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Abstract: In this study, the economic feasibility of producing ethanol from gasification followed by
syngas fermentation via commercially available technologies was theoretically evaluated using a set
of selected livestock and agricultural and forest residuals ranging from low valued feedstocks (i.e.,
wood, wheat straw, wheat straws blended with dewatered swine manure, and corn stover) to high
valued oilseed rape meal. A preliminary cost analysis of an integrated commercial system was made
for two cases, a regional scale 50 million gallon (189,271 m3) per year facility (MGY) and a co-op scale
1–2 MGY facility. The estimates for the minimum ethanol selling prices (MESP) depend heavily on
the facility size and feedstock costs. For the 1–2 MGY (3785–7571 m3/y) facility, the MESP ranged
from $5.61–$7.39 per gallon ($1.48–$1.95 per liter) for the four low-value feedstocks. These high costs
suggest that the co-op scale even for the low-value feedstocks may not be economically sustainable.
However, the MESP for the 50 MGY facility were significantly lower and comparable to gasoline
prices ($2.24–$2.96 per gallon or $0.59–$0.78 per liter) for these low-value feedstocks, clearly showing
the benefits of scale-up on construction costs and MESP.

Keywords: swine manure; cover crops; wood; oilseed rape; syngas fermentation; gasification

1. Introduction

Sustainable agricultural biomass feedstock can be used to produce biofuel, bioenergy, biochemicals,
and bioproducts via a variety of conversion pathways. Important sources of biomass feedstock for
bioenergy identified by the 2016 Billion-Ton-Study and its update [1] include forest resources, energy
crops, crop residues, and animal manures. While forest resources such as logging residues and the
whole tree, and perennial energy crops (herbaceous: switchgrass, miscanthus, and energy cane, and
woody crops: southern pine, poplar, willow, and eucalyptus) are often considered for bioenergy
production, conversion processes for farm-based biomass such as crop residues and animal manures
are less typical. Economically viable local conversion facilities to produce liquid biofuels would offer
potential income to farmers. The development of such facilities is especially important since crop
residues are one of the largest sustainable sources of feedstock in the United States. Corn stover and
wheat straw are the two major crop residues. Further potential agricultural residual feedstocks are
cover crops such as vetch, clover, and rye. These cover crops grown during fallow periods between
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major cash crops are used to prevent soil erosion. In addition to these traditional cover crops, the oil
seed crop species Brassica napus represented by canola and rapeseed can also be used as a cover crop.
As a cover crop, canola and rapeseed, cumulatively oilseed rape (OSR) is known for benefits such as
preventing erosion, increasing soil organic matter, suppressing weeds and soilborne pests, alleviating
subsoil compaction, and scavenging nutrients [2,3].

Animal manure is also considered to be one of the major available biomass waste resources [1].
In view of the change in animal production in the U.S. and worldwide toward more concentrated
animal feeding operations, environmentally sound methods for the storage and disposal of this surplus
manure are required [4]. Studies have shown that thermochemical conversion of surplus animal
manures such as pyrolysis not only alleviates the storage and disposal problems, but it can also
provide regionally available power for local farmers [4–7] and value-added byproducts that can be
used to remove odors [8], fugitive gas such as ammonia [9,10], and as soil amendments to improve soil
quality [11,12].

Gasification is another thermochemical technology which converts surplus manures, as well as
other residues to produce synthesis gas (hereafter referred as syngas) composed mainly of CO and H2.
The syngas can be used to generate power via combustion or converted to liquid fuels via downstream
catalytic syngas conversion [13] or fermentation processes. A number of commercial gasification
systems capable of converting a variety of feedstocks for syngas production have been used [14–21].
The fermentation of the syngas in a following process step utilizes autotrophic microorganisms to convert
CO, H2, and CO2 with flexible molar ratios into alcohols, organic acids, and other products [22–36].
Both monocultures and mixed cultures have been used to produce a variety of fermented products.
Commercial facilities have been constructed, producing ethanol from municipal solid and industrial
cellulosic wastes [14,15]. In addition to ethanol, research on competing uses for biomass continues
and may bring forth alternative economically sustainable products, ranging from higher value niche
chemicals [37,38] to lower cost bulk biofuels using chemical transformations (e.g., methanol, dimethyl
ether, synthetic natural gas) [39].

With current gasification technology, low-valued agricultural residuals can be combined with
the amenable woody feedstocks to increase the economic feasibility of ethanol production facilities.
Small scale systems that draw farm-based and forest residues from surroundings with shorter biomass
draw radius, i.e., shorter transport distance for hauling biomass to the plant, will reduce a major costing
of the biomass supply [40,41]. Moreover, farm-based biomass can often include woody feedstocks.
The relatively clean, high growth rate and the high heating values for some wood (particularly poplar)
often motivate a creation of energy crop production alongside the agricultural production.

The overall goal of this study is to estimate the economic potential of producing ethanol from
agricultural and forest residuals using commercially available technology for gasification-syngas
fermentation. Specific objectives of this study were to determine (1) theoretical amounts of ethanol that
can be produced from selected forest and agricultural residuals by operating coop- or regional-scale,
integrated gasification, and syngas fermentation systems and (2) preliminary economic feasibility by
conducting cost analyses of the integrated systems.

2. Materials and Methods

2.1. Feedstocks and Logistics

This study considered forest resources (logging residues), crop residues (corn stover and wheat
straw), swine manure mixed with wheat straw, and OSR meal (a residual from oil processing), to
produce liquid biofuel for two cases from small to large commercial systems. Case 1 was assumed to
be a regional-scale size bioethanol facility (50 million gallon per year, 50 MGY or 189,271 m3/y). Case 2
was assumed to have 1 to 2 MGY (3785–7571 m3/y) ethanol production capacities as a co-op-scale
facility. The plant capacity and biomass availability surrounding a biofuel plant determine the biomass
draw radius or transport distance between feedstocks and the plant.
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The estimated roadside costs of forest resources that include stumpage price and harvesting
costs (assuming an integrated harvesting option) were taken from the 2016 Billion-Ton-Study [1].
Both stumpage price and harvesting cost varied widely between regions, which mainly depend
on harvesting method, topography, and stand type. Usually, crop residues are harvested as bales,
especially large rectangular bales that have lower harvesting, handling, storage, and transportation cost
compared to round bales [42,43]. The farmgate price of crop residues included nutrient replacement
cost due to crop residues removal and harvesting cost.

The delivered cost of biomass to a biomass conversion plant includes roadside or farmgate cost
and transportation cost of biomass from forest roadside or farm gate to bioenergy/biofuel conversion
site. Storage may be necessary due to the seasonal availability of biomass, especially crop residues [43].
Forest resources and manure may be available throughout the year and biomass storage may not
be necessary. A detailed estimation of bales and woodchips were described in Sahoo and Mani [43]
and Sahoo et al. [44] respectively. The conversion plant considered in this study can use wood chips
directly and further grinding is not required. However, bales require additional grinding operation
before use in the conversion plant. A detailed estimation of transport and handling cost for bales and
woodchips were presented by Sahoo and Mani [42] and Sahoo et al. [45] respectively. Animal manure
cost at the farmgate varies between 0 and 40 $/dry tonne [1]. Because swine manure solid contents
are only about 2–5%, various dewatering techniques are used to dewater the manure and reduce the
transportation cost. The dewatered swine manure can be available at the price of $22/tonne (25% solid
content) (personal communication with a manure sludge management company in North Carolina).
Although the cost for OSR meal is much higher than other feedstocks, it was selected for comparing its
competing use as animal feed. Table 1 summarizes the logistics cost of various feedstocks considered
in this study.

Table 1. Logistics costs of biomass for the small-scale portable biofuel plants.

Biomass
Type

Stumpage
Cost a

($/Dry
Tonne) [1]

Harvesting
Cost

($/Dry
Tonne) [1]

Transportation
Cost ($/Dry

Tonne)

Storage Cost
d ($/Dry
Tonne)
[43,44]

Grinding
($/Dry
Tonne)
e [42]

Average Total
Feedstock Cost f

($/Dry Tonne)

20 b km 60 c km 20 a km 60 c km

Logging residues Wood chips 1−5 15−20 6 12 8 - 34.5 40.5

Wheat Straw Rectangular
bale 9−28 44−49 4 10 6.0 10.5 85.5 91.5

Corn Stover Rectangular
bale 5−15 14−16 4 10 6.0 10.5 45.5 51.5

Swine Manure 70 0 3.5 8.0 - - 73.5 78.0
Oilseed rape
(OSR) meal 342 - 4 10 - - 346.0 352.0

Wheat Straw
(50%) + Swine
manure (50%)

- - - - - - 79.5 84.8

a A price paid to forest owners for logging residues. A price paid to farmers for the crop residues to recover the cost
of adding removed nutrients due to the removal of crop residues [1]. Swine manure delivered cost was provided
by the local vendors $22/tonne (25% solid content) includes transportation (personal communication) and this
study assumed the cost $17.5/tonne (excluding transportation cost) of dewatered swine manure and estimated the
transportation cost for the specific transport distances of 20 km ($3.5/dry tonne) and 60 km ($8/tonne) for small and
large scale plants respectively. Oilseed rape (OSR) meal cost was taken from USDA year book ($285/US tonne, 8%
moisture content [46]. b Assumed biomass draw radius of 20 km for smaller size plant (1–2 million gallon per year
(MGY) ethanol plant capacity). Transport cost was estimated based on [42,45,47]. c Assumed biomass draw radius
of 60 km for large size plant (50 MGY ethanol plant capacity). Transport cost was estimated based on [42,45,47].
d Wood chips are assumed to be stored for 1 month as they are available throughout the year. Crop residues are
seasonal and thus a six-month storage of bales was assumed [43,44]. Storage was not considered for Swine manure
and OSR meal. e Debaling and grinding cost for agricultural wastes [42]. Grinding or chipping is part of harvesting
logging residues. f Average total feedstocks cost delivered to biorefinery includes average values for stumpage,
harvest, transportation, storage and grinding.
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2.2. Proximate and Ultimate Analyses of Feedstock

In order to estimate the syngas production rates and compositions using the Proe Power Systems’
simulation model, proximate and ultimate properties of feedstock were needed. Triplicate proximate
and ultimate properties of wheat straw samples (ASTM D3172 and 3176) were analyzed by Hazen
Research Inc. (Golden, CO, USA). Mean values of proximate and ultimate properties reported in the
literature were used for swine manure and OSR meal [48,49].

2.3. Syngas Production Using a Commercial Gasification System

In order to handle a wide variety of feedstocks, we chose to use a modular fixed-bed, crossflow
gasification system (Proe Power 250 kWe, Proe Power Systems, LLC, Median, OH, USA) to generate
syngas from various forest and agricultural residuals. Selecting the appropriate gasifier technology
has several facets when using the farm-based biomass [16]. Due to the variation in the size of the
biomass feedstock, many biomass gasification systems require attention to size reduction and/or feed
flow uniformity, particularly in downdraft and fluidized bed gasifiers. The fixed bed gasifier was
chosen because it was more tolerant of feedstock sizing, helping to reduce costs. Air was used in the
gasifier instead of oxygen for the gasification reactions since oxygen separation units are usually not
cost-effective at the smaller scales [17]. Likewise, the higher cost associated with the use of super-heated
steam for carbon gasification [17,18] was also avoided at the smaller scales. However, there is a potential
low-cost approach of using a commercial air heat exchanger to preheat the combustion air and lower
the nitrogen content of the syngas. With the air heat exchanger, less oxygen is needed to reach the
adiabatic temperature within the gasifier that then promote more CO and H2 production and less CO2

and H2O byproducts via the water gas shift reactions; which has some mention as a concept in the
literature [19,20]. A preheated combustion air concept in a downdraft gasifier design has already been
used for gasification of cow manure [21], but the downdraft gasifier design may not be optimal for
other types of farm feedstock.

The Proe Power Systems’ simulation model for the crossflow gasification system component was
used to determine the syngas composition and production rates. The model is a thermochemical
equilibrium model based on the elemental composition of the feedstock and the assumption that
equilibrium is achieved. The model can be used for both woody and non-woody biomass feedstocks.
The composition was determined for gasification with two output temperatures of 649 Celsius and
850 Celsius. This simulation model predicts material flow rates and temperatures of various components
of the gasification system. Figure 1 shows the basic schematic of the selected modular Proe Syngas
Generator, the predicted material flow rates, and temperatures for gasifying wood fuel to generate
syngas. The simulation model performs mass and energy balances on the air heater, gasifier, and
dryer. Input values are biomass fuel properties, gasifier temperature, air temperature, desired syngas
production flowrate, and the ratio of air flow split to the fuel dryer and gasifier. This model can be used
to optimize the syngas production for a wide variety of biomass fuels by varying the input values. As a
check we also used the gaseous equilibrium solver, known as StanJan, to verify the model accuracy
on the major gases, at least to within 1% at 850 ◦C, and nil production of solid carbon at equilibrium.
Predictions of the computer model are comparable with the literature and other models for the air
blown gasifiers [16]. The composition is then considered “frozen” at that equilibrium value as it passes
through the air heater and on to the fermentation process.



Environments 2019, 6, 97 5 of 15
Environments 2019, 6, x FOR PEER REVIEW 5 of 16 

 
Figure 1. Calculated result of syngas generator for the wood chips feedstock. 

2.4. Theoretical Ethanol Yields from Syngas Fermentation and Ethanol Production Rates 

Syngas-utilizing microorganisms fix carbon via the acetyl-CoA pathway, also known as Wood–
Ljungdahl pathway [50], and its derivative [51,52]. Acetic acid and ethanol are produced from CO, CO2, 
and H2 according to the following possible reactions, which are dependent on syngas composition [23]: 2 CO + 2 Hଶ → CHଷCOOH (1)4 Hଶ + 2 COଶ  → CHଷCOOH + 2 HଶO (2)4 CO + 2 HଶO → CHଷCOOH + 2 COଶ  (3)CO + 3 Hଶ + COଶ  → CHଷCOOH + HଶO (4)6 CO + 3 HଶO → CHଷCHଶOH + 4 COଶ (5)3 CO + 3 Hଶ → CHଷCHଶOH + COଶ (6)4 CO + 2 Hଶ + HଶO → CHଷCHଶOH + 2 COଶ (7)CO + 5 Hଶ + COଶ  → CHଷCHଶOH + 2 HଶO  (8)

In Equations (1)–(4), 1 mole of acetic acid is produced from 4 moles of reductants. For ethanol 
production Equations (5)–(8), 1 mole of ethanol requires 6 moles of reductants. The reductants in syngas 
fermentation come from either H2, CO or both. In this study, the theoretical ethanol yield was estimated 
based on the assumption that all the reductants (i.e., 6 moles CO + H2) available in the syngas were 
converted to one mole of ethanol [23]. This assumption was combined with the syngas yield from each 
feedstock to calculate theoretical ethanol yields, which are reported in the results section. In practice, 
though, not all the CO and H2 is converted to ethanol by fermentative microorganisms, nor is all ethanol 
recovered from the system. In this study, we assumed 90% conversion of CO and H2 to ethanol, and 

Gasifier
Air Heater

0.0800 kg/s   
637C

SYNGAS GENERATOR 
Air/Fuel Flow

0.0004 kg/s      
Ash

0.1212 kg/s   
25C Air

60.5 kWt Heat Input

Fuel 
Hopper

0.0800 kg/s   
850C

0.0418 kg/s  
612C Air

Syngas Mass 
Fraction including 
water gas shift at 
850C:

Fu
el

 D
ry

er

*Dry Basis % Moisture 

Wood Fuel

Air

Syngas Products

Legend

Ash
Heat

159C Air + Water Vapor

@40.0%* Moisture
Wood, Forest Service

0.0491 kg/sec

@40.0%* Moisture
Wood, Forest Service

0.0491 kg/sec

0.0794 kg/s

0.0899 kg/sec

Wood, Forest Service @10.0%* Moisture 0.0386 kg/sec

CO      I 40.87%

Warm Air

H2       I   2.63%
CO2    I 11.65%
H2O    I   4.64%
CH4     I    0.15%
N2       I  40.06%
SO2     I    0.00%

Forest Service Wood Chips
{C(6) H(9.25) O(4.3) + 1%Ash}+ 40%* H2O 

850C Gasifier Exit Temperature

Figure 1. Calculated result of syngas generator for the wood chips feedstock.

2.4. Theoretical Ethanol Yields from Syngas Fermentation and Ethanol Production Rates

Syngas-utilizing microorganisms fix carbon via the acetyl-CoA pathway, also known as
Wood–Ljungdahl pathway [50], and its derivative [51,52]. Acetic acid and ethanol are produced
from CO, CO2, and H2 according to the following possible reactions, which are dependent on syngas
composition [23]:

2 CO + 2 H2 → CH3COOH (1)

4 H2 + 2 CO2 → CH3COOH + 2 H2O (2)

4 CO + 2 H2O → CH3COOH + 2 CO2 (3)

CO + 3 H2 + CO2 → CH3COOH + H2O (4)

6 CO + 3 H2O → CH3CH2OH + 4 CO2 (5)

3 CO + 3 H2 → CH3CH2OH + CO2 (6)

4 CO + 2 H2 + H2O → CH3CH2OH + 2 CO2 (7)

CO + 5 H2 + CO2 → CH3CH2OH + 2 H2O (8)

In Equations (1)–(4), 1 mole of acetic acid is produced from 4 moles of reductants. For ethanol
production Equations (5)–(8), 1 mole of ethanol requires 6 moles of reductants. The reductants in
syngas fermentation come from either H2, CO or both. In this study, the theoretical ethanol yield was
estimated based on the assumption that all the reductants (i.e., 6 moles CO + H2) available in the syngas
were converted to one mole of ethanol [23]. This assumption was combined with the syngas yield
from each feedstock to calculate theoretical ethanol yields, which are reported in the results section.
In practice, though, not all the CO and H2 is converted to ethanol by fermentative microorganisms, nor
is all ethanol recovered from the system. In this study, we assumed 90% conversion of CO and H2 to
ethanol, and 90% ethanol recovery efficiency (or yield) of ethanol from the fermentation system to
estimate the actual ethanol yields.

Since the fermentation process benefits from steady state conditions in the system, the feed rates
of the five feedstocks to the gasifier were adjusted to obtain syngas flow rates that would yield similar
ethanol production rates (case 1) or were similar (case 2). For case 1, the regional facility was sized
to produce 50 MGY. Syngas flows ranged between 30 to 50 kg/s (Table 5). For case 2, a 1–2 MGY
commercial level facility for farm-based application at the coop level would need around 1 kg/s of the
syngas. A factor of 1000/80 = 12.5 was used to obtain the respective flows for the coop facility.
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2.5. Cash Flow Analyses

Cost estimation was based on an 8 million gallon per year, 80 MGY(30,283 m3/y), commercial
demonstration ethanol facility built in Florida in 2013 [14]. The Ineos Bio facility produces 8 MGY ethanol
from municipal solid waste, that includes gasification, fermentation, and distillation. The construction
cost of the facility was reported to be $130 million in the 8 MGY facility that employed 65 full-time
employees. A summary of assumptions made for cost estimation in the present study is shown in
Table 2. The feedstock cost for the base case (Ineos Bio) was assumed to be $70 per dry tonne of
feedstock. However, for the estimated cases in the present study, cases 1 and 2, the feedstock costs were
based on the estimation provided in Table 1. The case 1 was assumed to have a typical size bioethanol
facility (50 MGY) while the case 2 was assumed to have 1 to 2 MGY ethanol production capacities as
small co-op facilities.

The construction cost and employee numbers were scaled by feed capacity ratio to the power 0.7 for
the case 1. For the case 2, the number of operation employees was assumed to be 8. Other assumptions
used in estimation are shown in Table 2. The minimum ethanol selling price (MESP) per gallon was
estimated by equating revenue with the sum of feedstock cost, operating costs (supply and labor), and
capital return per year.

Table 2. Summary of assumptions for cost estimation of the two cases.

Base a Case 1 b Case 2 c

Nameplate Ethanol (MGY) 8 50 1 to 2
Construction Cost (M$) 130 Varied d Varied d

Assumed Yield (gal/tonne) 100 Varied e Varied f

Feedstock Cost (per tonne) $70 Varied g Varied g

Feedstock Requirement (M tonne,yr) 0.080 Varied e Varied f

Operations Employees 69 Varied h 8
Payroll Burden per Employee/year $60,000 $60,000 $60,000

Payout Period (years) 10 10 10
Interest for Capital Return (%) 5% 5% 5%

Operating costs (% of Capital Cost/yr) 10% 10% 10%
a Based on published data for Ineos Bio 8 million gallons per year (MGY) facility [14]. b Case 1 is for 50 MGY
based on typical ethanol biorefinery. c Case 2 is for 1 to 2 MGY for a small-scale co-operation. d Construction cost
scaled by feed capacity ratio, (Case/Base)0.7. e See Table 5 for values for each feedstock. f See Table 6 for values
for each feedstock. g see Table 1 for values for each feedstock. h Employee number scaled by feed capacity ratio,
(Case/Base)0.7.

3. Results and Discussion

3.1. Feedstock Characteristics

This study considered five raw feedstocks and/or mixtures to the syngas unit: wood chips, two
crop residues (corn stover and wheat straw), a blend of wheat straw and swine manure, and OSR
meal in the two cases. The characteristics of the 5 feedstocks used in the feed of the simulation model
are shown in Table 3. Their original moisture content (MC) varied from 8% to 40%. The ash content
ranged from 1–12.3%. The highest ash content was due to the blending of wheat straw with dewatered
swine manure, thereby increasing the value from 3.4% to 12.3%. The increase in ash content does
not directly affect gasification reactions in the crossflow fixed-bed gasifier design but does result in a
mass fraction that must be disposed of as a solid and therefore reduces the amount of dry fuel weight
available for gasification, and is a factor included in the simulation.
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Table 3. Actual Proximate and Ultimate values used in gasification simulation.

Parameters Wood Chips Wheat Straw
(WS)

1:1 Blend of WS
and SM [49]

OSR Meal
(OSRM) [48] Corn Stover

Proximate—dry basis (db)

Feed MC (%db) 40 40 40 8 10
Dried MC (%db) 10 10 10 2 2.5

Ash (%db) 1 3.4 12.3 7.3 4.9

Ultimate—dry and ash free basis (dafb)

C (%dafb) 48.0 48.4 53.7 50.7 49.5
H (%dafb) 6.2 6.4 6.9 6.8 6.1
O (%dafb) 45.8 44.1 35.7 34.7 43.7
N (%dafb) 0 1.0 3.2 6.9 0.68
S (%dafb) 0 0.1 0.5 0.9 0.02

3.2. Syngas Yields and Production Rates

An overview of the modeled material flow rates and syngas composition for the simulated syngas
production at two synthesis gas outlet temperatures (649 ◦C and 850 ◦C) in a modular fixed-bed,
crossflow gasification system is given in Table 4. The values are all referenced to syngas flow rate of
80 g/s which approximates that found in the Proe Power System’s 250 kWe mobile facility, processing
dried wood at a flow rate of 44 g/s and 649 ◦C. The simulation results for both gasification temperatures
show the production of high amounts of CO and H2, in approximately equal molar ratios (Table 4).
The higher temperature output of 850 ◦C requires approximately 12% lower wood flow rates to produce
the same syngas flow at 649 ◦C. Other feedstocks require 10% (wheat straw) to 8% (OSR meal) lower
feed flows to produce the same syngas flow rate. Since the simulation model is set to maximize the
heating value of the syngas, it is not surprising that there is a wide variation of dryer air flows, with the
greatest flow variation (between 17 to 148 g/s for the 80 g/s syngas) in the drying of the feedstock to an
appropriate level. The most challenging feedstock was the manure and wheat blend with relatively low
heating value and high ash, and it still gave a reasonable production of CO and H2 for the fermentation
process. The ability to produce a reasonable CO and H2 concentration is largely due to the regenerative
heat process provided by the preheated combustion air, a feature often not available in other gasifier
designs. Although the StanJan chemical equilibrium software has confirmed minimizing the methane
and elimination of solid carbon, the challenge remains in the effectiveness and speed of the tar, char,
and methane conversion process, which means a relatively long exposure of the producer gas to quite
high temperatures, which is enhanced with preheated combustion air [18].

Our models assumed most of feedstock S became SO2, as Xu et al., (2011) reported that COS and
H2S were far less than SO2 in various gasifier outputs [53]. As for N in the feedstock, the gas equilibrium
calculations showed N being primarily N2 with miniscule amounts of NOx, HCN, and NH3. These N
gas species distributions can be highly variable with any particular gasification technology and cannot
be reliably predicted with our models. Moreover, a thermochemical equilibrium model cannot predict
potential interactions between feedstocks. Therefore, since some gasifiers are better than others to
approach full conversion with varying requirements for cleaning syngas for downstream processes,
experimentation in a pilot scale facility is needed to determine these concentrations and interactions.
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Table 4. Mass flow, temperatures, and syngas composition of gasification simulation, all referenced to syngas flow rate of 80 g/s.

Gasification
Parameters

Wood Chips Wheat Straw 50 Wheat Straw/50 Manure OSR Meal Corn Stover

649 ◦C 850 ◦C 649 ◦C 850 ◦C 649 ◦C 850 ◦C 649 ◦C 850 ◦C 649 ◦C 850 ◦C

Feed Flow (g/s) 56 49.1 45.3 40.8 38.4 35.3 29.8 27.5 36.6 33.4
Dried Feed Flow (g/s) 44 38.6 35.6 32.1 30.2 27.7 28.2 26.0 34.1 31.1

Pumped Air Flow (g/s) 182 121.2 193.4 132 119.7 94.1 80.8 72.6 118.9 90.7
Dryer Air Flow (g/s) 145.6 79.4 147.9 83.1 66.5 38.8 26.9 16.8 71.4 40.3

Gasifier Air Flow (g/s) 36.4 41.8 45.5 48.9 53.2 55.4 53.9 55.8 47.6 50.4
Ash Flow (g/s) 0.4 0.4 1.1 1.0 3.4 3.1 2.0 1.9 1.6 1.5

Syngas/dried feed (g/g) 1.8 2.1 2.2 2.5 2.6 2.9 2.8 3.1 2.3 2.6
Syngas Temperature (◦C) 649 850 649 850 649 850 649 850 649 850

Heated Air Temperature (◦C) 443 612 445 615 485 665 460 626 450 621
Cooled Syngas Temperature (◦C) 521 637 477 585 416 509 423 524 460 565

CO (% mass) 43.42 40.87 30.76 30.42 26.46 26.45 28.93 28.29 35.51 34.14
H2 (% mass) 2.93 2.63 2.27 1.98 1.92 1.68 1.84 1.65 2.06 1.84

CO2 (% mass) 14.47 11.65 18.15 14.39 15.48 12.57 11.97 10.15 13.46 11.45
H2O (% mass) 2.69 4.64 3.7 5.8 3.09 4.95 2.01 3.67 2.15 3.83
CH4 (% mass) 1.58 0.15 1.02 0.09 0.73 0.07 0.69 0.07 0.84 0.08
N2 (% mass) 34.89 40.06 44.03 47.26 51.97 53.96 53.84 55.59 45.88 48.58
SO2 (% mass) 0 0 0.06 0.06 0.35 0.32 0.63 0.58 0.09 0.08

CO (% moles) 32.11 30.89 24.52 24.63 21.84 22.1 23.96 23.7 28.78 28.05
H2 (% moles) 30.14 27.58 25.17 22.27 22.01 19.52 21.21 19.23 23.17 21.03

CO2 (% moles) 6.81 5.61 9.21 7.41 8.13 6.68 6.31 5.42 6.95 5.99
H2O (% moles) 3.1 5.45 4.58 7.3 3.97 6.43 2.71 4.78 2.71 4.89
CH4 (% moles) 2.05 0.2 1.42 0.13 1.06 0.1 1 0.1 1.19 0.12
N2 (% moles) 25.79 30.27 35.08 38.24 42.87 45.05 44.58 46.56 37.17 39.9
SO2 (% moles) 0 0 0.02 0.02 0.12 0.12 0.23 0.21 0.03 0.03
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3.3. Cost Analyses

The preliminary cost analysis for the five feedstocks showed that the differences between the
feedstocks and gasification conditions (e.g., costs, syngas yields) were dampened when further
processes and the facility construction costs were considered. For example, although the syngas yields
were higher at 850 ◦C than at 649 ◦C, ranging from 13% (corn stover) and 17% (wood chips), this
translated into only slightly higher ethanol yields (2% to 5%, respectively) in the fermentation process
(Tables 5 and 6). The highest ethanol yield was obtained from wood chips (133 gal per tonne biomass
at 850 ◦C), while the yields for the four non-woody feedstocks were quite similar (117.8 to 120.2 gal
per tonne). Looking at the construction costs, the higher costs are associated with the non-woody
feedstocks in the 50 MGY facility, ranging from $384 to $424 million for wood chips and corn stover,
respectively (Table 5). However, this is reversed for the cost of ethanol facilities between 1 and 2 MGY,
varying from $26 million for the wheat straw/swine manure mixture to $36 million for wood chips
(Table 6).

Comparison of the estimated MESP for the two cases shows that the MESP is very affected by the
size of ethanol facility and cost of feedstocks (Tables 5 and 6 and Figure 2). However, transportation
costs play a very small role. For a typical 50 MGY facility, the MESP ranged between $2.28 and $2.96
per gallon for the low-value feedstocks and $5.13 per gallon for the high value OSR meal. The lowest
price ($2.28 per gallon) was obtained for wood chips with the lowest feedstock cost of $40.5 per dry
tonne, while the MESP for the high valued OSR meal ($352 per dry tone) was more than double at
$5.13 per gallon. Tripling the transportation distance only increases the MESP by 5 cents on average.
This demonstrates that the cost for the feedstock plays a considerable role in determining the MESP
for the large-scale facility. In contrast, the costs for construction and operation play a larger role in
the MESP for smaller scale facilities. The MESP ranged between $5.61 and $9.49 per gallon (Figure 2).
This clearly shows the effects of scale-up and feedstock cost on construction cost and MESP, since
ethanol yield per dry tonne of feedstock was the same for both cases.
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Figure 2. Minimum ethanol selling prices (MESP), for Case 1: 50 million gallons per year (MGY) facility
(see Table 5; Table 1 for feedstock cost with transportation distance of 60 km) and Case 2: 1 to 2 MGY
(see Table 6; Table 1 for feedstock cost with transportation distance of 20 km) for various feedstocks
with gasification at 850 ◦C. WC: wood chips; WS: wheat straw; 50WS/50M: 50% wheat straw & 50%
manure; OSRM: OSR meal; CS: corn stover.
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Table 5. Case 1—Comparison of feedstock feed rate, syngas and ethanol yield and ethanol selling prices from gasification and syngas fermentation of 30–50 kg/s
syngas from 5 feedstocks in a 50 million gallons per year (MGY) ethanol facility.

Feedstocks
Parameters

Wood Chips Wheat Straw 50 Wheat Straw/50 Manure OSR Meal Corn Stover

649 ◦C 850 ◦C 649 ◦C 850 ◦C 649 ◦C 850 ◦C 649 ◦C 850 ◦C 649 ◦C 850 ◦C

Syngas yield, kg/kg feedstock (db) 2.0 2.2 2.4 2.6 2.9 3.1 2.8 3.0 2.4 2.5
Syngas input (kg/s) 30.4 31.9 39.8 41.8 47.9 50.0 45.8 48.1 40.2 40.9

Feedstock feed, tonne (db)/d a,b 1311.3 1252.2 1433.1 1390.0 1425.7 1394.7 1412.4 1386.6 1445.5 1414.8
Annual demand, thousand tonne (db)/y

a,b 393.39 375.66 429.92 417.01 427.72 418.41 423.73 415.97 433.65 424.45

Theoretical ethanol yield, gal/tonne (db)
a 156.9 164.4 143.6 148.0 144.3 147.5 145.6 148.4 142.3 145.4

Ethanol selling price, $/gal a 1.98 1.92 2.47 2.41 2.42 2.38 4.23 4.16 2.21 2.17
Ethanol selling price, $/gal b 2.02 1.95 2.51 2.45 2.46 2.41 4.27 4.20 2.25 2.21

Ethanol yield, gal/tonne (db) c 127.1 133.1 116.3 119.9 116.9 119.5 118.0 120.2 115.3 117.8
Construction cost, $ million a,b,c,d 396.42 383.83 421.85 412.94 420.33 413.91 417.58 412.22 424.40 418.08

Operating cost, $ million a,b,c,d 50.67 49.08 53.87 52.75 53.68 52.87 53.33 52.66 54.19 53.39
Minimum ethanol selling price (MESP),

$/gal a,c 2.31 2.24 2.91 2.84 2.84 2.79 5.08 5.00 2.58 2.54

Minimum ethanol selling price (MESP),
$/gal b,c 2.36 2.28 2.96 2.89 2.89 2.84 5.13 5.05 2.63 2.59

a Based on 20 km transportation cost in Table 1. b Based on 60 km transportation cost in Table 1. c Based on 90% conversion of CO + H2 by the microbial catalyst used and ethanol yield
from CO + H2 is 90%. d Include supply and labor.
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Table 6. Case 2—Comparison of feedstock feed rate, syngas and ethanol yield and ethanol selling prices from gasification and syngas fermentation of 1 kg/s syngas
from 5 feedstocks in a 1–2 million gallons per year (MGY) ethanol facility.

Feedstocks
Parameters

Wood Chips Wheat Straw 50 Wheat Straw/50 Manure OSR Meal Corn Stover

649 ◦C 850 ◦C 649 ◦C 850 ◦C 649 ◦C 850 ◦C 649 ◦C 850 ◦C 649 ◦C 850 ◦C

Feedstock feed, tonne (db)/d 43.20 37.88 34.95 31.47 29.62 27.23 29.80 27.50 35.93 32.79
Annual demand, thousand tonne (db)/y

a 12.96 11.36 10.48 9.44 8.87 8.17 8.94 8.25 10.78 9.34
Ethanol production, million gal/y a 1.647 1.513 1.220 1.132 1.039 0.976 1.055 0.992 1.243 1.159

Ethanol yield, gal/tonne (db) a,b 127.1 133.1 116.3 119.9 116.9 119.5 118.0 120.2 115.3 117.8
Construction cost, $million 36.35 33.17 31.36 29.13 27.92 26.32 28.04 26.51 31.96 29.98
Operating cost, $million c 4.12 3.80 3.62 3.39 3.27 3.11 3.28 3.13 3.68 3.48

Minimum ethanol selling price (MESP),
$/gal a,b,d 5.63 5.61 7.03 7.04 7.31 7.35 9.49 9.49 6.68 6.74

Minimum ethanol selling price (MESP),
$/gal a,b,e 5.68 5.65 7.08 7.09 7.35 7.39 9.54 9.54 6.73 6.79

a Based on 1 to 2 million gal/year. b Based on 90% conversion of CO + H2 by the microbial catalyst used and ethanol yield from CO + H2 is 90%. c Include supply and labor. d Based on
20 km transportation cost in Table 1. e Based on 60 km transportation cost in Table 1.
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4. Conclusions

This study showed that integrated commercially available gasification-fermentation systems have
the potential to valorize abundant biomass residuals by converting low-valued agricultural and/or
forest residuals to liquid fuels. Comparison of syngas production at two output temperatures (649 ◦C
vs. 850 ◦C) showed that approximately 10% higher feedstock flow rates are required at 649 ◦C to
produce the same syngas flow at 850 ◦C. Conversion of the four agricultural residuals (i.e., wheat
straw, wheat straw/swine manure blend, OSR meal, and corn stover) had up to 11% lower ethanol
yields and produced lower amounts of ethanol than that of woody feedstock. The wood chips also
had the lowest feedstock costs. Therefore, the lowest MESP was estimated for wood chips at both
scales, $2.28 and $5.61 per gallon for the 50 MGY and 1–2 MGY facility, respectively. However, the
other three low valued agricultural residuals had MESP similar to wood chips in the 50 MGY facility
($2.59–$2.96), showing that such a facility could be economically operated with a variety of low cost
feedstocks. High valued feedstocks such as the OSR meal more than double the MESP at $5.13 per
gallon. This demonstrates that the cost for the feedstock plays a considerable role in determining the
MESP for the large-scale facility. The biggest difference in MESP was from the two different sized
facilities, 50 MGY and 1–2 MGY facilities. The MESP from the smaller (co-op scale, 1–2 MGY) facility
were almost twice ($5.61–$9.49/gal) that of larger 50 MGY facility ($2.28–5.13/gal). This highlights the
effect of scale-up on construction cost and MESP. With current gasoline selling price of about $2.50 to
$3.00/gal, the ethanol production at co-op scale may not be economically sustainable. However, the
regional scale ethanol facility may be sustainable by blending with gasoline at comparable prices.

Another key finding of the study is that through a good selection of technologies most farm
biomass residuals can be reasonably converted to ethanol via syngas fermentation. Since the largest
driving force promoting biofuels, globally and in the USA, are statutory blending requirements [54],
the MESP need not be price competitive with gasoline when meeting blending quotas. A more detailed
economic evaluation of the market situation is required to determine which range of MESP will be
economically sustainable for ethanol use in blended gasolines. Furthermore, the study identified
some important challenges: (1) the economic feasibility of smaller scale units should be increased
through further research, as well as the development of a pilot scale facility with the gasification-syngas
fermentation technology described here. Since the high investment cost of a regional ethanol facility
discourages investors, the demonstration of an economically viable smaller scale conversion facility will
promote the sustainable use of biomass residuals and offer potential income to farmers. (2) On-going
research on alternative products, ranging from higher value niche chemicals to lower cost bulk biofuels
from less capital-intensive systems using chemical transformations of syngas (e.g., methanol, dimethyl
ether, synthetic natural gas) should continue. Since the feedstock unit costs generally increases with
facility size, the optimum facility size for a sustainable product from biomass residuals may very well
be a more affordable and smaller facility, most ideally that of the coop size, of 1–2 MGY.
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