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Synopsis.  A renewable process to manufacture butadiene from furfural using acid-catalyzed dehydra-

decyclization of tetrahydrofuran is analyzed for economic viability. 

 

Abstract.  The catalytic conversion of biomass-derived furfural to 1,3-butadiene is a potential synthetic 

route to renewable rubber. In this work, we present and evaluate a conceptual process design consisting of 

three steps: (i) decarbonylation of furfural to furan, (ii) hydrogenation of furan to tetrahydrofuran, and 

(iii) dehydra-decyclization of tetrahydrofuran to 1,3-butadiene. Detailed reaction and separation systems 

are designed using process simulation and economic optimization. At a scale of 77 kton yr-1 of furfural 

(100 kmol hr-1) purchased at $1.84 kg-1 ($176 kmol-1), a minimum sale price of butadiene of $5.43 kg-1 is 

calculated. The selectivities of the decarbonylation and dehydra-decyclization catalysts are identified as 

the key process parameters by performing a sensitivity analysis on the minimum selling price of 

butadiene. Economic and technological factors necessary to achieve a minimum sale price of butadiene 

below $1.50 kg-1 ($81 kmol-1) are identified. A quantitative treatment of process sustainability results in a 

carbon efficiency of ~58% and an E-factor of ~1.5 for the overall process.  
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Introduction. The sustainability of the global economy depends on the affordability of sustainable 

polymeric materials,1 which necessitates economically competitive sustainable monomer manufacturing.2 

The synthesis of industrially important monomers such as C5 olefins, p-xylene, and acrylonitrile from 

biomass-derived feedstocks has already been demonstrated.3–8 1,3-Butadiene is another monomer whose 

synthesis from biomass has attracted recent interest, owing to its applications in products such as tires and 

sealants.9,10 Traditionally, butadiene has been produced via the dehydrogenation of n-butane,11 or as a 

byproduct of ethylene production during naphtha cracking.12,13 To date, proposed biomass-based synthesis 

routes for butadiene have generally included either ethanol or C4 diols as starting materials.12,14,15 Ipatieff 

and co-workers proposed the dehydrogenation of ethanol to acetaldehyde, followed by condensation and 

deoxygenation to butadiene,12,16,17 and butadiene selectivities of 60-70% have been achieved with this 

approach at moderately high ethanol conversions (60-75%).14 Lebedev developed a direct synthesis of 

butadiene from ethanol,18 leading to a butadiene yield of ~65% at high ethanol conversions (~88%) on 

promoted tantalum-containing zeolites.19 As already mentioned, the dehydration of C4 diols including 1,3-

butanediol (1,3-BDO),14,20,21 2,3-butanediol (2,3-BDO),14,22–25 and 1,4-butanediol (1,4-BDO),14,26 to 

butadiene has also received attention since these alcohols can be derived from glucose via fermentation 

pathways.27,28 Song et al. have recently reported the economic feasibility of butadiene production from 2,3-

BDO using amorphous calcium phosphate (ACP)/ hydroxyapatite-alumina catalysts.29–31 At the scale of 

2500 kg/h feed (2,3-BDO) assumed to be purchased at $0.8/kg, the butadiene price was estimated to be 

$1.62/kg.30 The price point for butadiene was found to be sensitive to 2,3-BDO prices, and payback times 

of less than five years were only possible for 2,3-BDO prices below $1.3/kg.30  

 While a stand-alone process utilizing furfural directly as a feedstock has not been utilized to the 

best of our knowledge, Athaley et al. have recently reported the production of butadiene from furfural as a 

byproduct in p-xylene. The proposed biorefinery utilizes biomass purchased at $0.06/kg at a process scale 

of ~400 kT feed/year to produce ~81 kT p-xylene/year and ~64 kT furfural/year to propose a butadiene 

minimum selling price (MSP) of $1.3 /kg.32 In this work, we propose and evaluate an envisioned industrial 

process to produce butadiene from furfural via tetrahydrofuran (THF), with the goal of identifying key 

opportunities for technological advancement which could make this pathway commercially viable. 

Although the process is not profitable given current prices, we assess the furfural and butadiene prices that 

might lead to economic viability. Furan derivatives have been studied as a biomass-derived feedstock both 

for fuels and for commodity chemicals, and furfural yields of 72-87% from corn-derived feedstock 

including glucose and fructose have been achieved.33–41 The promising nature of furfural as a biomass-

derived value-added chemical has led to significant technological improvements in its manufacture,42,43 and 

global production is projected to grow, particularly in China.44 This market growth is primarily driven by a 

demand for furfuryl alcohol, which is used in foundry resins.42 Since the production of furfuryl alcohol 

Page 2 of 36

ACS Paragon Plus Environment

ACS Sustainable Chemistry & Engineering

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Kuznetsov, et al.  Page 3 

from furfural is industrially practiced, one commercially viable alternative of producing butadiene from 

furfural would be designing supported metal catalysts which produce both furfuryl alcohol and furan in 

appreciable amounts.45 In such a scenario, furan can be converted to butadiene, and the primary side product 

(furfuryl alcohol) can be directly sold. While this alternative can potentially offset some costs possibly 

improving the overall process economics, this assessment is not straightforward. The separation of furfuryl 

alcohol from unreacted furfural is difficult, and the distillation sequence required to purify furfuryl alcohol 

in such a process would be relatively expensive. Moreover, Bhogeswararao et al. have only reported 

comparable furfuryl alcohol and furan selectivities on a Pd catalyst at hydrogen pressures of 20 bar,45 which 

would incur significant compression costs. Resasco and co-workers have demonstrated comparable furfuryl 

alcohol and furan selectivities on a Ni/SiO2 catalyst at ambient pressure,46 but the product distribution 

(including tetrahydrofurfuryl alcohol, butanal, butane, butanol, and methylfuran in significant amounts) is 

different enough from that given by a Pd catalyst to warrant a new, separate process design with different 

separation sequences. Consequently, we do not consider the sale of furfuryl alcohol in our process design 

in the current work.  

The direct transformation of furfural to THF involves simultaneous decarbonylation and 

hydrogenation.26,47–49 However, the highest selectivity achieved under continuous-flow conditions has 

remained low (<40%), and the presence of side products (e.g. tetrahydrofurfuryl alcohol, furan, furfuryl 

alcohol, butanol, etc.) would likely lead to high downstream separations cost.36–38 Instead, we consider a 

two-step process sequence from furfural to THF, with furan as an intermediate. The first step in the 

proposed process is the decarbonylation of furfural to furan, shown in Scheme 1. This reaction can take 

place in the gas or liquid phases, and supported Pd catalysts are usually used to achieve high yields.50–53 

Although the catalyst is prone to coking,53 the co-feeding of hydrogen mitigates deactivation by 

hydrogenating and/or inhibiting the formation of coking precursors in situ,44 and cumulative furan site-time 

yields as high as 100 kg per g Pd have been recently achieved.53 While comparable furan yields have been 

reported on platinum,54 the reaction is particularly sensitive to Pt particle size/shape,55 and the choice of 

support.56 For this work, we consider the gas-phase decarbonylation of furfural with a Pd/alumina catalyst 

treated with cesium carbonate, which has been reported to give >98% furan selectivity  at >90% furfural 

conversion, being stable for ~383 hours on-stream before regeneration in examples 1-2 by Li and Ozer et 

al..53 

 The subsequent step to decarbonylation is the hydrogenation of furan to THF. Platinum,57 

ruthenium,58 and palladium59 have all been used as heterogeneous catalysts for this reaction. Hydrogen 

pressures of 7-35 atm and reaction temperatures of 80-150 °C are typically used.60,61 While Raney nickel is  

often used,61 palladium offers higher THF selectivity.59 We consider a bubble-column reactor in which 
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hydrogen at 22.5 bar is bubbled through liquid furan on a 5% Pd/carbon catalyst; these conditions have 

been shown to give nearly quantitative yields of THF at complete furan conversion.59 

 The third and final step is the dehydra-decyclization of THF to butadiene. The major side products 

in this reaction are propene and formaldehyde (Retro-Prins condensation products),62  butenes, and heavy 

organics (C6+ fraction); while traditional solid acids like aluminosilicate zeolites are active, butadiene 

selectivities remain low (~50-60%) across all THF conversions.63 We have previously reported that 

aluminum-free phosphorus-containing siliceous self-pillared pentasil (P-SPP) zeolite exhibits ~87% 

butadiene selectivity at ~83% THF conversion at 400 °C, albeit at a very low space velocity (0.04 g THF 

gcat-1 hr-1 ) owing to its low reactivity.63 For this work, we conducted experiments on P-SPP at 425 °C and 

used the obtained conversions and product selectivities in the simulation of this step. 

 In total, the proposed process comprises the conversion of furfural to furan in a packed-bed reactor, 

the purification of furan using distillation, the hydrogenation of furan in a high-pressure bubble-column 

reactor to THF, the dehydra-decyclization of THF to butadiene in a packed-bed reactor, and the purification 

of butadiene using distillation followed by absorption (Scheme 1). Process simulation and optimization are 

used to develop a detailed process design, and a techno-economic analysis assesses economic viability and 

provides targets for future research. 

 

Methods. The conceptual design of a process to convert furfural to butadiene via THF was developed to 

assess the industrial feasibility of this synthetic route. The process comprises three stages, as shown in 

Figure 1: (1) decarbonylation of furfural to furan and carbon monoxide, along with the associated 

separations and recycle, (2) furan hydrogenation to THF, and (3) dehydra-decyclization of THF to 

butadiene followed by butadiene purification. Aspen Plus (V8.6 Aspen Technology) was used with the non-

random two-liquid (NRTL) activity coefficient model and the Redlich-Kwong equation of state to simulate 

the proposed process. The simulation included the Heater, HeatX, RStoic, RadFrac, Flash2, Compr, Sep2, 

Pump, and Extract modules. The power rating and cost of all major equipment, as well as stream flow rates, 

temperatures, and pressures, are included in Sections 1-2 of the Supporting Information. Aspen Economic 

Analyzer was used to estimate capital and operating costs (except for process sections described in Section 

9 of the Supporting Information) and Microsoft Excel was used for economic analysis. 

Capital and operating costs for the proposed process were determined using the Aspen Process 

Economic Analyzer (V8.6 Aspen Technology) in 2013 USD and indexed to the year 2018 using the 

Chemical Engineering Plant Cost Index.64 It is assumed that the plant will be constructed as a greenfield 

facility with access to external utilities (US Gulf coast); therefore, the costs of equipment such as a 

wastewater treatment unit and storage tanks for feedstocks and products were considered. Catalyst synthesis 

costs were estimated using CatCost (V1.0.0 NREL); details can be found in Section 8 of the Supporting 
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Information. A 30-year plant lifetime was considered for the proposed process at a scale of 100 kmol hr-1 

(77 kton yr-1) of furfural processed and 73 kmol hr-1 (32 kton yr-1) of butadiene produced. An economic 

analysis was conducted to determine the minimum selling price (MSP) of butadiene at which the proposed 

process would be profitable. Important economic parameters included a 10% minimum annual rate of return 

(MARR), a 35% tax rate, and a 30-year project lifetime; additional details are given in Section 3 of the 

Supporting Information. 

 

Furfural decarbonylation. As shown in Figure 1, the process feed consists of furfural and hydrogen. The 

gas-phase decarbonylation of furfural to furan and carbon monoxide is performed at 280 °C and ambient 

pressure with a 0.5 wt.% Pd/alumina catalyst in a fixed-bed configuration.53 Hydrogen is co-fed in a 2:1 

molar ratio with furfural (stream 2) to mitigate catalyst deactivation due to coke buildup.44,53 A furfural 

consumption rate of 5.80 × 10-3 mol furfural gcat-1 hr-1 with 98% selectivity to furan, 1% selectivity to 

furfuryl alcohol, 0.5% selectivity to THF, and 0.5% selectivity to 2-methylfuran at 95% furfural conversion 

is chosen based on values reported by Li et al..53 It is assumed that coke buildup, rather than sintering, was 

the primary pathway for catalyst deactivation; the temperature in reactor R-1 is significantly lower than the 

Hüttig temperature of palladium, so the Pd clusters can be assumed sufficiently immobile.65 Therefore, the 

total lifetime of the catalyst is estimated as five years based on typical values for palladium hydrogenation 

catalysts.65 We note that the possibly detrimental effects of inorganic impurities and salts inherently present 

in biomass-derived feed streams has not been accounted for in the catalyst lifetime estimation. During plant 

operation, two parallel reactors would be employed for furfural decarbonylation, and the catalyst would be 

regenerated with steam and air at 350 °C.53 Only one of each reactor is shown in Figure 1 for brevity, but 

costs are calculated using two reactors for each of the process sections to allow for continuous production; 

see Section 8 of the Supporting Information for details. The effluent from reactor R-1 (stream 3) is used 

to preheat the reactor feed (stream 1) and then sent (stream 4) to distillation column D-1. 

The bottoms of column D-1 (stream 9), containing unreacted furfural as well as furfuryl alcohol, 

are sent to distillation column D-2, which removes 88% of the furfuryl alcohol as well as 46% of the 

remaining furfural. The possibility of column fouling resulting from the polymerization of some of these 

species, and the resulting cleaning downtimes has not been considered in this work. The bottoms of column 

D-2 (stream 11) are purged, and the distillate (stream 10) is recycled to reactor R-1. The distillate of column 

D-1 (stream 5), containing furan, hydrogen, and carbon monoxide, is sent to flash tank F-1, which separates 

the furan from the permanent gases. The gases (stream 6) are compressed to 35 barg and used to preheat 

the furan feed to reactor R-2. After further cooling to 60 °C, the gases are sent to a two-stage cellulose 

acetate membrane module, which has been shown to produce a permeate of 97 mol% hydrogen at 4.5 barg 

and a reject of 98% carbon monoxide from a feed gas of 52% hydrogen.66 The permeate (stream 8) is 
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recycled to reactor R-1, and the reject (stream 7) is sent to a carbon monoxide boiler operating at 1400 °F,67 

which generates 100 psia steam; for details, see Section 9 of the Supporting Information. 

 

Furan hydrogenation. The liquid furan from flash tank F-1 (stream 12) is preheated by the compressed 

vapor and then sent to pump P-1, which provides a discharge pressure of 22.5 bar. The furan is then fed to 

reactor R-2, which operates as a three-phase bubble-column reactor to maximize mass transfer.68 At the 

operating conditions of 100 °C and 22.5 bar, a 5 wt.% Pd/carbon catalyst has been shown to achieve a 

reaction rate of 1.12 mol gcat-1 hr-1 at quantitative (100%) conversion.59 Since hydrogen (stream 13) is fed 

to the reactor stoichiometrically, the quantitative conversion of furan makes a recycle loop unnecessary. A 

catalyst lifetime of five years is again selected as a representative value for Pd as hydrogenation catalysts.65 

 

THF Dehydra-Decyclization. THF from reactor R-2 (stream 14) is fed to reactor R-3, where it undergoes 

a dehydra-decyclization reaction at 425 °C to form 1,3-butadiene and water as the major products. Although 

P-SPP is highly selective to butadiene, the low overall THF consumption rate on this material has been 

previously reported by Abdelrahman et al.63 Using a lab scale fixed-bed flow reactor, we measured a THF 

consumption rate of  1.03 × 10-3 mol THF gcat-1 hr-1 at a weight hourly space velocity of 0.09 g THF gcat-

1 hr-1 on P-SPP (Si/P=27).  The obtained THF conversion (80.5%), as well as the selectivities (%C) to 

butadiene (81%), propene (1.4%), butenes (4.8%), and heavy organics (12.8%) were directly used in the 

simulation (reaction details can be found in Section 7.4 of the Supporting Information). While a mixture 

of 1-butene, 2-butene, and isobutene are observed experimentally, the boiling point of 1-butene is closest 

to that of 1,3-butadiene, and hence the process is simulated using the entire butene fraction as 1-butene, 

resulting in an overdesign of the downstream distillation column D-3 and the absorption column A-1. The 

online lifetime of the catalyst is estimated as 24 h based on previous 3-methyl-tetrahydrofuran dehydra-

decyclization experiments in the same packed-bed flow configuration conducted at 325°C.7,69 It is likely 

that higher temperatures lead to faster deactivation rates due to rapid polymerization of butadiene, and the 

catalyst lifetime was also validated for these high temperature conditions; 24 hours was found to be a 

reasonable approximation (for details, see Section 7.4 of the Supporting Information). The catalyst 

deactivates through coke formation and can be regenerated through calcination in air at 550 °C for 12 h.7,65 

To allow for plant operation during regeneration, two parallel reactors are employed. The overall on-stream 

lifetime of the catalyst is estimated to be three months,7 meaning both catalyst charges would be replaced 

every six months. 

The effluent from reactor R-3 (stream 16) is used to preheat the reactor feed and is then sent to 

distillation column D-3. The bottoms (stream 22) contain unreacted THF, as well as water and heavy 

impurities, and are sent to distillation column D-4, which separates the THF (stream 23) from the waste 
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(stream 24). The distillate of column D-3, containing propene, 1-butene, and 1,3-butadiene, is sent to an 

absorption column for purification. An absorption column (A-1) is chosen for the separation due to the 

close boiling points of 1-butene and 1,3-butadiene. An aqueous solvent (stream 20) selectively dissolves 1-

butene and propene,70–72 and the spent solvent (stream 21) is sent to wastewater purification; for details on 

wastewater treatment cost calculations, see Section 9 of the Supporting Information. The product 

butadiene stream (stream 19) is purified to 99.5 mol%, which is sufficiently pure for polymerization.73 

 

Results and Discussion. 

Capital and Operating Costs.  Table 1 depicts the feedstock, product, and utility prices for the simulated 

process. For the base case design, the total capital investment is $61.5 million, which includes equipment 

and installation costs, synthesis costs of the initial catalyst charges, and engineering and contingency costs. 

The most expensive section of the plant is the furfural decarbonylation, with a total capital investment of 

$39.6 million, of which the distillation columns D-1 and D-2 account for $27.4 million, due to the high 

flow rates in the recycle loop. The yearly operating cost is $23 million, of which utilities account for $16.6 

million. Of the $12 million annual utility cost associated with the furfural decarbonylation section of the 

plant, the distillation column D-1 accounts for $10 million and the compressor C-1 accounts for $0.9 

million; this is due to the large recycle loop and the high pressure needed for the gas membrane separation. 

Due to the high separation costs associated with this section of the process, Aspen’s optimization 

functionality was used to find the economically optimal condenser duties for columns D-1 and D-2. 

Although reactor R-2 operates at 22.5 bar, it is assumed that hydrogen is stored above this pressure,74 and 

furan is pumped in the liquid phase before being heated, so there are no compression costs associated with 

the furan hydrogenation and the yearly utility cost of this section is only $10,000. 

 

Butadiene Purification Sequence. The high purity requirements (99.5 mol%) for the butadiene product 

and the 4.8% selectivity to butenes (simulated as 1-butene as mentioned in Section 2.3) in reactor R-3 make 

the purification of butadiene via distillation economically infeasible due to the similarity in boiling points 

(-4.4 °C for butadiene and -6.3 °C for 1-butene). A distillation column (D-3) is first used to separate 

butadiene and the lighter-boiling products (1-butene and propene) from THF (b.p. 66 °C), water, and the 

heavy impurities. This allows for a straightforward separation of THF from the waste stream as the distillate 

of column D-4, and also provides a 90 mol% butadiene distillate stream (stream 18). The absorption column 

A-1 is then used to purify the butadiene stream to 99.5 mol% with only a 3.3% loss of product. The 

wastewater purification required to recycle the spent solvent in stream 21 contributes a yearly cost of $1.3 

million, only 6% of the total plant operating cost.  
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Minimum Selling Price of Butadiene.  The discounted cash flow method was used to calculate the 

minimum selling price (MSP) of butadiene that would yield a zero net present value for the entire project. 

For the base case process at a scale of 77 kton yr-1 (100 kmol hr-1), the MSP of butadiene was calculated to 

be $5.43 kg-1. As noted, this MSP is significantly higher than the one proposed by Athaley et al. in the 

combined biorefinery process producing p-xylene and butadiene, although the choice of catalysts for each 

of the three chemistries is identical as this work.32 However, there are major differences in these two 

investigations in terms of the process scales considered to evaluate economics (400 kT /year vs. 77 kT/year), 

feedstock identity (raw biomass vs. furfural), butadiene stream purity (99% vs. >99.5%), and the complexity 

of the overall process (3 reactors, 2 distillation columns vs. 6 reactors, 4 distillation columns + 1 absorber). 

It is therefore unsurprising that our butadiene MSP is significantly higher than the one calculated by Athaley 

and co-workers. 

 The contribution of each section of the process to the MSP is shown in Figure 2. The feedstock 

cost, the labor and maintenance cost, and the capital and utility costs of each process section are labeled by 

color. The furfural feedstock is by far the largest contributor to the MSP of butadiene, accounting for $4.50 

kg-1, or 83% of the total project costs over the 30-year lifetime. This is due to a maximum theoretical yield 

for the process of 1 mole of butadiene per mole of furfural, and the current furfural price of $1.84 kg-1 

($0.177 mol-1) would require a minimum butadiene price of $3.27 kg-1 ($0.177 mol-1) to break even without 

considering any processing costs or material losses. However, the overall molar yield of butadiene in the 

base case process is only 73%, which further adds to the cost. The labor and maintenance, capital, and 

utility costs together contribute only $0.80 kg-1 to the MSP of butadiene. Possible scenarios discussing 

economic viability of the process subject to various technological and market factors are discussed in 

Section 3.4.3. 

 

Sensitivity to Process Parameters. A sensitivity analysis was performed to determine the relative 

importance of various process parameters to the MSP of butadiene. Individual parameters were varied by 

±10% of their base-case value while all remaining parameters were held constant and the MSP of butadiene 

was recalculated for each scenario. In the scenarios with varying plant size, the process was simulated at 

the new size and the MSP was recalculated based on the simulation results and is shown in Figure 3. The 

purchase price of furfural is the most important factor in the MSP of butadiene; a 10% change in the 

purchase price results in a 8.2% change in the MSP, which is consistent with the results shown in Figure 

2. The only other factor which effected an MSP change of more than $0.05 kg-1 was the increase in plant 

size to 84 kton yr-1 (110 kmol hr-1), suggesting that economies of scale may have an impact on processing 

costs; for details, see Section 6 of the Supporting Information. The hydrogenation catalyst for reactor R-

1 is the most expensive catalyst due to the large mass of palladium required, but a 10% change in its cost 
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led to less than a $0.01 kg-1 change in the butadiene MSP. It is clear that the single most important factor 

in the economic viability of the process is the feedstock purchase price. We therefore devote the remainder 

of this work to examining the conditions under which the proposed process may be profitable. 

 

Reactor R-1 Performance. 70% of the total operating cost is associated with the downstream separations 

and recycle of reactor R-1. There has been recent interest in developing a process-scale one-step synthesis 

of THF from furfural 36–38 as part of a biomass-to-solvent process. Under continuous flow conditions, a 

maximum selectivity of 41% at 100% conversion has been achieved with tetrahydrofurfuryl alcohol as the 

principal side product,47 although Luque et al. report 80% THF selectivity at >90% furfural conversion in 

a batch microwave reactor with 30-minute residence time, with furan as the principal side product.49 To 

assess the potential impact of research in this area on the operating costs of the proposed furfural-to-

butadiene process, we considered a scenario with 95% selectivity to THF at full furfural conversion with 

furan as the only side product at atmospheric pressure and 423 K, which are similar conditions to those 

reported by Suarez et al.47 In this scenario, the separations downstream of reactor R-1 would be considerably 

simplified, as shown in Figure 4. Hydrogen could be fed in a 1.9:1 molar ratio with furfural so that the 

reactor effluent would be composed only of furan, THF, and carbon monoxide. The vapor stream leaving 

flash tank F-1 would contain nearly pure carbon monoxide and would be sent to a furnace as described 

earlier.67 The liquid stream would consist primarily of furan and THF, which would be separated by 

distillation column D-1 in Figure 4. The distillate, containing 33 mol% carbon monoxide, would continue 

to flash tank F-2 followed by reactor R-2, while the bottoms, containing practically pure THF, would be 

sent directly to reactor R-3. The process was simulated with these changes and the MSP of butadiene in this 

scenario was calculated to be $4.74 kg-1, a 13% decrease from the base case. 

 

Reactor R-3 Performance. The dehydra-decyclization stage of the process accounts for an additional 28% 

of the total base-case operating cost, of which 25% is from wastewater treatment of streams 21 and 24. 

Stream 24 removes heavy impurities and the water generated from the dehydra-decyclization reaction from 

the process, and stream 21 is spent solvent used to separate light impurities from butadiene. Since the cost 

of wastewater treatment depends on the quantity of organics to be removed,75 improved selectivity in reactor 

R-3 should decrease wastewater treatment costs. Analogously to the scenario with reactor R-1, we 

considered a catalyst which achieves 95% selectivity to butadiene at full THF conversion with heavy 

impurities as the only side product. In this scenario, the effluent from reactor R-3 would contain only 

butadiene, water, and heavy impurities. The distillation column D-2 in Figure 4 was designed to maximize 

the recovery of butadiene in the distillate and achieves 99.95 mol% recovery. This distillation column was 

not used to purify butadiene to the product specification due to the high refrigeration costs associated with 
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doing so. The distillate, a 97.7 mol% pure butadiene stream with heavy organics as the main impurity, is 

instead contacted with water in absorption column A-1, yielding a 99.5 mol% pure butadiene stream with 

only a 0.1% loss of product. The process was simulated with this scenario and the base-case decarbonylation 

system, and the MSP of butadiene was calculated to be $4.48 kg-1, a ~17% decrease from the base case. 

The combined impact of selectivity improvements in reactors R-1 and R-3 was assessed by 

simulating the process with both of the improved reactor performances. This scenario yielded a butadiene 

MSP of $3.80 kg-1, a 30% decrease from the base case. This result indicates that the impact of both catalyst 

improvements together is nearly equal to the sum (30%) of their individual impacts on the butadiene MSP.  

 

Path towards Economic Viability. Although the selectivity improvements in reactors R-1 and R-3 would 

result in a notable decrease in the MSP of butadiene, the change would still not be sufficient for the process 

to be profitable under current market conditions. The MSP of butadiene calculated in the hypothetical 

scenario where both reactors exhibit 95% selectivity at full conversion, $3.80 kg-1, is still 58% higher than 

the maximum observed butadiene price ($2.40 kg-1) in the last three years.76 Therefore, the proposed process 

can only reach economic viability through a combination of technological and economic factors. We 

considered the cumulative process improvements described above combined with a decrease in the purchase 

price of furfural; the results are shown in Figure 5. The MSP of butadiene with the hypothetical improved 

process is only competitive with current prices at a furfural purchase price of $0.5-1.0 kg-1. The base case 

furfural purchase price for our analysis was $1.84 kg-1, but the market price of furfural briefly reached a 

minimum of $0.96 kg-1 in March 2016.77 Figure 6 shows the furfural purchase prices considered in Figure 

5 ($1.84 kg-1, $1.50 kg-1, $1.00 kg-1, and $0.50 kg-1) with historical prices for comparison.77 The Chinese 

market price is used as a proxy for the international market price since 75% of global furfural production 

takes place in China.77 This comparison illustrates the potential economic viability of the process in the 

case of lower furfural prices driven by increased production. 

 In the above analysis, we have considered a constant base-case butadiene sale price of $1.1 kg-1, 

but the butadiene market price is also subject to change, as seen in Figure 5. Figure 7 summarizes the 

combination of economic and technological conditions under which the proposed process would be 

profitable. The pairs of furfural and butadiene prices which result in a zero net present value lie on the black 

and red lines, and the shaded regions correspond to combinations of furfural and butadiene prices under 

which the process is profitable. The gray dashed line shows equal molar costs of furfural and butadiene, 

corresponding to the break-even prices for a hypothetical process with 100% yield and no processing costs. 

The hydrogen price is held constant in these calculations since the primary method of hydrogen production 

(steam reforming) is a mature technology.78 If furfural supply and butadiene demand continue to grow, or 

if the manufacture of butadiene from petroleum-derived hydrocarbons becomes more expensive, e.g. due 
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to a carbon tax, the market prices of furfural and butadiene may shift, improving the economic outlook of 

the proposed furfural-to-butadiene process. 

 

Process Sustainability. The sustainability of the proposed process can be evaluated based on qualitative 

and quantitative metrics.79 The most significant design choice from a sustainability standpoint is the use of 

biomass-derived furfural as a feedstock for butadiene production rather than hydrocarbons. Furfural is 

typically produced from bagasse or corn cobs,34 which are renewable, and its production is a way to valorize 

lignocellulosic biomass. However, the sustainability of biomass-derived furfural depends on the sustainable 

practices used in the production of those crops.41 The proposed process also makes use of heat integration 

to reduce energy consumption; the three process stream heat exchangers reduce the heating and cooling 

loads each by 3.76 MW, which offsets carbon emissions and water use associated with steam and cooling 

water. 

 The construction of a new chemical process has a far-reaching impact on the environment, the 

economy, and society.80,81 Although a comprehensive analysis of metrics such as greenhouse gas emissions, 

water use, and societal impact requires a detailed life-cycle assessment, which is beyond the scope of this 

work, we evaluate several important quantitative sustainability metrics. The total carbon efficiency of the 

process is defined as the moles of carbon in the product stream divided by the moles of carbon in the feed 

stream. With an overall molar yield of 73% from furfural to butadiene, and a loss of 1 mole of CO per mole 

of furfural, the carbon efficiency of the proposed process is 58.4%. After the CO is oxidized, it exits the 

process as a stream of CO2 with a mass flow rate equal to 44.5% of the furfural feed mass flow rate. This 

stream can be emitted to the environment or captured as a chemical feedstock. Carbon dioxide upgrading 

remains one of the most widely studied problems in heterogeneous/electro-catalysis,82,83 and development 

of such technologies is anticipated to improve the carbon footprint of the proposed process in the coming  

decades.  

 The amount of waste produced by the process can be quantified by the “E factor”, defined as the 

ratio of the total waste mass flow rate to the product mass flow rate.84 The waste streams in the proposed 

process are stream 7 (after oxidation, 4273 kg hr-1), stream 11 (364 kg hr-1), and only the organics in streams 

21 and 24 (together, 1410 kg hr-1); treated wastewater is excluded from the calculation of the E factor. For 

a butadiene product flow rate of 3991 kg hr-1, this corresponds to an E factor of ~1.5, a typical value for a 

bulk chemical process.84 The capture of CO2 and the use of organic byproducts as fuel could further lower 

this value. 

 

4. Conclusions.  The industrial viability of a furfural-to-butadiene synthetic route was investigated through 

process simulation. The proposed sequence consists of three steps: (i) the decarbonylation of furfural to 
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furan, (ii) the hydrogenation of furan to tetrahydrofuran (THF), and (iii) the dehydra-decyclization of THF 

to butadiene. The process was evaluated at a scale of 77 kton yr-1 (100 kmol hr-1) of furfural feed. A 

discounted cash flow accounting method gave a minimum selling price of butadiene (defined as the price 

at which the process has a zero net present value) of $5.43 kg-1, well above the current market price of $1.1 

kg-1. A sensitivity analysis identified the furfural purchase price as the largest contributor to the cost of the 

proposed process. An analysis of process parameters isolated the selectivities of the decarbonylation and 

dehydra-decyclization reactions as the two largest technological opportunities for improving process 

economics. These improvements were considered alongside economic factors to elucidate the combinations 

of technological and market conditions which could lead to an improved economic outlook for the process. 
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Scheme 1. Process chemistry of three sequential reactors to convert furfural to butadiene: furfural 
decarbonylation (R-1), furan hydrogenation (R-2), and tetrahydrofuran dehydra-decyclization (R-3). 
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Figure 1. Process flow diagram for the conversion of furfural to butadiene via furfural decarbonylation (R-
1, D-1, D-2, F-1, C-1, M-1), furan hydrogenation (P-1, R-2), and tetrahydrofuran (THF) dehydra-
decyclization (R-3, D-3, D-4, A-1). 
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Figure 2. Contribution of process costs to the minimum selling price (MSP) of butadiene. Process scale: 
77 kton yr-1 (100 kmol hr-1), tax rate: 25%, MARR: 10%, furfural purchase price: $1.84 kg-1

. 
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Figure 3. Sensitivity of the minimum selling price (MSP) of butadiene to selected process parameters. 
Parameters were varied ±10% relative to the base case design of 100 kmol hr-1 at furfural and hydrogen 
purchase prices of $1.84 kg-1 and $1.57 kg -1 respectively. 
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Figure 4. Process flow diagram for the furfural-to-butadiene process with hypothetical selectivity 
improvements in reactors R-1 (furfural decarbonylation) and R-3 (THF dehydra-decyclization). The 
increased selectivity in each reactor allows for simpler downstream separations. The impact of these 
improvements on the minimum selling price (MSP) of butadiene is shown in Figure 5. 
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Figure 5. Impact of potential selectivity improvements in R-1 (furfural decarbonylation) and R-3 (THF 
dehydra-decyclization) and furfural feedstock prices on the minimum selling price (MSP) of butadiene. The 
MSPs for cumulative process improvements are shown in blue. Monthly average import prices for the 
United States are presented in green for comparison.76,85,86 
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Figure 6. Furfural prices77 considered in Figure 5 (orange; base case $1.84 kg-1 in green) compared to 
monthly market prices of furfural in China from January 2014 to April 2016 (yellow).76 Since the Chinese 
furfural market comprises 75% of the global furfural market, Chinese prices are indicative of international 
prices.87,88 
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Figure 7. The minimum selling price (MSP) of butadiene at varying furfural feedstock prices is shown 
for the base-case design (black solid line) and the hypothetical design with 95% selectivity in reactors R-1 
and R-3 (red dashed line). The gray dashed line corresponds to the minimum profitable butadiene price 
assuming quantitative conversion and no processing costs. The hydrogen price is held constant at $1.57 
kg-1. The base-case prices are shown for comparison. 85,88 
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Table 1. Feedstock, Product, and Utility Prices. 
 
Furfural purchase price ($ kg-1)88 1.84 
Hydrogen purchase price ($ kg-1)89 1.57 
Butadiene sale price ($ kg-1) 85 1.1 
  
Electricity ($ kWh-1) a 7.75 × 10-2 
Cooling Water ($ kg-1) a 3.17 × 10-5 

Refrigerant ($ kg-1) a 1.87 × 10-4 
Steam, 100 psi ($ kg-1) a 1.79 × 10-2 
Natural Gas ($ SCM-1)74 0.213 
Wastewater treatment ($ kg-organic-1)75 0.33 

a Estimated in 2013 USD using Aspen Economic Analyzer V8.6, and indexed to 2018 by using Chemical 
Engineering Plant Cost Index (CEPCI) 
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Table 2. Process Capital and Operating Costs for the evaluated base case.  
 

Process Section Capital Cost ($MM) Operating Cost ($MM yr-1) 

Decarbonylation 39.6 12.0 

Hydrogenation 2.2 0.01 

Dehydra-Decyclization 15.6 4.7 

OSBL a 2.9 4.1 

Labor and maintenance - 2.2 
a OSBL (outside battery limits) refers to storage tanks for feedstocks and products as well as a wastewater 

treatment unit. 
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