each case, the internal liquid flow to the prefractionator 

was adjusted to minimize the TAC while achieving the desired product purities and recoveries. The 

RSM then fitted the simulation data to a second–order polynomial model and the following regression 

coefficients were obtained: 
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 Fig. S4 (Supplementary Material) presents the optimal results of the BDWC-D structure obtained 

from the RSM using Minitab® software. The minimal TAC predicted was $8,203,750 with the coded 

variables M1 of -0.4949, M2 of -0.5758, M3 of 0.7778, and M4 of -0.2929. The natural parameters 

were next derived from the coded values. As shown in Fig. 7, the contour plots present the 

interactions among the parameters M1, M2, M3, and M4. The optimal tray location of the recycled 

aqueous stream was obtained to minimize the TAC while maintaining the product purities and 

recoveries. Subsequently, a rigorous simulation was conducted and the TAC of the BDWC-D column 

calculated was $8,110,025. This result agreed well with the value predicted from the RSM with 

deviation of 1.1%. Overall, the optimal structure of BDWC-D was obtained with the key design 

parameters as shown in Fig. 8. The results show that the innovative BDWC-D can save 8.1% of the 

energy requirements compared to the C1-C2 in the conventional process. 

3.4. Combination of process intensification and heat integration of furfural process (HI-PI) 

 Both PI and HI techniques were considered to be applied simultaneously to maximize the process 

performance. Fig. 9 shows the proposed process that combines PI and HI for the furfural production. 

The intensified BDWC-D configuration was designed to replace the C1 and C2 while the feed of I-C3 

and the feed of the BDWC-D were preheated by the bottom of I-C3 and bottom of BDWC-D, 

respectively. In addition, the heat pump was integrated between the top of C3 and bottom-1 of the 

BDWC-D, resulting in only reboiler required BDWC-D configuration. Furthermore, there is no need 

to install a condenser for I-C3. The simulation results show that the HI-PI process can save up to 11.8% 

and 5.7% in terms of the energy requirements in the reboilers and condenser, respectively. 

 Sensitivity analysis was conducted to determine how the feed composition affects the total energy 

requirements. The water fraction in the feed mixture was kept at 90 wt. %, whereas the ratios of 

furfural, methanol, and acetic acid were changed in the four scenarios. The rate of furfural production 

was then adjusted in each scenario to maintain an overall furfural recovery of 98.5 wt. %. As shown in 

Fig. S5 (Supplementary Material), the process scenarios with a high mass fraction of furfural showed 

a slight increase in energy requirement in the reboilers. On the other hand, those cases can produce 

more furfural product due to the same recovery of furfural designed. 
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3.5. Economic evaluation 

 The total investment cost (TIC), total operating cost (TOC) and TAC were calculated to evaluate 

the economic performance of all the process alternatives. The Guthrie’s correlations described in [33] 

was used to calculate the TIC and TOC. All columns were designed with the maximal flooding at near 

85% of the load at the flooding point to prevent possible flooding. Consequently, all the column 

diameters, tray-spacing, and their heights were calculated using the Tray Sizing function in Aspen 

HYSYS. All reboilers, condensers, decanters, compressors, column vessels, and tray stacks were 

considered in the investment costs. The Chemical Engineering Plant cost index of 585.7 in 2011 was 

used for this study. In addition, Table S1 (Supplementary Material) lists the utility prices used [34]. A 

plant lifetime of 10 years was considered for the TAC calculations. 

 Table 5 lists the key results of all structural alternatives, including the total energy requirements as 

well as the total investment costs, total operating costs, and total annual costs. Note that adding two 

heat exchangers and one compressor make the investment costs of HI and HI-PI processes higher than 

the conventional process. On the other hand, these processes requires less energy leading to the lower 

TOC and TAC. Fig. 10 presents conveniently the TIC, TOC, and TAC for all configurations. 

Remarkably, the HI-PI process shows the most promising performance, it can save up to 11.6 and 10.1% 

in terms of the TOC and TAC, respectively compared to the conventional process. 

3.6. Carbon dioxide emissions 

Some of the process configurations studied in this paper utilize a heat pump to reduce the energy 

requirement of the reboiler. When a process uses different energy sources, the paradigm of lower 

energy being directly proportional to lower CO2 emissions is not necessarily correct [35]. Note that 

CO2 was generated from the heat source (i.e. steam reboilers) and electricity source (i.e. compressor) 

and the compressor always produces more CO2 than the reboiler for the same energy requirement. The 

amount of CO2 emissions of all processes was calculated to make a fair comparison in terms of the 

environmental impact. In reality, electricity production fuel varies from fossil fuel to renewable 

energy; however, for a fair comparison, the electricity was considered to have been produced from 
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natural gas, similar to steam generation. For steam reboilers, the Gadalla’s modular method was 

applied to calculate the CO2 emissions [36]: 

 2
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                         (5) 

where NHV is the net heating value of fuel and C% stands for the carbon content. For natural gas, 

NHV is 48,900 kJ/kg and C% is 0.41 kg/kg. The molar mass ratio of CO2 and C is α = 3.67. In 

addition, Qfuel denotes the amount of fuel used, which was calculated as follows: 
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where Qproc is the heat duty needed of the system, and λproc (kJ/kg) and hproc (kJ/kg) are the latent heat 

and enthalpy of the steam, respectively. The flame and stack temperature and ambient temperature 

were TFTB (2073 K), Tstack (433 K) and T0 (298 K), respectively. 

For electricity power delivered by a gas turbine, Qfuel can be calculated from the efficiency of a gas 

turbine (ŋGT) and the Carnot factor (ŋC) [36]: 
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 Table 5 lists the results of the CO2 emissions calculated of all process alternatives and Figure 10 

provides a convenient visualization. As the energy requirements are linked closely to CO2 emissions, 

the HI-PI process is the most environment–friendly; it can reduce up to 11.6% of CO2 emissions 

compared to the conventional furfural process. 

 

4. Conclusions 

In this study, advanced distillation processes for the enhanced separation of the furfural product 

from lignocellulosic biomass were explored. A conventional configuration consisting of three 

distillation columns was designed and optimized as a base case for further improvement. The RSM 

was used to optimize the structures of the complex distillation columns examined in this study, such 

as an azeotrope column and a thermally coupled column. The RSM identified the optimal structure of 
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the complex columns in a reliable manner that was in precise agreement with the rigorous simulation 

results (only 1.1% deviation in the BDWC-D case). 

 An elaborately designed recycle structure with a decanter in the process configurations in this 

study could handle the heterogeneous azeotrope problem formed between furfural and water 

successfully. Heat integration including a heat pump improved the energy efficiency of the 

conventional process; the reboiler duty and TAC savings were 4.1 % and 2.8%, respectively.  

Remarkable improvement of energy efficiency was achieved by intensifying the two conventional 

distillation columns in the conventional configuration into a single thermally coupled column in the 

form of BDWC-D. The proposed BDWC-D configuration reduced significantly the reboiler duty and 

TAC up to 7.9% and 7.3%, respectively. After applying heat integration to improve the energy 

efficiency of the BDWC-D further, the reboiler duty and TAC decreased to 11.8% and 10.1%, 

respectively. Applying a heat pump could be a good option for CO2 emission reduction as well as 

energy saving, it does not mitigate the benefit in carbon foot print by energy saving. The total annual 

CO2 emission reduction by heat integration in the BDWC-D configuration was 11.6%, which was 

similar to the reboiler duty savings (11.8%). 

The use of PI and HI for furfural production is technically feasible and particularly promising in 

constructing a new plant with lower energy consumption and environmental impact. The 

comprehensive framework combining PI and HI presented in this study can be also applied to other 

energy-intensive biorefinery processes to improve the economical efficiency in commercialization or 

operation.  
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Fig 1. Schematic diagram of the optimal conventional furfural process. 
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Fig. 2. Comprehensive procedure for improving the production process of furfural. 
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Fig. 3. Optimized variables for the azeotropic column – C1. 
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Fig. 4. Optimization plot of the azeotropic column by the RSM from Minitab
®
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Fig. 5. Heat integration of the conventional furfural process. 
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Fig. 6. Optimized variables for the BDWC-D. 
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Fig. 7. Contour plots of the interactions among M1, M2, M3, and M4 for the BDWC-D. 
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Fig. 8. Optimal structure of the BDWC-D configuration structure. 
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Fig. 9. Schematic diagram of the proposed furfural process. 
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Fig. 10. Economic and environmental evaluations of all structural alternatives for the process of 

furfural production. 
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Table 1. Feed mixture conditions 

Component Mass fraction (wt. %) 

Methanol 2.0 

Water 90.0 

Acetic acid 2.0 

Furfural 6.0 

Temperature (K) 353 

Pressure (kPa) 203 

Mass flowrate (kg/h) 105,000 
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Table 2. Feed mixture investigated for the azeotrope at a pressure of 101 kPa 

Component Boiling point (K) Classification 

Methanol 337.6 Unstable node 

Binary heterogeneous azeotrope 

Furfural (35.46 wt. %); Water (64.54 

wt. %) 

370.9 Saddle 

Water 373.1 Saddle 

Acetic acid 391.1 Saddle 

Furfural 434.5 Stable node 
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Table 3. Variables and coded levels for the Box–Behnken designs 

Case Factor Levels 

  -1 0 1 

Azeotropic column Side section (N1) 4 8 12 

  Feed rectifying section (N2) 10 13 16 

  Bottom section (N3) 8 13 18 

BDWC-D column Top section (M1) 6 9 12 

  Feed rectifying section (M2) 13 16 19 

  Wall section (M3) 26 32 38 

 Liquid–out section (M4) 3 6 9 
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Table 4. Column hydraulics and production specifications of the optimal conventional process 

 
C1 C2 C3 

Tray type Valve Packed Packed 

Column diameter 2.70 0.69 0.45 

Number of flow paths 1 – – 

Max flooding (%) 84.15 84.60 83.64 

Tray spacing (mm) 609.6 421.4 421.4 

Feed flowrate (kg/h) 105,000 2160 6738 

Recovery of furfural (wt. %) 99.3 

Recovery of methanol (wt. %) 99.3 

Purity of furfural (wt. %) 99.0 

Purity of methanol (wt. %) 99.8 

Furfural amount in wastewater 

stream (ppm) 

< 600 
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Table 5. Comparison of the different structural alternatives for improving the performance of furfural 

purification process. 

Structural alternative CP HI PI HI-PI 

Reboiler duty (kW) 21,033 20,178  19,377  18,559  

Reboiler duty savings (%) – 4.1 7.9 11.8 

Total investment costs (million US $)  4.501   5.003    4.493    4.929  

Total annual operating costs (million US $)  8.666   8.330    7.988    7.661  

Total annual operating cost savings (%) – 3.9 7.8 11.6 

Total annual costs (million US $/y)  9.337   9.076  8.658   8.396 

Total annual cost savings (%) – 2.8 7.3 10.1 

Total annual CO
2
 emissions (ton)  42,903   41,159  39,525   37,938 

Total annual CO
2
 emission reduction (%) – 4.1 7.9 11.6 

 

 


