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Abstract: This study presents the design and assessment of site-specifi c supply chains and related 
manufacturing processes for the production of bio-based chemicals from the syngas platform and via 
gasifi cation of lignocellulosic biomass followed by syngas fermentation. The supply chains include 
feedstocks production and collection, biomass gasifi cation, syngas fermentation, and downstream pro-
cessing. For each of these stages, different alternatives were considered: four feedstocks (pine, corn 
stover, sugarcane bagasse, and eucalyptus), three products (ethanol, 2,3-butanediol and hexanoic acid), 
and three geographical locations (the Netherlands, the USA, and Brazil). Conceptual development and 
analysis of the supply chains were done through the combination of different design and assessment 
tools, namely biomass supply chains design, fermentation process design (based on thermodynam-
ics and transport), process simulation, and economic and environmental assessments. The minimum 
selling price (MSP) and two environmental impact categories, i.e., global warming potential (GWP) and 
non-renewable energy use (NREU), were used as performance indicators. These were compared to data 
reported in scientifi c literature and commercial sources for similar processes and  products. The best 
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Introduction

T
he continuous growth of global energy and materi-
als demands, added to the consequent depletion of 
fossil resources, has given rise to concerns on how 

to guarantee a continuous supply of products while at the 
same time limiting the rise of the average global tempera-
ture to 2°C.1 Th us, sustainable production of biofuels and 
biochemicals through novel routes has been encouraged 
to reduce dependency on non-renewable resources, better 
cope with volatility of crude oil prices, and mitigate grow-
ing greenhouse gas (GHG) emissions.1,2 Feedstocks such as 
biomass and other short-cycled carbon sources, for exam-
ple, CO, CO2 and CH4, are being investigated as possible 
replacements of petroleum and its derivatives.3

Currently, commercial-scale production of bio-
based chemicals and fuels is mainly done from sugars, 
starch, and oil-containing crops, although ethical and 
moral debates have arisen since these feedstocks have 
traditionally been used for food and feed purposes. In 
contrast, waste and lignocellulosic biomass have no 
possible competition with food.4

Biomass can be processed through two main tech-
nological platforms, i.e., chemical/biochemical and 
thermochemical. Th e former is based on hydrolysis (e.g. 
enzymatic or chemical) of lignocellulose-producing sugars 
and other materials, while the latter is based on the ther-
mochemical conversion of biomass producing a mixture of 
oils (tars) and gases.

Synthesis gas (commonly referred to as syngas) is the 
product of thermochemical gasifi cation, a process carried 
out at temperatures ranging between 750 and 1000 °C. 
Syngas is a gas mixture containing mainly hydrogen, car-
bon monoxide, and carbon dioxide, and small fractions of 
methane, hydrogen sulfi de, ammonia, and tars.5 Th e com-
position of syngas depends highly on the type of feedstock, 

design of the gasifi er, type of gasifying agent, and process-
ing conditions.6 Syngas is considered as one of the most 
prominent chemical platforms for biorefi neries.7 Syngas is 
currently mainly produced from fossil resources for heat 
and power generation or it is alternatively converted into 
fuels and industrial chemicals by catalytic Fischer-Tropsch 
synthesis8 and fermentation9 processes.

Acetogenic bacteria are commonly considered as syn-
gas fermentation workhorses since they can utilize CO, 
H2 and CO2 as substrates by withdrawing electrons from 
H2 and CO. Th eir carbon fi xation into acetyl-CoA fol-
lows a metabolic route known as the Wood-Ljungdahl 
pathway.9,10 Th ese bacteria can then produce a variety of 
substances from syngas, for example acetate,11 ethanol,11 
butyrate,12 propionate,13 butanol and hexanol,14 2,3-butan-
ediol, lactate,15 and polymers (Rhodospirillum bacteria).16 
Additionally, fermentation of syngas could drive the 
production of a wider range of products through further 
metabolic engineering17,18 and bioprocess integration (e.g. 
toward medium chain fatty acids).19

Th e thermochemical conversion of biomass off ers poten-
tial advantages over the biochemical route, for instance: 
(i) higher carbon yields, (ii) simpler process confi guration, 
(iii) more fl exibility on feedstock admission and product 
composition, and (iv) wider scale-up possibilities.20,21 
Moreover, fermentation also shows possible advantages 
over the catalytic conversion of syngas since micro-
organisms can (i) work under moderate temperatures and 
pressures; (ii) be more tolerant than chemical catalysts to 
poisoning by sulfur, tars, and chlorine; (iii) accept a wider 
range of gas compositions; and (iv) achieve higher conver-
sions and yields.8,9,22,23 Th erefore, a hybrid process, com-
bining thermochemical conversion of biomass and syngas 
fermentation, could help to reduce capital and operation 
costs as well as environmental impacts in the production 
of biofuels and bio-based chemicals.

overall performance was obtained for the production of 2,3-butanediol from pine sourced in the USA. 
In the cases of ethanol and hexanoic acid, the syngas fermentation stage had signifi cant contributions 
to MSP, GWP, and NREU, due mainly to its high energy requirements. Regarding the geographical loca-
tion, the best economic performance was obtained for the USA followed by the Netherlands and Brazil 
respectively. Furthermore, operation in Brazil led to the lowest environmental impacts, followed by the 
Netherlands and the USA. © 2017 Society of Chemical Industry and John Wiley & Sons, Ltd

Supporting information may be found in the online version of this article.

Keywords: 2,3-butanediol; ethanol; hexanoic acid; biorefi neries design; sustainability assessment; 
syngas fermentation; biomass gasifi cation
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Until 2016, two major companies were working to 
achieve commercial application of the syngas fermentation 
technology: INEOS Bio and LanzaTech. However, it was 
published that the former, which uses lignocellulosic bio-
mass and municipal solid waste as feedstocks for gasifi ca-
tion, has produced ‘very little’ ethanol from its 30 million 
L y−1 plant due to cyanide toxicity, and is currently selling 
the plant (Sapp M (www.biofuelsdigest.com)). On the other 
hand, LanzaTech, which uses mainly CO-rich fl ue gases 
from steel industry,9 seems to have successfully developed 
fermentation technology, since it has signed an agreement 
with Primetals and ArcelorMittal for the design of a $96 
million producing facility, which will be constructed in 
the latter’s steel plant in Ghent, Belgium (http://corporate.
arcelormittal.com). Production is expected to start by 
mid-2017. Th is is the fi rst 47-kton-per-year project to pro-
duce ethanol via gas fermentation to be built in Europe 
(Lane J (www.biofuelsdigest.com)).

Although the syngas fermentation platform has received 
signifi cant attention in recent years, there is still limited 
information available regarding integrated assessments of 
technical, economic, and environmental aspects of syngas 
production from lignocellulosic biomass and its subse-
quent fermentation into biochemicals and biofuels.24–27 
Th erefore, this study presents the design and assessment 
of entire site-specifi c supply chains and manufacturing 
processes (biomass production and delivery, biomass gas-
ifi cation into syngas and cleaning, syngas fermentation 
into bio-based products, and fi nal recovery and purifi ca-
tion) for the production of three bio-based products: eth-
anol, 2,3-butanediol, and hexanoic acid. For the design 
of the site-specifi c supply chains, three locations and 
four feedstocks are considered: Brazil (with sugarcane 
bagasse and eucalyptus wood as feedstocks), the USA 
(with forestry residues and corn stover as feedstocks), 
and the Netherlands (where these four feedstocks can be 
imported for further processing into the three bio-based 
products). Th e techno-economic and environmental 
assessments were performed to evaluate and compare the 
eff ects of diff erent processing confi gurations and operat-
ing conditions at multiples stages of the supply chains. 
Finally, a sensitivity analysis was performed to both ana-
lyze the robustness of the designs and identify possible 
improvements.

Methodology

A combination of diff erent methods was applied to 
develop the conceptual designs of the supply chains and 
processes, and also to perform the techno-economic and 

environmental assessments. A detailed explanation is pro-
vided in the following sub-sections.

Supply chain and process design

Th e supply chains considered in this study consist of four 
processing stages: biomass supply, gasifi cation, syngas fer-
mentation, and downstream processing (DSP). Data con-
cerning the type of operations and processing conditions 
were obtained from scientifi c literature on experimental 
work at either laboratory or pilot scale.

Th e production scale for ethanol production was defi ned 
from an average plant producing second-generation bio-
ethanol, i.e., 240000 m3 y−1 (189.4 kton y−1) (Hoagland K 
(biomassmagazine.com)). In the cases of 2,3-butanediol 
and hexanoic acid, the production scales were set con-
sidering that the input of syngas to the fermentation unit 
was the same as for the ethanol production, in order to 
establish a common ground for comparison. Th erefore, the 
required biomass supply was calculated accordingly for 
each case (each type of biomass has diff erent yields to syn-
gas as explained in the following two sections).

Biomass supply

Diff erent biomass supply confi gurations were designed 
considering four diff erent feedstocks: forestry residues 
(FR) and corn stover (CS), produced in the USA (US) 
and sugarcane bagasse (SB) and eucalyptus wood (EW), 
produced in Brazil (BR). Th e Netherlands (NL) has been 
included only as a location for processing, which means 
that biomass is imported from the other two locations 
and then processed fi rst into syngas and then into one of 
the bio-based products. Th e four feedstocks were selected 
based on availability on the production site, price, and 
composition.

For the design of the biomass supply chains, the approach 
proposed by Hamelinck et al.28 was adopted to obtain sup-
ply costs, environmental impacts, and energy requirements 
for the delivery of the lignocellulosic biomass.29–31 Th ree 
main process operations were considered to structure the 
(inter)national biomass supply: (i) biomass production 
(seeding, land establishment, land maintenance and col-
lection/harvesting); (ii) conditioning (chipping, baling, 
palletization, and drying); and (iii) transportation (truck, 
train and ship transport).28 Th e sequence of operations 
was defi ned based on generic theoretical chains which 
contain fi ve transfer points as shown in Figure 1:3,28,32 
(1) the production site, (2) a central gathering point, (3) 
a transport terminal for export, (4) a transport terminal 
for import, and (5) the conversion plant. In the specifi c 
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case of international transport, pelletizing of biomass is 
included to increase its density and make long distance 
transportation more effi  cient.28,33 Th e location of the 
central gathering points was defi ned to reach minimum 
transport costs between the sites with the highest biomass 
productivities and the next transfer points (considering 
road infrastructure and cost-effi  ciency of the transport 
type). Determination of the ports was mainly based on 
infrastructure and scale. Th us, the ports were selected con-
sidering that Panamax ships were available to assure large 
scale biomass transportation.28 Furthermore, the moisture 
content of biomass entering the gasifi cation unit is set to 
be 10 wt.% (reported as the optimum to minimize size and 
operation costs of the gas-to-liquid plant).20,34,35

Thermochemical conversion

Th e gasifi cation process here considered was based on 
the technology described by the NREL,34 which produces 

 syngas suitable for fermentation. Such a process con-
fi guration returns low dilution of fermentable gases, and 
produces high carbon conversion into CO while keep-
ing low CO2 concentrations and maintains CH4 as low as 
 possible.36 Th e process takes place at atmospheric pressure 
and uses three fl uidized bed reactors, as shown in Fig. 2: an 
indirectly heated (allothermal) gasifi cation reactor (R102), 
a combustion reactor (as heat source) (R106), and a gas 
conditioning reactor (R104). Th e gasifi cation and combus-
tion reactors operate with circulating fl uidized beds (CFB) 
while the gas conditioning reactor uses a bubbling fl uid 
bed (BFB). Th e indirectly heated dual CFB gasifi er is con-
sidered the most suitable option for biomass conversion 
into syngas (for fermentation) due to syngas composition 
(rich in H2 and low in CO2), high carbon conversion, low 
tar production, fl exibility on the type and particle size of 
fuel accepted, and scale-up potential.37 Furthermore, oli-
vine which is used as bed material (and catalyst), circulates 
through the three reactors (Fig. 2) and is (re)heated in the 
combustion reactor where char is burned with air.

Th e gasifi cation process was simulated in Aspen Plus 
V8.8 using the physicochemical characterization presented 
in Table 1 for all feedstocks. Th e developed simulation 
model is based on a general approach to represent a dual 
fl uidized bed gasifi er known as fast internally circulat-
ing fl uidized bed.38 Th e model considers the following 
assumptions: the ideal gas law applies for the gas phase; 
operation takes place isothermally and at steady state; 
distribution of all components within the gas – bed mate-
rial emulsion phase is homogenous; drying and gasifi ca-
tion are instantaneous; no pressure drops or heat losses;39 
chemical equilibrium is assumed; since CH4 represents the 

Figure 1. Confi guration of supply chains according to the 
geographical location. Arrows represent transport by truck 
(black), train (red), and ship (blue). Transfer points are: 1. 
Biomass production site; 2. Central gathering point; 3. 
Export terminal; 4. Import terminal; and 5. Conversion plant 
(biomass to syngas and syngas to bio-based fuels and 
chemicals).

Figure 2. Process fl ow diagram for syngas production from 
biomass. Dr101: dryer; R102: gasifi er; R104: reformer; 
R106: combustor; Cy: cyclones; H: heat exchangers.



865© 2017 Society of Chemical Industry and John Wiley & Sons, Ltd  |  Biofuels, Bioprod. Bioref. 11:861–886 (2017); DOI: 10.1002/bbb

Modeling and Analysis: Production of bulk chemicals from lignocellulosic biomass E Almeida Benalcázar et al.

major part of hydrocarbons, the presence of longer chain 
hydrocarbons is neglected;40,41 all nitrogen and sulfur in 
biomass are converted into NH3 and H2S; and char only 
consists of carbon and ash.

For the gasification process, steam (at 450°C and 1 
bar) is fed to reactor R102. This steam has a double 
function: it is the f luidizing medium and the oxidizing 
agent for gasification and tar reforming (Table 2). The 
mass f low rate of steam is defined by the steam to bio-
mass ratio which is set at 0.75.38 The gasification reac-
tions (Table 2) take place when high temperatures are 
reached (850°C).

In the tar reforming process, the gas coming from the 
gasifi er is sent to the catalytic tar reformer (R104), where 
methane and higher hydrocarbons are oxidized into both 
CO and H2, while CO into CO2, and NH3 converted into 
both N2 and H2 (Table 2).37,67 Steam addition to the tar 
reformer was excluded from the model since the water 

 content in the input gas was already suffi  cient to drive the 
reactions and avoid additional costs and gas dilution.

Fermentation

Th e three fermentation products here analyzed were 
selected from an initial list of nine components as intro-
duced in the fi rst section (acetate,11 ethanol,11 butyrate,12 
propionate,13 butanol, hexanol,14 2,3-butanediol,15 lac-
tate,15 and polymers16). For this selection, three main 
criteria were considered: (i) published experimental 
achievements considering techniques, yields, titers, and 
productivities; (ii) energy and mass requirements, and 
waste generation from possible DSP routes; and (iii) global 
market size of products. Th us, 2,3-butanediol, ethanol, 
and hexanoic acid were selected as the most attractive syn-
gas fermentation products. Th e expected uses of ethanol 
and hexanoic acid are as biofuels either for blending or 

Table 1. Biomass data: physicochemical characterization, production 1 requirements and 2 production 
costs

Characteristics Forestry residues 
Pine wood (PW)

Agricultural residues Energy crops 
Eucalyptus 
wood (EW)Sugarcane bagasse (SB) Corn stover (CS)

Region of production US BR US BR

Commodity shape Chips Fines Bales Logs

Moisture contentgreen biomass (wt.%) a 453,32 5142 2432,43,44 4532,45

Ultimate analysis (wt.%)

Ash 0.646,47 3.248,49 6.044,50 3.447,51

C 49.746,47 45.248,49 47.344,50 46.047

H 7.846,47 5.548,49 5.144,50 5.847

O 41.846,47 40.748,49 40.644,50 44.547

N 0.146,47 0.148,49 0.844,50 0.347

S 0.0546,47 0.0548,49 0.2244,50 0.047

Proximate analysis

Volatile matter (wt.%) 82.346,47 83.748,49 54.644,50 75.447

Fixed carbon (wt.%) 17.246,47 13.248,49 7.1544,50 21.347

HHV b (GJ tondry
−1) 20.251 18.851 19.051 18.651

Avg. particle size (mm) 30 10 10 30

Density (kg mbulk
−3) 47352 17553 50054,55 38056

Biomass production

Average yield (t km−2 y−1) 1643 850057,58 51659 281060,61

Cultivation land required (km2) 3428 214 773 196

Herbicide requirements (kg km−2 y−1) 0.1643 22062 23563 0.8463

Fertilizer requirements (kg km−2 y−1) 16.43 2900058 3127059 4863

Total diesel consumption (kg km−2 y−1) 0.643 24.758,64,65 8.666 26.83

a Green biomass is defi ned as wet biomass at its harvesting phase.
b HHV: Higher heating value.
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direct combustion;9,68 however, ethanol has also shown 
to be a prominent chemical building block for further 
conversion to value-added products.69 Furthermore, 
hexanoic acid can also be used for manufacturing of 
food additives (esters).70 2,3-butanediol is considered as a 
precursor for multiple chemical products including sol-
vents.15 Additionally, one co-product was assumed to be 
produced by each one of the three fermentations here con-
sidered: acetic acid, ethanol, and butyric acid, for ethanol, 
2,3-butanediol and hexanoic acid production, respectively.

Th e fermentation stoichiometry and kinetics were pre-
dicted through thermodynamics.71,72 Th e Gibbs free energy 
dissipated via the catabolic reactions inside the cell (Eqns 
(13) and (14) are examples for ethanol production) was 
used to calculate the amount of substrates consumed for 
microbial growth (Eqns (17) and (18)). For ethanol pro-
duction, the distribution of carbon among main product 
and the co-product was adjusted according to published 

experimental results at laboratory scale. For 2,3-butanediol 
and hexanoic acid production, the amount of co-product 
generated was set in similar values than ethanol produc-
tion. Th e maximum specifi c substrate consumption rate 
was estimated assuming that the amount of Gibbs free 
energy is collected from the electron donor, at a maximum 
rate determined by the capacity of the electron transport 
chain (3 mol electrons per carbon mol of biomass per 
hour).72 With this value, the common microbial energy 
needs for maintenance and the biomass yield on the carbon 
source, the maximum growth rate was calculated using 
Herbert-Pirt equation for anaerobic growth.72 Additionally, 
considering that the catabolic reactions must produce at 
least 15 kJ mol−1 in order to maintain an active a proton 
motive force across the membrane, the affi  nity constants 
of electron donors were assumed to be close to the con-
centrations at which the catabolic reaction produces that 
minimum of Gibbs free energy.72 All Gibbs free energies 

Table 2. List of reactions for: Gasification, tar reforming, syngas fermentation and carboxylic acid
chain elongation. 

Process Reaction Reaction number

Gasifi cation CHaObNcSd* + eH2O  →  n1C + n2CO + n3CO2 + (a/2)H2 + (c/2)N2 + dS (1)

C  +  H2O  →  CO + H2 (2)

C + 2H2O → CO2 + 2H2 (3)

C  +  CO2  →  CO (4)

C  +  2H2  →  CH4 (5)

CO2 + H2 → CO + H2O (6)

N + 1.5H2 → NH3 (7)

S + H2 → H2S (8)

Tar Reforming  CH4 + H2O → CO+3H2 (9)

CH4 + CO2 → 2CO + 2H2 (10)

CO + H2O → CO2 + H2 (11)

2NH3 → 3H2 + N2 (12)

Ethanol production  6CO + 3H2O → C2H5OH + 4CO2 (13)

2CO2 + 6H2 → C2H5OH + 3H2O (14)

2,3-butanediol production  11CO + 5H2O → C4H8(OH)2 + 7CO2 (15)

4CO2 + 11H2 → C4H8(OH)2 +  + 6H2O (16)

Microbial growth  2CO + 0.5H2O + 0.25NH4
 +  → CH1.75O0.50N0.25 + CO2 + 0.25H + (17)

2H2 + CO2 + 0.25NH4
 +  → CH1.75O0.50N0.25 + 1.5H2O + 0.25H + (18)

Ethanol oxidation  C2H5OH + H2O → CH3COOH + 2H2 (19)

Chain elongation  CxH2x + 1COOH + C2H5OH → Cx + 2H2(x + 2) + 1COOH + H2O (20)

* Biomass
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of reactions were adjusted to the fermentation conditions 
of temperature, pH, and concentrations of substances 
involved in the metabolic black-box model. Electron trans-
port capacity and microbial energy needs for maintenance 
were also adjusted to the operation temperature. For a 
detailed description on the procedure followed to deter-
mine stoichiometric and kinetic parameters of the three 
fermentations, as well for the fermentors design, please see 
Supporting Information.

Ethanol and 2,3-butanediol are produced directly from 
syngas fermentation.9,15 Th e H2/CO ratio in which the syn-
gas is fed to the fermentation defi nes the microbial stoichi-
ometry, and thus water and CO2 can either be consumed 
or produced (Eqns (13)–(16)). For both fermentations, the 
processing conditions used were 37°C, 1 bar (top pressure) 
and pH of 5. Th e resulting concentrations of gases and 
biomass were obtained from mass balances and calculated 
by using the mass transfer capacities (MTC) inside the 
fermentors. Th e MTC were calculated for each gaseous 
substrate and defi ned from superfi cial gas velocities and 
the compound solubilities under actual P-T conditions and 
the gas phase composition.73

Th e syngas fermentors were designed as bubble columns 
using three main constraints: a maximum liquid volume 
of 900 m3, maximum vessel height of 22 m, and gas hold-
up of 15 vol.% max.73 In ethanol production, the amount 
of syngas required to achieve the maximum hold-up was 
enough to remove all ethanol produced by evaporation. 
Th is amount which resulted in around 400 vol.% stoichio-
metric excess, also guaranteed suffi  cient CO and H2 MTC 
required by microbes.

Hexanoic acid was assumed to be anaerobically pro-
duced from ethanol and acetic acid which are generated 
in a previous syngas fermentation stage.19 Th e synthesis of 
this carboxylic acid couples an ethanol oxidation reaction 
with a chain elongation reaction (Eqns (19) and (20)). Th e 
fermentation conditions were set to be 30°C, pH 5 and low 
pressure (0.045 bar) to ensure low H2 concentration at the 
bottom of the reactor, hence allowing the ethanol oxida-
tion to be thermodynamically feasible.

Th e chain elongation reactor was conceptualized to 
operate close to vacuum conditions and was designed as 
a bubble column; although it does not have any gas input, 
the broth mixing is achieved through the combined eff ect 
of H2 production and water evaporation. Th ree key con-
straints were here used for the fermentor’s design: liquid 
volume not larger than 2000 m3, maximum 15 vol.% gas 
hold-up at the top of the reactor73 and a gas–liquid mix-
ture height that would avoid inhibitory H2 concentrations 
at the bottom of the vessel.

Downstream processing

Diff erent purifi cation routes have been designed for each 
of the three chosen products, as shown in Figure 3.

In the case of ethanol production (Figure 3(a)), etha-
nol is continuously removed from the syngas fermentor 
(R201) by the gas excess. Th e resulting stream is com-
pressed (P202) to 3.2 bar and cooled to −7 °C (C203) to 
condense a mix of water and ethanol. Th is mix is sepa-
rated from the gases by fl ashing (F204), leading to a 61 
wt.% ethanol concentration and 96 % recovery. Th e gas 
stream containing carbon dioxide and non-consumed 
CO and H2 is treated in a monoethanolamine (MEA)-
based process to remove the CO2.74 Th e remaining frac-
tions of CO and H2 are mixed with fresh syngas and then 
fed back to the fermenter. Th e pre-concentrated ethanol 
stream is pre-heated (H301) for an azeotropic distil-
lation (D302); the bottoms stream (containing water, 
ethanol, and acetic acid) is sent back to the fermentor 
while the top stream follows a dehydration process by 
adsorption (A401). Th us, 95% of water is removed by the 
molecular sieve,75 while the ethanol stream is condensed 
(C302) and cooled (H303) to storage temperature. Th e 
resulting product contains 0.27 wt.% water, while 5.5 % 
of the product is lost through the DSP. Th e adsorption 
units (I205) are used to remove acetic acid through ion 
exchange.76

Contrary to the ethanol DSP, 2,3-butanediol (Figure 
3(b)) is continuously removed from the syngas fermen-
tors (R201) in the liquid phase. Microfi ltration (S204) is 
used fi rst for biomass retention77 and subsequently water 
is partially removed by reverse osmosis (RO302) at a fl ux 
of 45 kg m−2 h−1).78 Th e product is concentrated up to 390 
g L−1, while the losses across the membrane account for 
3.9%.78 Th e permeate is recycled back to the fermentation 
tank, while the retentate is subjected to distillation (D303) 
to separate water and ethanol. Th e resulting bottoms 
stream is furtherly fl ash evaporated (H401) to eliminate 
dissolved solids carried from the fermentation. 2,3-butan-
ediol is fi nally condensed (C402) and cooled (H403) to 
storage temperature. Th e fi nal product purity is 99.8 wt.% 
(the remaining 0.2 % is water) with an overall recovery 
of 99.9%. Similarly as for the ethanol DSP, this DSP also 
includes CO2 removal (by the MEA-based process)74 from 
the recycling of off -gas due to its partial consumption dur-
ing fermentation stage.

Th e DSP for hexanoic acid (Fig. 3(c)) starts at the chain 
elongation reactor (R301) where it is produced from etha-
nol and acetic acid. Th e off -gas stream from the chain 
elongation reactor is partially dehydrated by condensation 
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(C303) and fl ashing (F304), and then it is directed to an 
ejector (J305) to generate the vacuum conditions needed 
for fermentation.79 Th e water content (from the steam ejec-
tor), temperature and pressure of the off -gas are adjusted 
before it is recycled back to the syngas fermenters. Th is 
recycling helps to improve the CO2 consumption due to 
the increase in the H2 supply. Th e organic liquid products 
of the elongation reactor may form a stabilized emul-
sion with the aqueous phase80 which is then separated by 
microfi ltration (S302).77 Th e latter process is also used for 
biomass retention. Th e oil–water emulsion is ultimately 
destabilized by thermal treatment (cooling below the 
acid’s freezing point),81,82 and the two phases are separated 
by centrifugation (CE402). Th e inorganic phase is warmed 
up and recycled back to the chain elongation reactor to 
provide part of the heating required by the fermentation, 
while the organic phase (still with a 58 wt.% water content) 
is mixed with n-decane (E501) to separate the hexanoic 
acid from water and the polar impurities dragged along 
from the fermentation. Th e solvent is then removed and 
regenerated by distillation (D503), and recycled back to the 
extractor. Finally, the acids mixture is distilled to produce 
a hexanoic acid with a purity of 99.9 wt.% and with an 
overall recovery of 95.9%.

Economic evaluation

Th e economic analysis of the designed processes was based 
on the total production costs (considering both capital 
expenditures (CAPEX) and operational expenditures 
(OPEX)) and the minimum selling price (MSP) of products. 
Th e MSP was understood as the selling price that would 
bring the net present value (NPV) to zero at a defi ned num-
ber of years (payback time (PBT)), which for the base-cases 
was set at 5 years. CAPEX was based on multiple factors 
related to the total equipment purchase costs (EPC),83 
which in turn depends on individual equipment’s charac-
teristic size. Th e EPC of this study were adapted from mul-
tiple sources: the NREL’s reports for all equipment used in 
the syngas production process34 and also for  adsorbers;75,84 
Seider et al.85 for membrane-based operations and com-
pressors; matche.com for fermentors; Husebye et al.74 for 
the CO2 MEA-based process; SuperPro Designer V9.0 for 
centrifuges; and Aspen Plus V8.8 for typical processing 
equipment such as distillation columns, extraction units, 
heat exchangers, evaporators, condensers and fl ash separa-
tors. When needed, the 6/10 scaling factor rule was used for 
capacity corrections.83 In addition, prices for all equipment 
were updated to 2015 by using the Chemical Engineering 

Figure 3. Process fl ow diagrams for syngas fermentation and DSP for producing: (a) ethanol, (b) 2,3-butanediol, and (c) hexa-
noic acid.
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Plant Cost Index (CEPCI) (www.chemengonline.com), and 
the project lifetime was fi xed at 15 years.

Aggregation of OPEX was based on Peters and 
Timmerhaus,83 as follows:

• Facility-dependent cost (FDC): depreciation, mainte-
nance, insurance, local taxes and overhead. Th e FDCs 
are calculated as a function of the EPCs.83 Linear 
depreciation was assumed through the project’s life-
time resulting in a salvage value equal to 10% of pur-
chase cost. A yearly maintenance equal to 15% of EPC 
was also assumed.

• Process-related cost (PRC): Raw materials and utili-
ties. Raw material fl ows and utilities requirements are 
derived from the mass and energy balances. Prices 
of raw materials were obtained from open websites 
(icis.com and alibaba.com), while the prices of utili-

ties and industrial services were defi ned according to 
Vasudevan and Ulrich.86

• Labor: it was assumed to be 7% of both FDC plus PRC.

Furthermore, the economic performance for each case 
was adjusted to the diff erent geographical locations here 
analyzed by using (i) location factors for CAPEX,87 (ii) 
specifi c prices for fuels (used for defi ning prices of utili-
ties)86 and lignocellulosic biomass, and (iii) local economic 
indexes: interest rate and taxes on revenue. Th e used val-
ues are shown in Table 3.

Life cycle assessment (LCA)

Th e LCA was performed according to the guidelines ISO 
14040 and 14044.94,95 Th e goal was to estimate and com-
pare the environmental impacts of the diff erent supply 

 Table 3. Parameters of the economic model for comparison of the different geographical locations 
of the processing plants.

Model parameters Value

Project lifetime (y) 15

Payback time (y) 5

Debt time period (y) 10

Debt-to-equity ratio 1

Interest type Compounded

Infl ation rate 0

Depreciation type Linear

Salvage value 10 % of EPC

Equipment maintenance 15 % of EPC

Labor 7 % of (FDC + PRC)

Working capital 1/12 of OPEX

Start-up costs 22 % of OPEX

Region-specifi c parameters

Country US NL BR

Location factor 87 1.03 1.19 1.01

Fuel price ($ GJ−1) 5.07588 12.1988 4.220b

Electricity price ($ MWh−1) 70.1488 118.088 134.9c

Interest rate (%)a 1.80 1.00 14.25

Tax on revenue (%)a 39.0 25.0 34.0

Cost of feedstock ($ tonwet
−1) (at year)

Pine wood 15 (2011) 89,90 - -

Sugarcane Bagasse - - 17 (2012) 91,92

Corn stover 24 (2011) 32,59,93 - -

Eucalyptus wood - - 31 (2011) 32,45

a www.tradingeconomies.com
b br.investing.com
c ANEEL.gov.br (http://relatorios.aneel.gov.br) * Biomass
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chains, followed by a comparison with data reported in 
literature for the same products (or similar products with 
equivalent functionalities, depending on data availability) 
from fi rst-generation and second-generation feedstocks 
and from fossil sources. A ‘cradle-to-gate plus incinera-
tion’ approach96 was defi ned for the system boundaries 
which include feedstock’s supply, syngas production, 
fermentation, and DSP stages. Additionally, to produce a 
fair comparison between the impacts of the products with 
fossil counterparts, the system was expanded to include 
the fi nal combustion (neglecting its distribution) of the 
products. Th e environmental impact categories analyzed 
in this study were the primary energy use (calculated as 
non-renewable energy use, NREU) and the global warm-
ing potential (GWP) (determined as GHG emissions). Th e 
functional unit for the inventory analysis and the impacts 
assessment is the production of 1 kg of end product for 
2,3-butanediol and hexanoic acid, while for ethanol, the 
unit used is 1 MJ calculated at its lower heating value 
(LHV: 29.7 MJ kg−1).

Individual impact characterization factors for materials 
and energy carriers were taken from the Ecoinvent V2.2 
database, literature, and internet references (Table 4). Th e 
environmental impacts data for sugarcane bagasse and 
corn stover were adopted from literature by applying eco-
nomic allocation (used factors are: 0.18 for SB, and 0.21 for 
CS) since they are considered as waste materials.97,98

Sensitivity analysis

During the development of the conceptual designs of the 
supply chains and related processes, some assumptions 

for specifi c variables were adopted. A sensitivity analsysis 
is performed on the most critical variables to determine 
their infl uence on the techno-economic and environmen-
tal performances, and to identify opportunities for further 
improvements.

Th ree variables specifi cally apply to syngas produc-
tion: (i) gasifi cation temperature was varied from 650 °C 
to 1050 °C; (ii) the tar reformer unit in the gasifi cation 
process was removed; and (iii) two possible uses for the 
heat produced in gasifi cation was evaluated, i.e., genera-
tion of electricity or steam. Th e gasifi cation temperature 
has been reported to have a strong infl uence on the syngas 
composition;38 therefore its infl uence has been analyzed 
and subsequently optimized. Th ree other variables were 
studied for the fermentation stage: (iv) gas fl ow rate across 
the syngas fermentors (which has infl uence on the mass 
transfer capacity, and therefore on the productivity); (v) 
output concentration of products in the fermentation tank 
(which determines the size of the DSP operations); and (vi) 
the hexanoic acid production throughput (which is related 
to its application and market, and therefore its selling 
price). Finally, three variables directly infl uencing the eco-
nomic evaluation have been considered: (vii) interest rate 
(which has shown variations during the past ten years in 
the three considered plant locations); (viii) fermentor pur-
chase cost; and (ix) payback time of the investment (which 
relates to the risks that investors would be willing to take). 
Th e fermentor purchase costs were varied from half to the 
double of the base value used for each single equipment 
(M$3.7 and M$8.5 for the syngas and chain elongation 
fermentors, respectively); the interest rate was varied in 
the ranges 0.20–2.45% (for NL), 7.25–16.50% (for BR), and 

 Table 4. Individual impact characterization factors for materials and energy carriers for NREU and GWP.a

Component Unit NREU 
(MJ unit−1)

GWP 
(gCO2eq unit−1)

Component Unit NREU 
(MJ unit−1)

GWP 
(gCO2eq unit−1)

Diesel MJ 1.19 11.2 Ammonia kg 50.86 2929.4

Electricity (US) MJ 2.13 188.8c Process water kg 0.08 6.6

Electricity (BR) MJ 0.46 80.0c KOH kg 32.56 2240.7

Electricity (NL) MJ 2.06 144.6 HCl kg 6.60 397.0

Cooling water kg 0.01 0.3 Decane kg 77.24 2173.3

Heat b MJ 1.56 100.5 Solid waste removal kg 0.04 2.5

Fertilizer kg 62.45 1571.6 Primary WWT kg 0.12 18.6

Herbicide kg 221.00 7930.0 Secondary WWT kg 0.25 83.2

Olivine kg 0.13 39.2 Microbial biomass 
combustion

kg 0.001 3.1

aMost data, excluding the referenced to footnotes, was obtained from Ecoinvent v2.2 database.
bReferred to all types of industrial heat, for example steam and, excluding cooling water. The same value is used for all locatio ns.
cCalculated as a function of the renewable fraction in the national grid mixture99 (http://www.tsp-data-portal.org) and taking the data for NL 
as reference for linear regression.
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0.25–5.25% (for US); while the payback time was analyzed 
for 3 to 7 years.

Results and discussion

Process design

Th e biomass supply chains were designed to produce syn-
gas with a composition that is suitable for fermentation 
into chemicals.36 Table 5 shows the resulting yields of syn-
gas on biomass and the composition of the resulting syn-
gas for each feedstock. Th e highest syngas yield is obtained 
from pine wood because of its high hydrogen content and 
low presence of ash and nitrogen compared to the other 
feedstocks. Th is syngas yield has, in general, a low vari-
ability (i.e., +/− 5.3%).

Aft er the syngas fermentation and DSP, the purity 
obtained is 99.6, 97.9, and 99.9 wt.% for ethanol, 
2,3-butanediol and hexanoic acid, respectively; with a 
product loss, aft er gasifi cation, of 5.6, 0.1 and 4.1%, respec-
tively. Th e highest overall mass yield of whole supply 
chain was obtained for 2,3-butanediol from pine wood, 
which is 13 % higher than for ethanol production and 33% 
higher than for hexanoic acid production when the same 
feedstock is used. An advantage of using pine wood at the 
fi xed steam to biomass ratio and gasifi cation temperature, 
is that it produces the most elementary and molecularly 

compatible syngas for the three fi nal products. In other 
words, the CO2 consumption for products synthesis 
increases with higher H2/CO ratios fed to the fermenter 
as shown in Figure 4. Th is higher consumption of CO2 
concentrated the CO and H2 in the bioreactors, improv-
ing the mass transfer capacity and reducing further the 
requirements for CO2 removal before syngas recycling. 
Nevertheless, since syngas composition is strongly infl u-
enced by gasifi cation conditions,38 optimal combinations 
of temperature and steam to biomass ratio could be deter-
mined, in order to produce syngas with a composition 

Table 5. Yields of biomass, syngas, and final products. And composition of the resulting syngas at a 
gasification temperature of 850°C.

Process feature PW SB CS EW

Syngas composition (vol. % dry)

H2 60.9 57.0 55.4 56.5

CO 28.1 28.6 30.0 29.0

CO2 9.9 13.1 13.0 13.2

N2 1.0 1.2 1.5 1.2

CH4 (ppm) 593.2 379 412 386

NH3 (ppm) 12.4 12 13 12

H2S (ppm) 160.6 189 822 0

H2/CO molar ratio 2.2 2.0 1.8 1.9

LHV (kJ kg−1) 5101 5451 5378 5446

Biomass Yield (kgbiomass dry kgbiomass wet
−1) a 0.59 (NL), 0.60 (US) 0.18 (NL), 0.18 (BR) 0.81 (NL), 0.83 (US) 0.59 (NL), 0.77 (BR)

Syngas Yield (kgsyngas kgbiomass dry
−1) 1.20 1.14 1.18 1.19

Yield to product from biomass

kgethanol kgbiomass dry
−1 0.43 0.38 0.37 0.38

kg2,3-butanediol kgbiomass dry
−1 0.49 0.41 0.41 0.42

kghexanoic acid kgbiomass dry
−1 0.36 0.32 0.31 0.32

a Locations in brackets indicate the place where biomass is converted into syngas.

Figure 4. Stoichiometric dependence of CO2 consumption/
production with respect to the H2/CO ratio in the syngas 
input stream.
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optimized to the type of fermentation product wanted, 
from a defi ned available feedstock. However, this analysis 
has not been performed in this study.

Economic evaluation

Results of the economic evaluation are discussed consid-
ering two main processing stages: (i) biomass supply and 
gasifi cation to syngas, and (ii) bulk chemicals production 
via syngas fermentation and subsequent DSP. Th e direct 
comparison between the obtained MSPs and the available 
data for selling prices in the global market was considered 

as indicator to determine potential economic feasibil-
ity of the products. Additionally, the ethanol production 
costs are used to draw comparisons against data reported 
in literature for ethanol, produced from lignocellulosic 
biomass through diff erent platforms: (i) the thermo-
chemical pathway (i.e., gasifi cation and FTS) and (ii) the 
biochemical route (i.e., pre-treatment, hydrolysis, and 
fermentation).

Table 6 shows the costs contribution for syngas pro-
duction from the four feedstocks with their respective 
region of origin and according to the location for biomass 
gasifi cation.

Cost item PW (US) SB (BR) CS (US) EW (BR)

(NL case)a (Local case)b (NL case)a (Local case)b (NL case)a (Local case)b (NL case)a (Local case)b

Costs contribution ($ tonsyngas
−1)

Biomass 
production

15.0 24.6 18.3 33.6 32.5 38.5 34.4 56.3

Sizing 0.7 0.8 0.2 0.4 0.7 0.6 1.3 1.5

Drying 15.4 — 19.0 — 5.4 — 14.4 —

Densifi cation 1.6 — 3.2 — 1.7 — 3.1 —

Truck transport 32.8 53.6 8.9 16.4 13.0 15.4 11.6 19.0

Train transport 12.4 — 4.2 — 43.8 — — —

Ship transport 18.3 — 38.7 — 18.6 — 37.1 —

Catalyst 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01

Utilities (see below) 43.3 21.7 48.5 32.7 45.2 23.1 43.5 28.5

Waste treatment 4.6 2.4 8.3 6.3 6.8 4.0 4.7 3.4

Depreciation 8.0 8.6 8.5 9.2 8.2 8.6 8.1 8.7

Maintenance 7.4 8.0 7.8 8.5 7.6 8.0 7.5 8.1

Insurance & local 
taxes

3.5 3.8 3.8 4.1 3.6 3.8 3.6 2.7

Labor 11.4 8.7 11.9 7.8 13.1 7.1 11.8 9.0

Laboratory 
charges

16.3 12.4 16.9 11.1 18.7 10.2 16.9 12.8

Total production 
costs

190.7 144.5 198.2 130.0 218.7 119.3 198.0 150.0

Contribution of utility costs ($ tonsyngas
−1)

Electricity 0 1.9 0 4.2 0 1.4 0 3.6

Steam 26.3 9.4 27.9 13.6 26.9 9.6 26.8 13.0

Cooling water 12.4 7.9 12.2 8.7 11.5 8.2 12.0 8.5

Solid waste 
treatment

0.3 0.1 4.3 3.2 2.9 2.2 1.6 1.2

CO2 removal 4.2 2.3 3.8 3.1 3.8 1.7 2.9 2.1

WWT 0.2 0 0.2 0 0.1 0 0.2 0

Total utility costs 43.4 21.6 48.4 32.8 45.2 23.1 43.5 28.4
a NL case: syngas production takes place in NL
b Local case: syngas production takes place in the region where the feedstock is produced

 Table 6. Total production costs of syngas: contribution analysis by feedstocks and location. 
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syngas fermentation and DSP. Th e lowest production costs 
were obtained for PW with production in the USA, while 
the ethanol turned out to be the least costly chemical to 
produce, followed by 2,3-butanediol and lastly, by hexa-
noic acid (Fig. 7(a)).

In general, the syngas fermentation gives the largest con-
tribution to the production costs for the three products: 
50–63%, 41–52%, and 44–53%, for ethanol, 2,3-butanediol 
and hexanoic acid, respectively (Fig. 7(a)). Th e main rea-
son for this signifi cant contribution is the large require-
ments of equipment and energy to overcome the low CO 
and H2 mass transfer capacities in the bioreactors, which 
results in large fermentation volumes and power input for 
gas compression. In the case of hexanoic acid, the com-
bination of the chain elongation unit (second fermenta-
tion step) with the DSP, represent only a minor part of 
the total production costs, due to the signifi cantly lower 
fermentation volumes (no mass transfer limitation) and 
the relatively easier operations proposed for purifi cation. 
Th e cost contribution of the DSP for ethanol production 
is relatively low because most of the product concentra-
tion is achieved within the fermentation stage, as etha-
nol is stripped out of the broth by the excess of syngas 
(Downstream processing section). Finally, although the 
recovery effi  ciency and conversion yield for 2,3-butanediol 
production are the highest among the three products 
compared, its DSP is the most resource intensive due to 
the limited concentration achieved within the fermenta-
tion. Th e 2,3-butanediol production process has also the 
highest CAPEX (Fig. 7(b)), which is mainly the due to the 
presence of the reverse osmosis unit (Fig. 3(b)) needed for 
partial broth dehydration.

Th e total production costs of ethanol here obtained are 
compared to those reported in literature for similar hybrid 
processes, i.e., the sugar platform (with biochemical pre-
treatment) and Fischer-Tropsch (aft er biomass gasifi cation) 
as shown in Figure 8. Reported data show a substantial 
variation depending on considered process  confi gurations 

When syngas production takes place in the region of the 
feedstocks origin, the lowest production costs are obtained 
for CS in the USA. However, when syngas production 
takes place in NL aft er biomass import, the lowest syngas 
production costs among all feedstocks are obtained when 
PW from the USA is used. For the biomass import cases 
(Fig. 5(a)), the biomass supply costs represent the largest 
share of the total syngas production costs; i.e., around 50% 
(accounting for biomass production, sizing, drying, densi-
fi cation, truck transport, train transport, and ship trans-
port). Th e relative contribution of the biomass supply to the 
total costs is larger when biomass gasifi cation takes place 
in the same region of the feedstocks production (see local 
cases in Fig. 5(b)). For instance, when syngas is produced 
in the US, the biomass supply costs represent 55% for PW 
and 45% for CS, while in BR this contribution is 38% for SB 
and 51% for EW. Utilities are the second largest contribu-
tor to the syngas production costs (Fig. 5(a) and 5(b); they 
account for 20–25% of the total costs.

Th e second part of the production costs is related to the 
syngas fermentation into bulk chemicals and their fur-
ther DSP. For the four feedstocks considered, the syngas 
production is the largest contribution to the total OPEX 
followed by the facility dependent costs which are related 
to the capital expenditures. Results are illustrated in 
Figs 6 and 7; syngas contribution to OPEX is in average 
39, 29, and 34%, for ethanol, 2,3-butanediol and hexa-
noic acid, respectively (see Fig. 6(b) for ‘raw materials’ in 
combination with Fig. 6(c) for ‘syngas’), while the facility 
dependent costs are 30, 32, and 30 %, respectively (Fig. 
6(b)). Th e rest of the OPEX contribution comes mainly 
from the pH controlling substances, nutrients, and make-
up solvents. All the process water required in the chemical 
production phase originates from the gasifi cation process 
and is recovered from the syngas cooling; thus, no exter-
nal process water is required.

Th e total production costs are obtained by adding up the 
contributions from biomass supply, syngas production, 

Figure 5. Cost contribution (in %) of syngas production for: (a) syngas production in NL, and (b) syngas production at the 
same region where feedstock is produced.
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and assumptions. In general, most data show that the 
hybrid conversion route is the least cost-competitive 
option for ethanol production from lignocellulosic bio-
mass. Th us, process optimizations are still required within 
this production pathway.

Th e MSP results for each case are shown in Figure 9. 
Th e lowest values, independently from the fi nal product, 
are obtained when production takes place in the US from 
PW. Th e main reason for his result is the fact that the US 
has relatively low values for: electricity costs, interest rate 
on loans, location factor, tax on revenue, fuel prices, and 
biomass production costs. On the contrary, BR is the least 
attractive case (even considering that it has the lowest 
production costs of syngas) due to its highest values for 
electricity price and interest rates on loans.

Th e obtained MSP for ethanol are higher than the sell-
ing prices observed in the international market during 
the last ten years (Nasdaq Inc. (www.nasdaq.com)) (Fig. 
9), meaning that the designed production chains cannot 
compete with commercially available routes for ethanol 

production. Due to limited access to international market 
prices for 2,3-butanediol, the MSP obtained for this prod-
uct are compared to those reported for 1,4-butanediol;109 
the MSP fi t within the price range reported for 1,4-butan-
ediol (Fig. 9), making this 2,3-butanediol a potentially 
attractive product of the syngas fermentation platform. 
Th e MSP of hexanoic acid are compared to two types of 
products (Fig. 9): jet fuel and food-grade hexanoic acid. 
It is stated that hexanoic acid can be used as precursor of 
biofuels110 and other products such as polymers, dyes or 
esters which require high purity of the acid.111 Th e MSP 
for the acid are signifi cantly higher than market prices 
observed for both fossil and bio-based jet fuel, however 
they are comparable (or lower) than those reported for 
food-grade hexanoic acid. However, there is a large diff er-
ence between the global market size of both applications 
(i.e., as fuel or as high-quality feedstock); a discussion on 
the infl uence of production scale of hexanoic acid with 
respect to the MSP is included in the section Hexanoic 
acid production capacity.

Figure 6. Break-down of operational costs for bulk chemicals production in all scenarios via the hybrid process. (a) 
Composition of OPEX by process stage, (b) composition of OPEX by major economic item, and (c) cost contribution of raw 
materials.



875© 2017 Society of Chemical Industry and John Wiley & Sons, Ltd  |  Biofuels, Bioprod. Bioref. 11:861–886 (2017); DOI: 10.1002/bbb

Modeling and Analysis: Production of bulk chemicals from lignocellulosic biomass E Almeida Benalcázar et al.

Life cycle assessment

For a better understanding of the composition of the 
environmental impacts, the contribution from biomass 
production up to syngas production is discussed in fi rst 
instance, and then the impacts analysis is done for the 
entire production chain.

Th e obtained environmental impacts (GWP and NREU) 
for syngas production in the three locations (NL, BR, 
and US) from PW, SB, CS, and EW are shown in Table 7. 
Eucalyptus usage in BR and NL and pine usage in the US 
lead to the lowest GWP, while sugarcane bagasse in BR 
leads to the lowest NREU. Corn stover has the highest 
environmental impacts for GWP, both in NL and the US. 
Th e worst NREU results are for PW and EW in NL. With 
respect to the geographical location, BR leads in general to 
the lowest impacts, while NL produces the highest impacts 
due mainly to additional impacts from international trans-
port. Figure 10 shows a contribution analysis for GWP and 
NREU; two key factors contributing to the environmental 
impacts of syngas production are: steam consumption for 
gasifi cation and biomass production. Th e contribution of 
the latter is larger since it includes biomass conditioning 
and delivery.

Figure 7. Break-down of total production costs and CAPEX by process stage. (a) 
Production costs, and (b) CAPEX.

Figure 8. Comparison of total production costs for lignocel-
lulosic ethanol by different platforms. Dots show punctual 
numbers, while lines show ranges. Numbers on the x-axis 
denote the respective literature reference.
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Th e environmental impacts, and their contributions 
from the process inputs for the entire supply chain and 
for each product are shown in Figure 11. Th e main con-
tributor is electricity consumption, followed by syngas 

production and heat requirements. Th is tendency is 
consistent in all scenarios, however, the impacts from 
electricity are lower in BR compared to those in the US 
and NL.

 Figure 12 compares the environmental performance of 
chemicals produced by the hybrid process against alterna-
tive production methods by considering other technolo-
gies and/or other feedstocks. In the cases of 2,3-butan-
ediol and hexanoic acid, equivalent products were 
included as benchmark assuming that the syngas based 
products can act as potential replacement of these prod-
ucts. Ethanol produced from lignocellulosic biomass via 
the hybrid process generally shows higher environmental 
impacts (both NREU and GWP, 100 and 85 % higher) 
when compared to ethanol derived from fi rst-generation 
and second-generation resources (Figs 12(a) and 12(d)). 
Furthermore, the usage of lignocellulosic materials (e.g. 
wood in the European Union (EU) and maize straw in 
the US) can lead to 45 % lower impacts than those for 
fi rst-generation raw materials (e.g. wheat and sugarcane). 
Finally, when compared with gasoline, ethanol through 
the hybrid process could generate up to 48 and 64 % lower 
environmental impacts than the fossil fuel, in terms of 
NREU and GWP.

Production of 2,3-butanediol via the hybrid process 
resulted in a better environmental performance in com-
parison to 1,4-butanediol and 1,3-propanediol (both from 
fossil and bio-based feedstocks; Figs 12(b) and 12(e)). Th e 
GHG emissions obtained for the hybrid process show a 
potential reduction as high as 76 and 93% in GWP and 
NREU from values reported for the two other fossil-based 
diols. In the case of hexanoic acid, this product exhibits 
a similar performance as the one reported for fatty acids 
derived from vegetable oils, and until 80 % lower GWP 
for adipic acid (a six-carbon-chain dicarboxylic acid in 
whose production, large amounts of N2O are released) 
(Figs 12(c) and 12(f)). Although the obtained results for 
2,3-butanediol and hexanoic acid are in general encour-
aging for further process development, these results 

Figure 9. MSP for all products considering different loca-
tions for biomass production and gasifi cation. Vertical 
colored rectangles represent the range of commercial sell-
ing prices for: ethanol (in violet), 1,4-butanediol (as equiva-
lent to 2,3-butanediol, in golden), fossil jet fuel (in green), 
bio-based jet fuel 112 (in pink), and bio-based hexanoic 
acid(in red). CSP: commercial selling price.

Table 7. Environmental impacts (GWP and NREU) of syngas production.

Environmental 
impact category

Units NL BR US

PW SB CS EW SB EW PW CS

GWP (kgCO2-eq kgsyngas
−1) 0.26 0.26 0.32 0.21 0.23 0.20 0.21 0.29

(kgCO2-eq MJsyngas
−1) a 0.051 0.047 0.059 0.038 0.042 0.036 0.041 0.053

NREU (MJ kgsyngas
−1) 5.87 3.71 5.20 5.99 3.13 3.74 3.46 4.09

(MJ MJsyngas
−1) a 1.15 0.68 0.97 1.10 0.57 0.69 0.68 0.76

a LHVs are calculated based on the resulting syngas composition from each feedstock as shown in Table 5.
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fossil-based counterparts, the economic performance 
of ethanol and hexanoic acid will not be promising if 
current oil and its products’ prices are maintained and 
more optimized processes are not designed. However, 
2,3-butanediol could become a key product as it has 
shown a competitive performance with its bio- and fossil-
based equivalents.

should also be prudently considered for future research. 
given the lack of environmental impacts reported in lit-
erature on producing these two products through other 
pathways. 

Although the three products of the hybrid process 
could potentially lead to signifi cant reductions in 
GHG emissions and NREU when compared to their 

Figure 10. Contribution analysis for environmental impacts of syngas production: (a) GWP in NL, (b) GWP in the region of 
feedstocks origin, (c) NREU in NL, (d) NREU in the region of feedstocks origin

Figure 11. Environmental impacts of the supply chain for bulk chemicals production 
in the US from PW via the hybrid process. (a) GWP and (b) NREU.
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Sensitivity analysis

Th e analyses shown in the previous sections are consid-
ered here as the base cases; these are used as reference 
points for the sensitivity analysis now discussed.

Gasifi cation temperature

Th e gasifi cation temperature for all feedstocks was var-
ied between 650 and 1050°C to analyze its impact on the 
resulting syngas composition. Th e changes in the syngas 
composition showed a similar trend in all cases. Results 
are exemplifi ed using only the data for pine wood gasifi ca-
tion (Figure 13). Higher gasifi cation temperatures led to 
higher concentrations of H2 and CO, thus favoring the 

Figure 13. Infl uence of gasifi cation temperature on the raw 
syngas composition for pine wood.

Figure 12. Environmental impacts of the hybrid process-based products and comparison with data reported in literature for 
different routes. GWP of: (a) ethanol, (b) 2,3-butanediol, (c) hexanoic acid; and NREU of (d) ethanol, (e) 2,3-butanediol, (f) 
hexanoic acid. List of references: i: 113; ii: 114; iii: 115; iv: 116; v: 117; vi: 118. Second-generation feedstocks considered in ethanol 
production follow the pathway with bio-chemical pre-treatment of cellulose.

* Gasoline is fossil-based and its impacts include CO2 emissions from fi nal combustion.
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Heat recovery in the syngas production 
phase

Th e heat drawn from syngas during its fi nal cooling (unit 
H108 in Fig. 2) was considered to be a useful source of 
energy, thus two potential uses for the heat recovered were 
analyzed: generation of electricity or steam.

When electricity is generated and used within the pro-
cess, the syng as production costs signifi cantly increase 
(16–19% for NL, 21–31% for BR, and 35–45% for the US) as 
shown in Table 10. Th is increase is due to the low thermal 
effi  ciency of the steam turbine and additional equipment 
costs; not enough electricity is generated to compensate 
for the additional overall costs. On the other hand, the 
environmental impacts are reduced by 13–26% and 12–20 
% for GWP and NREU, respectively.

When steam is internally produced, a slightly larger 
reduction in the environmental impacts is achieved (19–
31% for GWP and 19–23 % for NREU), while the syngas 
production costs are signifi cantly reduced (22–29%) as 
shown in Table 10. Th e largest infl uence of steam genera-
tion on the economic and environmental performances 

subsequent syngas fermentation in terms of mass yields 
and lower CO and H2 dilution. Furthermore, the optimal 
gasifi cation temperature is considered here as the one that 
produces minimum amounts of CH4 and CO2 (<10%), 
while keeping the H2/CO ratio around 2. Hence, the opti-
mal gasifi cation temperature for all feedstocks was deter-
mined as shown in Table 8.

Tar reformer

Considering that the tar reformer represents 25% of the 
purchase equipment cost for the gasifi cation plant and 
that this unit may be removed when gasifi cation is done 
at the optimal temperature (previous section), its exclu-
sion could help to reduce the overall production costs; 
however, the fi nal viability of this decision will depend on 
the eff ects on the syngas composition and its suitability 
for fermentation. In the case of PW, the syngas production 
costs are reduced by 20%. Positive eff ects are also obtained 
for the environmental performance: GWP and NREU 
are reduced by 14% and 16%, respectively, as shown in 
Table 9. Unfortunately, the resulting ammonium concen-
tration with tar reformer exclusion (770 ppm, Table 10) is 
much higher than the value reported as tolerable for fer-
mentation, 40 ppm.119,120

Although the resulting syngas is not fully free of impu-
rities for fermentation, results suggest that a higher 
microbial tolerance of contaminants would signifi cantly 
improve the overall economic and environmental perfor-
mance of the process.

 Table 8. Optimal gasification temperature for 
each feedstock and accompanied syngas 
compositions in vol.%.

Optimal 
gasifi cation 
condition

Feedstock

PW SB CS EW

Temperature (C°) 1000 950 850 900

Composition (vol.% dry)

H2 60.3 55.6 43.8 52.1

CO 28.6 28.3 22.5 25.8

N2 1.0 0.0014 0.002 1.3

CO2 9.5 14.9 22.9 16.6

CH4 0.47 1.1 9.9 3.9

H2S 0.017 0.021 0.1 0

NH3 0.077 0.12 0.86 0.28

H2/CO ratio 2.1 2.0 2.0 2.0

  Table 9. Effects of exclusion of the tar reformer 
on the syngas flow, composition, production 
costs and environmental impacts. Results 
presented for gasification of PW at 850°C with 
tar reformer vs. gasification of PW at 1000°C 
(optimal temperature) excluding tar reforming. 

Gasifi cation variable Gasifi cation at 
850 °C with tar 

reformer

Gasifi cation at 
1000 °C and 
exclusion of 

the tar reformer

Flow rate (kg s−1) 13.95 17.7

Composition (vol.%dry)

H2 60.9 60.3

CO 28.1 28.6

CO2 9.9 9.5

N2 1.0 1.0

CH4 (ppm) 593.2 500

NH3 (ppm) 12.4 770

H2S (ppm) 160.6 170

H2:CO ratio 2.1 2.1

LHV (kJ kg−1) 5101 6553

Production cost 
($ tonsyngas

−1)
144.50 115.45

Environmental impacts

GWP (kgCO2-eq kgsyngas
−1) 0.21 0.18

NREU (MJ kgsyngas
−1) 3.46 2.90
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occurs when syngas production takes place in NL, this is 
because steam is the second largest contributor to the pro-
duction costs aft er feedstocks.

Gas fl ow rate across fermentors and product 
concentration

Th e infl uence of gas fl ow rate across the syngas fermentors 
and product concentration are studied only for ethanol 
and 2,3-butanediol, since (i) these two are the only direct 
products of syngas fermentation, and (ii) hexanoic acid 
is assumed to be produced at saturation concentration 
during chain elongation. At fi rst, syngas fermentations 
were modeled considering the ethanol and 2,3-butanediol 
concentrations of 10 and 33 g L−1, respectively, with cor-
responding to the maximal gas fl ow rates of 5565 and 5413 
mol s−1 (Fig. 14(b)). Lower gas fl ow rates proved to reduce 
the mass transfer capacity as well as the volumetric pro-
duction capacity, resulting in a larger number of reactors 
to maintain the same throughput. However, at the highest 
gas fl ow rates (in which gas hold-up in the bioreactors is 
around 15%), compressors require more energy and larger 
capacities. Th us, a reduction in the gas fl ow rate from the 
highest to the lowest value would increase of the MSP of 
ethanol and 2,3-butanediol by 140 and 103%, respectively 
(Fig. 14(a)). Furthermore, in the case of ethanol, its con-
centration in the fermentor depends on the gas fl ow rate 
due its removal by stripping. Th us, lower gas fl ow rates 
result in higher concentrations, and as a consequence 

in higher MSP (Fig. 14(b)) due to the extra fermentation 
volume required. In the case of 2,3-butanediol, which is 
removed along with the broth, a fi ve-fold increase in con-
centration would lead to a signifi cant size reduction, and 
therefore a reduction in equipment investment, especially 
in the reverse osmosis unit. Th is investment decrease 
would lead to a MPS reduction of 21% as shown in Figure 
14(b). However, further concentration increments beyond 
30 g L−1 would only have minor economic benefi ts, given 
the asymptotic trend of the MSP function observed in 
Figure 14(b).

Th e GWP performance of both products showed to be 
proportional to gas fl ow rate (Fig. 14(c)) due to direct rela-
tion between the gas fl ow rate and the electricity consump-
tion in the compressors. Th ese relative potential reductions 
in environmental impacts were similar for both products. 
For ethanol, however, at even the lowest gas fl ow rate, 
the GWP is still 125% higher than that reported for fi rst-
generation bioethanol produced in BR from sugarcane.113 
When the concentration is varied instead, the impacts 
related to ethanol production follow and inverse relation 
as the one observed in Fig. 14(c); but for 2,3-butanediol the 
change is barely noticed, with a variation of 0.11% on its 
GWP (results not shown).

Interest rate and payback time

Figure 15(a) shows the eff ects of the interest rates on the 
MSP for ethanol production, where the middle points 

  Table 10. Economic and environmental performances for the base cases and the two strategies for heat 
recovery in the syngas production phase: (i) electricity production and (ii) steam generation.

 Cases NL BR US

PW SB CS EW SB EW PW CS

Base cases

Production cost ($ ton−1) 190.73 198.21 218.72 197.96 129.98 150.00 144.50 119.27

GWP (kgCO2-eq kg−1) 0.26 0.26 0.32 0.21 0.23 0.20 0.21 0.29

NREU (MJ kg−1) 5.87 3.71 5.20 5.99 3.13 3.74 3.46 4.09

Electricity production

Yield (MJ kgsyngas
−1) 0.92 0.84 0.85 0.84 0.84 0.84 0.92 0.85

Production cost ($ ton−1) 221.49 237.20 254.97 233.52 169.80 181.79 194.84 172.65

GWP (kgCO2-eq kg−1) 0.22 0.20 0.28 0.18 0.17 0.16 0.18 0.25

NREU (MJ kg−1) 5.08 3.21 4.60 5.27 2.51 3.10 3.01 3.56

Steam production

Yield (kg kgsyngas
−1) 1.21 1.10 1.11 1.10 1.10 1.10 1.21 1.11

Production cost ($ ton−1) 134.98 150.92 170.24 149.42 123.76 140.80 144.14 120.96

GWP (kg CO2-eq kg−1) 0.20 0.18 0.26 0.16 0.17 0.16 0.18 0.24

NREU (MJ kg−1) 4.51 2.89 4.17 4.74 2.54 3.13 2.95 3.47
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represent the cases discussed in the Economic evaluation 
section. Decrease of the interest rates would only result in 
minor reductions on the ethanol MSP: 7.4, 3.2 and 13.5% 
for the US, NL, and BR, respectively. Th us, the US is the 
best geographical option (even at the highest interest rate). 
BR could become an interesting place for production if the 
interest rates are on the low side of the last ten years ten-
dency; however, this country has the highest uncertainty 
of the three locations analyzed which may represent a risk 
to possible investments.

Th e eff ects of the PBT on the MSP (Figure 15(b)) are sig-
nifi cantly larger than those of the interest rates. In average, 
a MSP decrease of 38% is obtained when the PBT increases 
from 3 to 7 years. However, the pay-back time preferred by 
investors is generally between 3 and 5 years.83,87

Hexanoic acid production capacity

CAPEX and OPEX are known to be reduced when the 
production capacity increases due to the economy of 

Figure 14. Infl uence of two syngas fermentation parameters on the economic and environmental performance of ethanol 
and2,3-butanediol production (from PW in the US): (a) effect of gas fl ow rate on MSP, (b) effect of ethanol concentration on 
MSP, and (c) effect of gas fl ow rate on GWP.

Figure 15. Sensitivity analysis. a) Infl uence of interest rate on MSP for ethanol production (US: 0.25–5.25%, NL: 0.20–2.45%; 
BR: 7.25–16.50%); (b) Infl uence of PBT on MSP; and (c) infl uence of hexanoic acid production capacity on CAPEX, OPEX and 
MSP (from 8 to 150 kton y−1).
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2,3-butanediol, the designed supply chain and process 
lead to better economic and environmental performances 
than those of the fossil and bio-based technologies 
reported for its equivalents 1,4-butanediol, and 1,3-pro-
panediol. In fact, production of ethanol, 2,3-butanediol 
and hexanoic acid though the hybrid process may poten-
tially lead to lower GHG emissions than their respective 
fossil-based counterparts. However, uncertainties still 
exist within the economic performance due to the lack of 
commercial-scale projects that could serve as reference 
for cost-related data.

In the hybrid process, the fermentation stage makes use 
of the low-cost syngas platform, compared to the expen-
sive sugar-based platform, as carbon source. However 
large CAPEX and OPEX are still associated to the syngas 
fermentation (mainly due to low CO and H2 MTC and 
large power consumption by gas recycling) and DSP (in 
the case of 2,3- butanediol, due mainly to the low concen-
tration of products). Yet, further improvements may be 
possible by increasing the gas–liquid mass transfer capac-
ity inside the syngas fermenters or by process integration 
and optimization. Th us, heat recovery from the gasifi ca-
tion stage showed to be benefi cial from an environmental 
and economic point of view. In general terms, the applica-
tion of the hybrid process has shown to be an interesting 
option to produce bulk chemicals that otherwise would 
require complex DSP to separate and purify the main 
product from the fermentation broth; that is the case of, 
for example, 2,3-butanediol.

References
1. Demirbas A, Biofuels securing the planet’s future energy 

needs. Energy Convers Manage 50:2239–2249 (2009).

2. UNFCCC, Adoption of the Paris Agreement. [Online]. Available 
at: https://unfccc.int/resource/docs/2015/cop21/eng/l09r01.
pdf [October 28, 2015].

3. Daystar J, Gonzalez R, Reeb C, Venditti RA, Treasure T, Abt 
R and Kelley S, Economics, environmental impacts, and sup-
ply chain analysis of cellulosic biomass for biofuels in the 
southern US: pine, eucalyptus, unmanaged hardwoods, forest 
residues, switchgrass, and sweet sorghum. BioResources 
9:393–444 (2014).

4. Posada JA and Osseweijer P, Socio-economic and environ-
mental considerations for sustainable supply and fractionation 
of lignocellulosic biomass in a biorefi nery context, in Biomass 
Fractionation Technologies for a Lignocellulosic Feedstock 
Based Biorefi nery, ed by Mussatto SL. Elsevier, Amsterdam, 
pp. 674 (2016).

5. Munasinghe PC and Khanal SK, Biomass-derived syngas 
fermentation into biofuels: Opportunities and challenges. 
Bioresour Technol 101:5013–5022 (2010).

6. Bridgwater AV, The technical and economic feasibility of 
biomass gasifi cation for power generation. Fuel 74:631–653 
(1995).

scale. Th is is also the case for the MSP. However, in this 
case, two diff erent production scales for hexanoic acid 
can be considered according to the expected application, 
already explained in the Economic evaluation section. 
Th e global market for the former fuel application would 
be able to absorb large production volumes (e.g. 150 kton 
y−1) while the demand for the latter high-quality applica-
tions would only be able to handle small scale production 
before saturating the market (due to lack of published 
data, the market size for decanoic acid was considered as 
reference: 70 kton y−1) (www.transparencymarketresearch.
com). Th e MSP of hexanoic acid at large scale production 
is signifi cantly higher than the commercial price of jet fuel 
(0.33–1.44 $ kg−1) in the international market (Fig. 15(c)). 
It is also higher than the MSP reported for biojet fuel 
production via hydrothermal liquefaction of PW, EW and 
from macauba oil.112 Finally, for small scale production, 
the obtained MSP is comparable to the commercial price 
of food-grade hexanoic acid in the international market 
(2.8–3.4 $ kg−1) (Alibaba.com) only when the annual pro-
duction is in the range of 50–75 kton which could already 
be at near saturation of the market. Hence, hexanoic acid 
is doubtfully an attractive product of the hybrid process.

Fermentor purchase cost

If the purchase cost of each syngas fermenter is lowered 
to the half of the value assumed, the MSP for ethanol and 
2,3-butanediol are lowered by 18 and 13%, respectively 
(Supporting Information). On the case of hexanoic acid, 
if the chain elongation fermentor would cost the half, 
the product’s MSP is lowered by 7%. On the other hand, 
if the purchase costs are doubled, the MSP of ethanol, 
2,3-butanediol and hexanoic are raised by 36, 27, and 
13%, respectively. From this analysis, two things became 
evident, (i) the existing large uncertainty on the economic 
performance of ethanol and butanediol, and (ii) the fact 
that the contribution of the fermentors purchase cost to 
ethanol specially, is much more determinant than for the 
two other products.

Conclusions

Results suggest that the syngas platform, through the 
hybrid process (biomass gasifi cation followed by syn-
gas fermentation), is a potentially competitive route to 
produce 2,3-butanediol. Th is platform showed also to 
perform slightly poorer, in both economic and environ-
mental terms, than more developed second-generation 
technologies for ethanol production. In the case of 



883© 2017 Society of Chemical Industry and John Wiley & Sons, Ltd  |  Biofuels, Bioprod. Bioref. 11:861–886 (2017); DOI: 10.1002/bbb

Modeling and Analysis: Production of bulk chemicals from lignocellulosic biomass E Almeida Benalcázar et al.

generation biofuels: A review. Renew Sustain Energy Rev 
15:4255–4273 (2011).

24. Zhu Y, Jones SB, Biddy MJ, Dagle RA and Palo DR, Single-
step syngas-to-distillates (S2D) process based on biomass-
derived syngas – A techno-economic analysis. Bioresour 
Technol 117:341–351 (2012).

25. Swanson RM, Platon A, Satrio JA and Brown RC, Techno-
economic analysis of biomass-to-liquids production based on 
gasifi cation. Fuel 89:S11–S19 (2010).

26. Seabra JEA, Tao L, Chum HL and Macedo IC, A techno-
economic evaluation of the effects of centralized cellulosic 
ethanol and co-products refi nery options with sugarcane mill 
clustering. Biomass Bioenergy 34:1065–1078 (2010).

27. Choi D, Chipman DC, Bents SC and Brown RC, A Techno-
economic Analysis of Polyhydroxyalkanoate and Hydrogen 
Production from Syngas Fermentation of Gasifi ed Biomass. 
Appl Biochem Biotechnol 160:1032–1046 (2010).

28. Hamelinck CN, Suurs RAA and Faaij APC, International bioen-
ergy transport costs and energy balance. Biomass Bioenergy 
29:114–134 (2005).

29. Van Dael M, Van Passel S, Pelkmans L, Guisson R, Swinnen G 
and Schreurs E, Determining potential locations for biomass 
valorization using a macro screening approach. Biomass 
Bioenergy 45:175–186 (2012).

30. Gómez A, Rodrigues M, Montañés C, Dopazo C and Fueyo N, 
The potential for electricity generation from crop and forestry 
residues in Spain. Biomass Bioenergy 34:703–719 (2010).

31. Ma J, Scott NR, DeGloria SD and Lembo AJ, Siting analysis of 
farm-based centralized anaerobic digester systems for distrib-
uted generation using GIS. Biomass Bioenergy 28:591–600 
(2005).

32. Gonzalez R, Philips R, Saloni D, Jameel H, Abt R, Pirraglia 
A and Wright J, Biomass to Energy invthe Southern United 
States: Supply Chain and Delivered Cost. BioResources 
6:2954–2976 (2011).

33. van Dam JEG, Elbersen W and van Ree R, Setting up interna-
tional biobased commodity trade chains. [Online]. Available 
at: http://english.rvo.nl/sites/default/fi les/2014/06/Setting%20
up%20international%20biobased%20commodity%20
trade%20chains%20-%20May%202014.pdf [November 6, 
2015].

34. Worleyand M and Yale J, Biomass Gasifi cation Technology 
Assessment. Consolidated Report. NREL, Boulder, CO, USA 
(2012).

35. Hamelinck C, Faaij A, Denuil H and Boerrigter H, Production 
of FT transportation fuels from biomass; technical options, 
process analysis and optimisation, and development potential. 
Energy 29:1743–1771 (2004).

36. Ramachandriya K, Kundiyana D, Sharma A, Kumar A, Atiyeh 
H, Huhnke R and Wilkins M, Critical factors affecting the inte-
gration of biomass gasifi cation and syngas fermentation tech-
nology. AIMS Bioeng 3:188–210 (2016).

37. Siedlecki M, de Jong W and Verkooijen AHM, Fluidized bed 
gasifi cation as a mature and reliable technology for the pro-
duction of bio-syngas and applied in the production of liquid 
transportation fuels—a review. Energies 4:389–434 (2011).

38. Doherty W, Reynolds A and Kennedy D, Aspen Plus simula-
tion of biomass gasifi cation in a steam blown dual fl uidised 
bed, in Materials and Processes for Energy: Communicating 
Current Research and Technological Developments. Formatex 
Research Centre, Badajoz, Spain, pp. 212–220 (2013). 

7. Moncada J, Posada JA and Ramírez A, Early sustainability 
assessment for potential confi gurations of integrated biore-
fi neries. Screening of bio-based derivatives from platform 
chemicals: Early sustainability assessment for potential con-
fi gurations of integrated biorefi neries. Screening of bio-based 
derivatives from platform chemicals. Biofuels Bioprod Bioref 
9:722–748 (2015).

8. Liew FM, Köpke M and Dennis S, Gas fermentation for com-
mercial biofuels production, in Liquid, Gaseous and Solid 
Biofuels - Conversion Techniques, ed by Fang Z. [Online]. 
InTech (2013). Available at: http://www.intechopen.com/
books/liquid-gaseous-and-solid-biofuels-conversion-tech-
niques/gas-fermentation-for-commercial-biofuels-production 
[September 9, 2015].

9. Daniell J, Köpke M and Simpson S, Commercial biomass syn-
gas fermentation. Energies 5:5372–5417 (2012).

10. Ljungdahl L, The autotrophic pathway of actetate synthesis in 
acetogenic bacteria. Annu Rev Microbiol 40:415–450 (1986).

11. Phillips JR, Klasson kt, clausen ec and gaddy jl, biological 
Production of Ethanol from Coal Synthesis Gas. Appl Biochem 
Biotechnol 39:559–571 (1993).

12. Levinston WE, Butyrate Producing Clostridium Species, 
Clostridium pharus. US patent No. 8 2014/0242654 A1 (2014).

13. Liu K, Atiyeh HK, Stevenson BS, Tanner RS, Wilkins MR and 
Huhnke RL. Mixed culture syngas fermentation and conver-
sion of carboxylic acids into alcohols. Bioresour Technol 
152:337–346 (2014).

14. Phillips JR, Atiyeh HK, Tanner RS, Torres JR, Saxena J, 
Wilkins MR and Huhnke RL, Butanol and hexanol production 
in Clostridium carboxidivorans syngas fermentation: Medium 
development and culture techniques. Bioresour Technol 
190:114–121 (2015).

15. Köpke M, Mihalcea C, Liew F, Tizard JH, Ali MS, Conolly JJ 
et al., 2,3-Butanediol Production by Acetogenic Bacteria, an 
Alternative Route to Chemical Synthesis, Using Industrial 
Waste Gas. Appl Environ Microbiol 77:5467–5475 (2011).

16. Do YS, Smeenk J, Broer KM, Kisting CJ, Brown R, Heindel 
TJ et al., Growth of Rhodospirillum rubrum on synthesis 
gas: Conversion of CO to H2 and poly-β-hydroxyalkanoate. 
Biotechnol Bioeng 97:279–286 (2007).

17. Bengelsdorf FR, Straub M and Dürre P, Bacterial synthesis 
gas (syngas) fermentation. Environ Technol 34:1639–1651 
(2013).

18. Dürre P and Eikmanns BJ, C1-carbon sources for chemical 
and fuel production by microbial gas fermentation. Curr Opin 
Biotechnol 35:63–72 (2015).

19. Vasudevan D, Richter H and Angenent LT, Upgrading dilute 
ethanol from syngas fermentation to n-caproate with reactor 
microbiomes. Bioresour Technol 151:378–382 (2014).

20. Siedlecki M, De Jong W and Verkooijen AHM, Fluidized bed 
gasifi cation as a mature and reliable technology for the pro-
duction of bio-syngas and applied in the production of liquid 
transportation fuels—a review. Energies 4:389–434 (2011).

21. Piccolo C and Bezzo F, A techno-economic comparison 
between two technologies for bioethanol production from lig-
nocellulose. Biomass Bioenergy 33:478–491 (2009).

22. Abubackar HN, Veiga MC and Kennes C, Biological conver-
sion of carbon monoxide: rich syngas or waste gases to 
bioethanol. Biofuels Bioprod Bioref 5:93–114 (2011).

23. Mohammadi M, Najafpour GD, Younesi H, Lahijani P, Uzir MH 
and Mohamed AR, Bioconversion of synthesis gas to second 



884 © 2017 Society of Chemical Industry and John Wiley & Sons, Ltd  |  Biofuels, Bioprod. Bioref. 11:861–886 (2017); DOI: 10.1002/bbb

E Almeida Benalcázar et al. Modeling and Analysis: Production of bulk chemicals from lignocellulosic biomass

57. Jonker JGG, van der Hilst F, Junginger HM, Cavalett O, 
Chagas MF and Faaij APC, Outlook for ethanol production 
costs in Brazil up to 2030, for different biomass crops and 
industrial technologies. Appl Energy 147:593–610 (2015).

58. Macedo IC, Seabra JEA and Silva JEAR, Greenhouse gases 
emissions in the production and use of ethanol from sugar-
cane in Brazil: The 2005/2006 averages and a prediction for 
2020. Biomass Bioenergy 32:582–595 (2008).

59. Graham RL, Nelson R, Sheehan J, Perlack RD and Wright 
LL, Current and Potential U.S. Corn Stover Supplies. Agron J 
99:1–11 (2007). 

60. Carolynn E and Sarlls, A comparison of Empirical and 
Theoretical Eucalyptus Yields in Brazil. [Online]. The University 
of Tennessee (2010). Available at: http://web.ornl.gov/sci/ees/
cbes/Trip%20Reports/P2%20Oladosu%20and%20Sarlis%20
2010%20POSTER%20Eucalypts%20Productivity%20
Theory%20vs%20Empirical%20%20Compatibility%20Mode.
pdf [November 26, 2015].

61. Stape JL, Binkley D, Ryan MG, Fonseca S, Loos RA, 
Takahashi EN et al., The Brazil Eucalyptus Potential 
Productivity Project: Infl uence of water, nutrients and stand 
uniformity on wood production. For Ecol Manag 259:1684–
1694 (2010).

62. Goldemberg J, Coelho ST and Guardabassi P, The sustain-
ability of ethanol production from sugarcane. Energy Policy 
36:2086–2097 (2008).

63. Murphy CW and Kendall A, Life cycle inventory development 
for corn and stover production systems under different alloca-
tion methods. Biomass Bioenergy 58:67–75 (2013).

64. Seabra JEA, Macedo IC, Chum HL, Faroni CE and Sarto CA, Life 
cycle assessment of Brazilian sugarcane products: GHG emis-
sions and energy use. Biofuels Bioprod Bioref 5:519–532 (2011).

65. Rosillo Callé F, Bajay SV and Rothman H, Industrial Uses of 
Biomass Energy the Example of Brazil. Taylor & Francis, New 
York (2000).

66. Luo L, van der Voet E and Huppes G, An energy analysis of 
ethanol from cellulosic feedstock–Corn stover. Renew Sustain 
Energy Rev 13:2003–2011 (2009).

67. Straathof AJJ, Alvarez-Góez D, Noorman H and Heijnen JJ, 
Syngas fermentation: conceptual process design. Abstract 
plus lecture presented at the ESBES-IFIBiop: Lille - France 
(September 7–10, 2014).

68. Grootscholten TIM, Steinbusch KJJ, Hamelers HVM and 
Buisman CJN, Chain elongation of acetate and ethanol in 
an upfl ow anaerobic fi lter for high rate MCFA production. 
Bioresour Technol 135:440–445 (2013).

69. Posada JA, Patel AD, Roes A, Blok K, Faaij APC and Patel 
MK, Potential of bioethanol as a chemical building block for 
biorefi neries: Preliminary sustainability assessment of 12 
bioethanol-based products. Bioresour Technol 135:490–499 
(2013).

70. Budavari S (ed), The Merck Index: An Encyclopedia of 
Chemicals, Drugs, and Biologicals. 11th ed., Centennial ed. 
Merk, Rahway, NJ, USA (1989).

71. Kleerebezem R and Van Loosdrecht MCM, A generalized 
method for thermodynamic state analysis of environmental 
systems. Crit Rev Environ Sci Technol 40:1–54 (2010).

72. Heijnen J, A thermodynamic approach to predict 
black box model parameters for microbial growth, in 
Biothermodynamics. EPFL Press, Switzerland (2013).

73. van’t Riet K and Tramper J, Basic bioreactor design. Marcel 
Dekker, New York (1991).

39. Basu P and Kaushal P, Modelling of pyrolysis and gasifi ca-
tion of biomass in fl uidized beds: a review, in Chem Prod 
Process Model Vol. 4. [Online]. Available at: http://www.
degruyter.com/view/j/cppm.2009.4.1/cppm.2009.4.1.1338/
cppm.2009.4.1.1338.xml [May 4, 2016].

40. Naik SN, Goud VV, Rout PK and Dalai AK, Production of fi rst 
and second generation biofuels: A comprehensive review. 
Renew Sustain Energy Rev 14:578–597 (2010).

41. Ubilla P, García R, Fierro JL and Escalona N, Hydrocarbons 
synthesis from a simulated biosyngas feed over Fe/SiO2, 
catalysts. J Chil Chem Soc 55:35–38 (2010).

42. Soccol CR, Vandenberghe LP de S, Medeiros ABP, Karp SG, 
Buckeridge M, Ramos LP et al., Bioethanol from lignocel-
luloses: status and perspectives in Brazil. Bioresour Technol 
101:4820–4825 (2010).

43. Shinners K, Binversie B, Muck R and Weimer P, Comparison 
of wet and dry corn stover harvest and storage. Biomass 
Bioenergy 31:211–221 (2007).
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