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ARTICLE INFO ABSTRACT

Handling Editor: Petar Sabev Varbanov The consumption of fossil fuels, which are not economically and environmentally sustainable, can be reduced by

producing biofuels, such as bioethanol. This study presents a reproducible model of the ethanol production

Keywords: process developed with Aspen Plus® software. The work’s goal is to enhance the amount of ethanol produced per
E‘O?ftiha“."l tonne of biomass and, therefore, the carbon yield of the process. The main steps of the process are the gasification
asification

of the pretreated switchgrass, the cleaning of the syngas obtained, the fermentation of the syngas to ethanol and
its purification. The parameters relating to gasification were set to produce syngas with an optimal composition
for the fermenter. A discounted cash flow analysis was used to determine the minimum ethanol selling price for
different plant scales and H; prices. By enriching the syngas with green Hy and adopting an optimal bioreactor, a
remarkable ethanol yield of 1015.04 L/t of switchgrass can be obtained. Considering a plant size of 750,000 t/y
of switchgrass, the minimum ethanol selling price is 1.07 $/L for the base scenario and is further lowered to 0.77
$/L for the 2050 Hj scenario. The potential savings of building more plants were also assessed thanks to the

Syngas fermentation
Techno-economic analysis
Process simulation

Aspen plus

learning effects.

1. Introduction

According to the EIA, the global energy demand is expected to rise by
47% in the next 30 years and in the same time frame, the liquid fuel
consumption is assumed to increase by 64% compared to 2020 levels
[1]. This growth is due to the increase in the population and its per
capita energy consumption. Fossil fuels cannot meet the ever-increasing
demands because they are not economically and environmentally sus-
tainable. The goal of the Paris Agreement, which entered into force in
2016, is to limit global warming to 1.5 K above pre-industrial levels. In a
context where the time available is too short to eliminate the need for
carbon-based fuels, the solution may be to increase the production of
biofuels. While several types of resources, such as solar, wind, hydro-
power, and geothermal energy, can be utilized to produce energy and
heat, biomass is the sole resource that can also produce chemicals and
materials. In addition to fossil fuels, biomass is the sole carbon-rich
resource on the planet [2]. Furthermore, the current political crisis in
OPEC countries has a negative influence on the world’s fossil-fuel-based
energy sector [3]. In the United States in 2020 biofuels such as bio-
ethanol and biodiesel contributed only 5% of the transport energy
source, based on energy content, while fossil fuels accounted for 90%
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[4]. In the same year, the fraction of energy used for transport was 26%
of the total in the United States [4]. From 2020 to 2025, the worldwide
bioethanol market is expected to increase at a CAGR of 14.0% until
reaching USD 64.8 billion [5]. Ethanol is found in more than 98% of
gasoline sold in the United States, with E10 (10% ethanol, 90% gasoline)
being the most common. Because ethanol has a high-octane number and
a high oxygen content, the combustion of E10 is more complete than
that of gasoline lowering air pollution.

To date, most ethanol is produced from food crops, such as corn and
sugarcane, and is therefore classifiable as a first-generation biofuel. The
disadvantages linked to the use of food crops are the food-fuel conflict,
deforestation and the significant GHG emissions in the cultivation
phases. The key to overcoming these challenges is to use second-
generation materials such as forestry waste, agricultural residues or
energy crops grown on marginal lands.

Commercial production of ethanol is divided between the
biochemical and thermochemical routes. There are two main biochem-
ical pathways. In the former the biomass is first hydrolysed with
chemicals and enzymes and then fermented to make ethanol with mi-
croorganisms, such as yeast. In the second biochemical path occurs the
enzymatic saccharification of the cellulose and the fermentation of the
resulting glucose and xylose to ethanol. Instead, there are three main
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Nomenclature TPI Total Project Investment
USD United States Dollar
Acronyms and abbreviations AT min Minimum Temperature Difference
ABR Air-to-Biomass Ratio
CAGR  Compound Annual Growth Rate Parameters . .
CHC Chemocatalytic route A Equipment cost attribute
COD Chemical Oxygen Demand CEPCI  Chemical Engineering Plant Cost Index
CSTR Continuous-flow Stirred-Tank Reactor DR Discount Rate
EIA United States Energy Information Administration T Income Taxes ($) ) .
FTP Fisher Tropsch Process Ngq Number of nonparticulate processing step
GCC Gasification-Catalytic Conversion route Nos Number of ol?erators per shift
GF Gasification-Fermentation route p Cost of the proneer plant ($). . .
GHG Greenhouse Gases Psy Number of processing steps involving the handling of
HHV Higher Heating Value p:.irticulate solids
HX-Net Aspen Energy Analyzer t Time step (year)
IEC Installed Cost of the Equipment TAS Total Annual _Sale ($)
MESP Minimum Ethanol Selling Price TPC Total Production Costs ($)
NPV Net Present Value x Cumulative number of plants
OPEC Organization of the Petroleum Exporting Countries y Total project investment of the ).(th plant
PEC Purchase Equipment Cost o, 0o Constant values for IEC calculations
PFD Process Flow Diagram 14 Cost expo.nent factor
PSA Pressure Swing Adsorption Nc Carbon yield of the process
SBR Steam-to-Biomass Ratio . Subscripts
SHF Separate Hydrolysis-Fermentation route 1 Reference year
SSF Simultaneous Saccharification and Fermentation route 2 Base year
TCI Total Cap%tal Investment a Required attribute
TEC Total Equipment Cost b Base attribute
TIC Total Installed Cost

thermochemical pathways, two of which have in common the gasifica-
tion of the biomass to produce synthesis gas (Hy, CO, CO3) from which
the impurities must be eliminated before proceeding to its trans-
formation into ethanol. In the first route, the syngas is converted into
ethanol over a catalyst, while in the second one microorganisms are
exploited. Because of the Wood-Ljungdahl metabolic pathway, which
allows them to produce acetate and ethanol as the main end products,
acetogens are the most extensively used microorganism [6-8]. The last
alternative is the chemocatalytic (CHC) route in which in a single step
the biomass is transformed into ethanol and other by-products in a
catalytic reactor.

The process route separate hydrolysis-fermentation (SHF) and
simultaneous saccharification and fermentation (SSF) can only use the
carbohydrates present in the feedstock as they are not able to convert the
lignin which can account for up to 40% of the biomass [4]. Gasification,
on the other hand, can convert all the biomass into syngas, thus guar-
anteeing high flexibility in the choice of feedstock. The conversion of
syngas into ethanol is usually achieved by catalyst with the Fischer
Tropsch Process (FTP), however, this route is less advantageous than
using gas fermentation [9]. First of all, fermentation takes place at lower
pressures and temperatures than FTP, thus allowing savings on both
capital and operational costs. Secondly, the selectivity of the biological
process is higher, so the by-products are less and the costs to purify the
products are lower. Unlike syngas fermentation, FTP requires a fixed Hy:
CO ratio, which usually is significantly higher than that obtained via
biomass gasification. Finally, contrary to catalysts which are poisoned
by the impurities present in the syngas, many bacteria are tolerant to
low concentrations of some of them. This means that for the route
gasification-fermentation (GF) the purification costs of the syngas are
lower than those of the route gasification-catalytic conversion (GCC).
The main obstacles to successful syngas fermentation are low ethanol
yield, the resistance of microorganisms to syngas impurities, finding the
optimum ethanol production conditions, bioreactor design, downstream
processing and the integration at its best between gasification, syngas

fermentation and ethanol purification.

Despite a growth in the number of papers on syngas fermentation,
only a few have included simulations of the GF process [6-8,10-17].
Though these studies look at the entire process from feedstock to ethanol
and provide useful estimates of process performance in technical and
economic domains, the bioreactor simulations in some cases were based
on strong assumptions, syngas and ethanol purifications were sometimes
approximate, and the nutrients required by the bacteria inside the fer-
menters were never considered.

In this work, a system design for bioethanol production from
switchgrass using gasification and syngas fermentation is proposed. The
objectives are to increase the quantity of ethanol obtained per tonne of
biomass and to calculate the related minimum ethanol selling price. The
novelty lies in conceptualizing a process where the use of carbon obtains
maximum values and in the detailed analysis of the units used for syngas
and ethanol purifications. The gasification conditions were set to pro-
duce syngas with an Hy:CO ratio as close as possible to the optimal for
the fermenter. To achieve the stoichiometric ratio between Hy and CO,
thus increasing ethanol production and decreasing carbon emissions, the
syngas current was supplemented by a stream of green hydrogen. A
section of the plant was dedicated to the removal of impurities produced
during the gasification of biomass from syngas. The bioreactors were
designed in a realistic way starting from pilot plant data. Other impor-
tant issues addressed concern the consideration of the nutrients neces-
sary for the bacteria both as regards their removal from ethanol and the
costs per litre of medium.

Aspen Plus® was used to develop and simulate a process flowsheet
ranging from switchgrass to ethanol. Additionally, a financial model was
built to estimate the capital expenditure, the operating costs, and the
minimum ethanol selling price through a discounted cash flow analysis.

2. Modelling

The process model was implemented on Aspen Plus® V10 software
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(AspenTech, inc.). Thanks to the software it was possible to evaluate the
different process units from reactor engineering to separation and finally
refining. The energy integration was carried out using Aspen Energy
Analyzer® V10 (AspenTech, inc.) software which made it possible to
choose the most efficient integration of heat flows. To compute the
physical properties of the materials, the Peng-Robinson equation of state
with Boston Mathias modifications was used [17].

3. Process overview

The process chose to produce bioethanol consists of five main steps.
Initially, the biomass was chopped and dried in the biomass pretreat-
ment step, subsequently, in the gasification step the solid material was
converted into syngas. Then, a purification step was necessary to remove
potentially dangerous substances for bacteria during the fermentation
phase. This purified gas was converted by selected microorganisms into
ethanol, which was finally purified for sale. A simplified flow diagram of
the overall process is presented in Fig. 1.

3.1. Section description

3.1.1. Biomass pretreatment

The biomass chosen to produce syngas was switchgrass. This her-
baceous species was selected due to its high productivity, even in low
quality lands and non-optimal climates [18]. The implementation of the
switchgrass in the Aspen Plus® model and a list of all other components
used in the simulation are reported, respectively, in Method S1 and
Table S1 in the Supplementary Data.

The quantity of raw switchgrass processed annually by the plant was
set at 1000 t. As can be seen from the process flow diagram (PFD) of the
treatment section in Fig. 2, this raw biomass was first treated in a
hammer mill (SR-101) and then dried (D-101) to reduce its humidity to a
constant value. The mechanical equipment list of the PFD-A101 in Fig. 2
and all subsequent PFDs can be found in Table S2 in Supplementary
Data.

The hammer mill (SR-101) was necessary to reduce the particle size
of the biomass granting better flow properties and increasing the surface
area. As a simplification the hammer mill (SR-101) was omitted from the
Aspen Plus® model, therefore the composition of the currents 101 and
102 is the same. The need for utilities and the cost of the equipment
neglected from the Aspen Plus® model were taken into consideration in
the financial model. The following convective dryer (D-101), simulated
as a Dryer block, has been set to obtain output switchgrass with 8 wt%
moisture on a wet basis. The particle size distribution and the drying
curve parameter of the biomass were taken, respectively, in Table 14.3
and Table 14.4 of J. Haydary book [19]. The stream table of all the
currents of the PFD in Fig. 2 is reported in Table S3 in Supplementary
Data.
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3.1.2. Gasification

Downstream of the pre-treatment, the biomass was converted into
syngas. To do this, there was a first decomposer reactor (R-201), in
which the biomass was decomposed into components, and a second
gasifier reactor (R-202). The PFD of the gasification section can be seen
in Fig. 3, while the relating stream table is reported in Table S4 in
Supplementary Data.

The parameters concerning the Aspen Plus® implementation of this
equipment are given in Method S2 in the Supplementary Data.

The distribution between the various products leaving the gasifier
was dependent on the temperature, the air-to-biomass ratio (ABR) and
the steam-to-biomass ratio (SBR). The dimensionless quantities ABR and
SBR are defined respectively in Eq. (1) and Eq. (2).

ABR = Air mass flow rate/Biomass mass flow rate (@D)]

SBR = Steam mass flow rate/Biomass mass flow rate 2

Air and steam act as oxidizing agents. By varying the gasification
temperature, ABR and SBR through sensitivity analysis it was possible to
obtain the effects on the molar distribution of the output current from
the gasifier. CO, Hp and CO2 were the components of greatest interest in
syngas as regards the subsequent fermentation.

The trends of the molar fractions of the three components selected in
stream 205, as the ABR, T and SBR vary, are shown respectively in
Fig. S1, Fig. S2 and Fig. S3 in Supplementary Data. By keeping the
gasification temperature and SBR fixed, as ABR increased the mole
fraction of CO and Hj decreased while that of CO; increased. Keeping
ABR and SBR fixed, as the gasification temperature increased the mole
fraction of CO and Hj increased while that of CO, decreased. Finally,
keeping T and ABR fixed, as SBR increased, the mole fraction of Hy and
CO; increased while that of CO decreased. The ideal molar composition
of the syngas entering the first fermenter was given by about 38.8% of
CO, 6.4% of CO, and 54.8% of Hs. Therefore, the ABR value was set
equal to zero and the gasification temperature equal to 1173.15 K. In
this way, the production of CO; in the gasifier was limited to the
maximum rewarding that of CO and Hpy. The gasification temperature
was not raised above 1173.15 K to limit the effects of the Boudouard
reaction and therefore the production of CO, and C obtained by con-
verting the CO [20]. To identify the optimal SBR value, the molar
composition of the purified syngas (stream 313 in Fig. 5) was analysed as
this parameter varied. The trend of the molar fraction of CO, CO5 and H,
in the purified syngas, as the SBR varies, fixed ABR =0and T =1173.15
Kis presented in Fig. 4. At a value of SBR equal to 0.4 the composition of
the purified syngas coincided with the optimal one for the first
fermentation reactor, therefore this value was chosen.

Regarding the production of tar during gasification, it was conser-
vatively assumed that these were 4 wt% of the switchgrass (current 103)
[21]. To decrease the model complexity, the tar compounds group was
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Fig. 1. General overview of the ethanol process structure.
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3.1.3. Syngas Purification
1.0 ‘ Syngas is typically cleaned in several approaches [22-27]. The syn-
|—=—CO gas must be cleaned before reaching the bacterial fermentation stage
‘ —H, because the impurities could be harmful to the microorganism’s growth,
0.81 ‘ A CO compromising their productivity [28]. The substances that were
o 2 considered to be removed were CHy, tar, COS, HyS and NHs. The PFD of
2 064 the gasification section can be seen in Fig. 5, while the related stream
8 table is reported in Table S7 in Supplementary Data.
= T oo o004 For the cleaning of the syngas a dolomite bed reactor, a catalytic
"g 041" o filter candle, a catalytic reactor to hydrolyze the carbonyl sulfide, two
= N . R wet scrubbers and a LO-CAT process were used. The parameters con-
B S i cerning the Aspen Plus® implementation of this equipment are given in
0.21 Method S3 in the Supplementary Data. At the end of the purification
kb A AA A A 4A— process the syngas complied with the specifications for fuel synthesis
00tasan UV presented in Table 3.10 of Hanzon document [26].
. T
0.0 0.5 1.0 .
3.1.4. Fermentation
SBR For the fermentation of syngas, Clostridium ljungdahlii was chosen as

Fig. 4. Effect of steam-to-biomass ratio (SBR) on the molar distribution of the
purified syngas (stream 313) at P = 1 atm, gasification temperature = 1173.15
K and ABR = 0. The target molar composition of the syngas to achieve was
about 38.8% of CO, 6.4% of CO, and 54.8% of Hj.

represented by naphthalene which at 1173.15 K can be considered the
major tar component [21].

In the plant engineering field, fluidized bed reactors are the best
solution to gasify the biomass in case of scale-up [14]. In the fluidized
bed reactor configuration there is no distinction between decomposer
and gasifier, all reactions take place together.

the biocatalyst because it is one of the most studied and performing
bacteria to produce ethanol from synthesis gas [29]. This anaerobic
mesophilic bacteria has acetate and ethanol as primary metabolic
by-products [29,30]. C. ljungdahlii behaves differently during syngas
fermentation depending on the growth conditions and the presence of
electron donors (CO; and Hj). Acidogenesis occurs when there is an
abundance of nutrients, optimal pH and temperature, but a shortage of
electron donors [31]. While in the case of nutrient scarcity, low tem-
perature, low pH, and product inhibition, but an abundance of CO, and
Hj, solventogenesis occurs [31]. During acidogenesis C. ljunghdalii
mainly produces acetic acid, while during solventogenesis there is pre-
dominant production of ethanol with the conversion of the acetic acid
produced during acidogenesis into the latter [31]. As tested by Richter
et al. to optimize the parameters of the respective phases, two
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Fig. 5. PFD-A301 syngas purification.

fermentation reactors can be used: a first CSTR reactor in which the
bacterium grows during acidogenesis and a second bubble column
reactor in which solventogenesis takes place [31].

The PFD of the process chosen to ferment syngas to ethanol is pre-
sented in Fig. 6, while the relating stream table is reported in Table S8 in
Supplementary Data.

The biochemical reactions that took place in the fermentation pro-
cess can be simplified by the reactions presented in Egs. (3)-(6) [32].

The Aspen Plus® modelling details of the fermentation section,
including the fractional conversions of the reactions that occur in the
reactors and the syngas divisions between them, are given in Method S4
in the Supplementary Data.

Among the inlet currents at the R-402 reactor, there was also one
stream of green hydrogen (current 412) necessary to reach the stoi-
chiometric ratio between Hy and CO, thus increasing the production of
ethanol and decreasing carbon emissions. Water and renewable elec-
tricity are used in the electrolysis process to produce green hydrogen.

H, 'H,CH,OH + 4 . . .
6C0+3H0 ~ CHyCH,OH +4C0; ® Under electricity input, water is separated into hydrogen and oxygen
200, + 6Hy — CH; CH,OH + 3H,0 ) without carbon emissions [33]. Different electrolysis processes are
currently utilized to produce hydrogen. The most well-known technol-
4CO +2H,0 — CH;COOH +2CO0, 5) ogies include alkaline electrolysis cells, proton exchange membrane
electrolysis cells and high-temperature solid oxide electrolysis cells
2C0, +4H, —» CH;COOH + 2H,0 6) [34]. Alkaline water electrolysis was chosen to produce green hydrogen
because it is a well-established and relatively low cost technology [35].
408 {-\?A(\) A
L
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<i/0\9 \40; 407
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Fig. 6. PFD-A401 fermentation.
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Gas recycling was used in both fermentation stages to optimize
syngas residence time and mass transfer into the bacterial broth. How-
ever, rather than the mass transfer of the gas into the liquid phase, the
productivity was restricted by the medium dilution rate (nutrient sup-
ply) under these conditions [31].

C. ljungdahlii, for simplification, was not included in the Aspen Plus®
model. The biomass, however, would not have come out of the
fermentation phase thanks to a 22 pm filter placed at the outlet of the R-
401 reactor (current 413).

Other simplifications of the Aspen Plus® model concerned:

the recycled waste fermentation current (402) that was just water,
instead of the unpurged part of the waste fermentation current;

the lack of the deionizer (T-401) and the nutrient mixer (M—401)
which made the composition of the streams 403, 404 and 405 the
same;

the omission of nutrients (current 414) from the bacterial medium;
the omission of the recirculation streams of the unconverted gas
phase for the two reactors.

The need for utilities and the cost of the equipments omitted from the
Aspen Plus® model were taken into consideration in the financial
model. The list of nutrients necessary for C. ljungdahlii is given in
Tables S11-S14 in Supplementary Data.

3.1.5. Ethanol purification

The fermentation broth needed to be purified to obtain commercial-
grade ethanol. The PFD of the process chosen to purify the fermentation
broth is presented in Fig. 7, while the related stream table is reported in
Table S15 in Supplementary Data. For the purification of the ethanol
were used ion exchange resins, flash drums, two distillation columns and
a Pressure Swing Adsorption (PSA) process. The parameters concerning
the Aspen Plus® implementation of this equipment are given in Method
S5 in the Supplementary Data.

Ethanol (current 511) was thus obtained with a purity higher than
98.5 wt% together with 1.1 wt% of acetic acid and 0.4 wt% of water.
With a switchgrass rate of 1000 t/y and an online time of 8760 h/y, the
ethanol production rate was 1015035 L/y. The ethanol yield, defined as
the ratio between the litre of ethanol produced per year and the tonne of
biomass processed per year, was 1015.04 L/t of switchgrass. The waste
fermentation (current 517) was mainly given by water, therefore the
part of it recirculated, after being deionized (T-401), can be considered
reusable by the process reducing the need for fresh water and the

N\
S by
N
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disposal costs. The gases obtained from the flashes and the first distil-
lation column (current 522) were mainly a mixture of methane and ni-
trogen which were sent to combustion in the furnaces to limit
environmental pollution.

3.2. Heat integration

To obtain the optimal design of the heat exchanger network that
maximizes energy efficiency, the Aspen Energy Analyzer (HX-Net)
software was used. HX-Net exploits pinch analysis to minimize the use of
utilities. The pinch point is the point at which the distance between the
hot composite curve and the cold composite curve is minimum. The hot
composite curve relates temperature and enthalpy for the heat streams
to be removed from the currents to be cooled, while the cold composite
curve does so for the heat streams to be supplied to the currents to be
heated [36]. The utility requirements are minimized by avoiding [36]:

e heat transfer between currents having a temperature difference
equal to or lower than the pinch temperature;

o the use of cold utilities to cool currents over the pinch;

o the use of hot utilities to heat currents under the pinch.

In all heat exchange processes the ATp, which represents the
minimum temperature difference between the hot and cold sides, was
set to 283.15 K. The Grid Diagram, which shows how process streams
and utility streams were matched between each other using heat ex-
changers, is reported in Fig. S4 in Supplementary Data.

4. Process economics

One of the goals of developing a process design and simulation model
was to evaluate the market potential of ethanol obtained from biomass
gasification and syngas fermentation. From the analysis of the total
project investment, variable and fixed costs it was possible to apply a
discounted cash flow analysis to determine the production cost of
ethanol when the net present value of the project was zero.

4.1. Total project investment

Purchase equipment costs (PEC) can usually be found in the litera-
ture or manufacturer price quotes. The relationship given in Eq. (7) was
used to scale each PEC according to its size when pricing was known for
a different size (or capacity) than what was required [37]. In Eq. (7) A is

, -
&y &>
/ »  GASTO

S\_FERMENTATION BROTH
> FROM R-402
P PFD-A401

WASTE D
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] " COMBUSTION

FERMENTATION < \
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Fig. 7. PFD-A501 Ethanol purification.
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the equipment cost attribute (size or capacity) and y is a cost exponent
factor depending on the equipment. In absence of other indications
together with the quote, y was considered equal to 0.6 for the six-tenths
rule [37]. Subscripts a and b refer respectively to the equipment with the
required and the base attribute.

PEC, | PEC, = (A./A,) @

To scale all the PECs from the year for which they were available to
2021 which was chosen as the base year, Eq. (8) was used. In Eq. (8)
CEPCI is the Chemical Engineering Plant Cost Index, while subscripts 1
and 2 refer respectively to the year when the cost is available and the
base year [37].

PEC,/PEC, = CEPCI, /CEPCI, 8

The CEPCI, which takes into account the changes resulting from
inflation, for 2021 was considered equal to 750.

The purchase costs of the various equipment are reported in
Table S17 in the Supplementary Data. Fig. 8 shows the division of the
equipment purchase costs between the different sections of the plant,
keeping the heat exchange system separate.

To determine the installed cost of the equipment (IEC) was used Eq.

).
IEC=PEC /(1 —a; —a,) 9

in Eq. (9) a; is a constant equal to 0.24 which takes into account the
labour necessary to install equipment, while ay, which is equal to the
value of 0.08, takes into account the costs of the materials necessary for
the installation and of the building.

To obtain the total installed cost (TIC), the total capital investment
(TCI) and the total project investment (TPI), other direct and indirect
costs, presented in Table 1, must be added to the total equipment cost
(TEC) [38]. TEC was obtained from the sum of all IEC. By adding the
costs associated with warehouse and site development to the TEC, the
TIC was derived. To obtain the TCI, the indirect costs (field expenses,
home office, construction and project contingency) were added to the
TIC. Finally, by adding to the TCI other start-up and commissioning
costs, permits, fees and duties the TPI was obtained.

4.2. Variable operating cost

Variable operating costs, which were considered only when the plant
was in operation, included raw materials (switchgrass and hydrogen),
water, medium, catalyst, waste handling and utilities. The annual dis-
tribution of these costs is shown in Fig. 9.

The cost considered for the switchgrass entering the plant was 62.81
$/t [39]. To keep the CO5 footprint of the process as low as possible, it
was chosen to use green hydrogen which was therefore produced with
zero-carbon energy sources such as electrolysis powered by renewable
electricity or aqueous phase reforming [40]. As specified in paragraph
3.1.4, the technology selected to produce green hydrogen was alkaline

112% 2.3%

17.8%

I A 100 Biomass Pretreatment
I A200 Gasification
I A300 Syngas Purification
I A400 Fermentation
A500 Ethanol Purification
Heat Exchangers

18.8%

24.9% 25%

Fig. 8. Breakdown of the equipment cost between the different sections of the
plant, keeping the heat exchange system separate.
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Table 1
Additional costs for determining the total project investment.

Item Estimation Cost in 2021 $
Total Equipment Cost (TEC) 4337281
Warehouse 1.5% of TEC 65059
Site Development 9.0% of TEC 390355
Total Installed Cost (TIC) 4792696
Field Expenses 20.0% of TIC 958539
Home Office & Construction Fee 25.0% of TIC 1198174
Project Contingency 3.0% of TIC 143781
Total Capital Investment (TCI) 7093190
Other Costs 10.0% of TIC 709319
Total Project Investment (TPI) 7802509

Cost ($/y)

400200 408230

400000 ~

300000

200000 +

Cost ($/y)

100000 ~

5 & & 4 & £ &
& $ i & S i$
S &£ 55 F S5
NS <~ < <
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Fig. 9. Variable Operating Costs considering the conservative price of 6 $/kg
for hydrogen.

water electrolysis. The cost of green hydrogen varied between 2.5 and 6
$/kg, therefore the latter value was cautiously chosen [41]. The price of
water for the required volumes was 1.1 $,/m3 [42]. The cost of nutrients
necessary for bacterial growth was 0.0029 $/L medium [43]. The costs
of the single nutrients per litre of the medium are reported in Table S18
in the Supplementary Data. Almost all of the costs related to the catalysts
came from the Ni/AlyO3 (15 wt%) necessary for the catalytic filter
candle (R-302) [44]. In the treatment of the waste were considered the
purged fraction of the currents waste wet scrubber 1 (321), waste wet
scrubber 2 (328) and waste fermentation (517), plus the disposal of the
calcium sulfide (314). For streams 321, 328 and 517 was calculated the
chemical oxygen demand (COD) and was considered a cost of 0.07 $/kg
COD for the wastewater treatment [45]. For the waste treatment of
stream 414, a price of 200 $/t was assumed [37]. The distribution of
utilities costs in $/y is shown in Fig. 10. The cost of utilities was 74.5%
due to power usage, which was calculated using ICARUS Process Eval-
uator, while the remaining 25.5% was due to heating and cooling and
was calculated using Aspen Energy Analyzer®. The electric and thermal
energy required in the production were, respectively, 3.87 kWh/L and
15.05 kWh/L of ethanol produced. Most of the electricity consumption is
due to the hammer mill (SR-101) and the CSTR reactor (R-401).

4.3. Fixed operating cost

Whether the plant was working at full capacity or not, fixed oper-
ating costs were charged completely. Labour and several overhead ele-
ments were included in these costs. The technique used to estimate the
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91652.8 (22.5%)

I Heating
I Cooling

Electricity

el 12448.8 (3%)

304128.1 (74.5%)

Fig. 10. Distribution of costs ($/y) among the various utilities.

salaries of the operational staff is given in Method S6 in the Supple-
mentary Data.

To obtain the fixed operating costs must be added to the salaries the
costs related to general overhead, maintenance, insurance and taxes, the
estimate of which is presented in Table 2 [38].

4.4. Discounted cash flow analysis

A discounted cash flow rate of return analysis can be performed to
establish the minimal selling price per litre of ethanol produced, once
the total capital investment, variable operating expenses, and fixed
operating costs were identified. The discounted cash flow analysis was
done by iterating the ethanol selling cost until the project’s net present
value (NPV) was zero. The NPV can be calculated using Eq. (10) by
subtracting the total plant investment (TPI) from the sum of discounted
cash flows over the time horizon [46,47].

PL
NPV = —TPI+ (TAS—TPC—IT) / (1 + DR)' (10)
t=1

The discounted cash flow was defined as the total annual sale (TAS)
minus the total production costs (TPC) and the income taxes (IT). DR
represents the discount rate, while the t index takes into account the
years up to the plant life (PL). The necessary discounted cash flow
analysis parameters, which are summed up in Table 3, were selected
following the recommendations of Short et al. [48].

Regarding the depreciation system, the shortest was the recovery
period the largest were the tax deductions. Due to fluctuations in the
volume of ethanol produced and the depreciation deduction, the amount
of income tax that must be paid varies year to year. Because depreciation
deductions exceed net income in the early years of operation, no income
tax is paid. Since the specific location of the plant had yet to be identi-
fied, state taxes were not taken into account. Unlike the construction
time in which no income was earned, but the exits were many, the start-
up period was not entirely lost. The discounted cash flow rate of return
worksheet is reported in Table S19 in the Supplementary Data. With a
switchgrass rate of 1000 t/y the ethanol production rate was 1015035 L/
y which should be sold at MESP of 7.04 $/L. A summary worksheet of
the ethanol production process economic analysis is reported in
Table S20 in the Supplementary Data.

Table 2
Fixed operating costs.

Item Estimation Cost in 2021 $
Salaries 2885760
General overhead 60.0% of salaries 1731456
Maintenance 2.0% of TEC 86746
Insurance & Taxes 1.5% of TIC 71890

Fixed operating costs 4775852.06
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Table 3

Discounted Cash Flow Analysis parameters.
Plant life 20y
Discount rate 10%
General plant depreciation 200% declining balance
General plant recovery period 7y
Federal tax rate 39%
Financing 100% equity
Construction period 25y
First 6 months’ expenditures 8%
Next 12 months’ expenditures 60%
Last 12 months’ expenditures 32%
Working capital 5% of TPI
Start-up time 0.5y

50% of normal
75% of normal
100% of normal

Revenues during start-up
Variable cost during start-up
Fixed cost during start-up

5. Discussion

Applying the discounted cash flow analysis with the parameter re-
ported in Table 3, plus total project investment, variable and fixed
operating costs it was possible to determine the minimum ethanol
selling price (MESP). With a switchgrass rate of 1000 t/y the ethanol
should be sold at MESP of 7.04 $/L. The MESP was much higher than the
ethanol market price which is around 0.4 $/L and reached a maximum
of 0.92 $/L in 2013 [49]. The productivity range of corn bioethanol
plants in the United States goes from 7 to 1420 ML/y with an average of
326 ML/y [50]. The bioethanol production of the modelled plant was
only 1 ML/y starting from 1000 t/y of switchgrass. The effect of the
plant size on the MESP was then investigated by scaling the plant to
15000, 40000, 70000, 100000, 300000, 500000, 750000, 1000000 and
1500000 t/y of switchgrass. To update the total project investment to
the new sizes Eq. (7) was used, while the variable operating costs and the
quantity of ethanol produced were scaled by proportion to the incoming
biomass. The quantity of ethanol produced in the largest plant config-
uration (1500000 t/y) corresponded to an ethanol production equal to
1514 ML/y and therefore complies with the greater sizes reported in the
literature.

From the graph in Fig. 11, it is possible to observe how MESP
decreased as the size of the plant increased because the total project
investment and fixed operating cost did not increase in proportion to the
quantity of bioethanol produced. The most substantial reduction in the
minimum ethanol selling price occurred in going from 1000 to 300000
t/y of switchgrass, with a decrease in the MESP from 7.04 to 1.12 $/L.

: = 2021 scenario
® 2050 H, scenario

(=)
1

MESP ($/L)
N

2;]
| ]
.:::’"’"r ——a— = —»—— — =
e . — — o —— .
0 T T T T
0 500000 1000000 1500000

Plant size (t/y of switchgrass)

Fig. 11. Effect of plant size on minimum ethanol selling price (MESP).
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Over 300,000 t/y of switchgrass, as the scale increased, the price
decreased was minimal until reaching 1.05 $/L at 1,500,000 t/y of
switchgrass. At a size of 300,000 t/y, there was an ethanol production of
approximately 303 ML/y which corresponded to the most frequent size
of corn bioethanol production plants in the United States [50]. As the
size of the plant increased, the variable operating costs consequently
increased, among which, as can be seen from Fig. 9, the most significant
were linked to hydrogen and utilities. In the long-term (until 2050),
scale-up and innovation could bring the cost of green hydrogen down to
1.5 $/kg [41]. As can be seen from Fig. 11, this would considerably
lower the MESP. At a plant size of 300,000 t/y of switchgrass, the MESP
would be 0.82 $/L, while for the largest plant size investigated it would
be 0.75 $/L with a reduction of almost 30% compared to the case in
which hydrogen was paid 6 $/kg. These latter costs were close to the
market price of ethanol from fossil fuels. Furthermore, no credits or
other incentives were considered in this analysis because of their vari-
ability with time, market location and starting feedstock. The minimum
ethanol selling price with different plant sizes and hydrogen costs is
reported in Table S21 in the Supplementary Data.

Biomass conversion and MESP were compared with techno-
economic studies of bioethanol production from different routes re-
ported in Table S22 in the Supplementary Data. The average plant size of
the various analyses reported in Table S22 is about 750000 t/y of
biomass, therefore the values are comparable with the corresponding
plant size of our study. Considering the average of all the techno-
economic studies presented, the MESP is 0.16 $/L, while the ethanol
yield is 318.35 L/t. The MESP is lower than that found in this analysis as
on average CHC, GCC, SSF and SHF allow for overall lower costs. On the
other hand, the ethanol yield, of 1015.04 L/t of switchgrass, obtained
from this analysis was about three times higher than that of all the
mediated analyses and that of the single technologies, including those
performed with the GF route. Such a high yield in this study is to be
found in the enrichment of the syngas with Hj to convert all the carbon
present in the form of CO, and CO into ethanol, in the recirculation of
the unconverted syngas inside the fermenters and in having used as a
base for the scale-up of the fermenter a non-mass transfer limited pro-
cess [31]. In particular, the carbon yield of the process, which can be
calculated using Eq. (11), by adding hydrogen went from 49% to 72%.

e =mol C ethanol /mol C switchgrass a1

The advantages of the high yield in ethanol consist in the use of less
biomass to produce the same quantity of ethanol, hence lower supply
difficulties and transportation costs.

Finally, the average of the MESP of the only GF routes reported in
Table S22 is 0.84 $/L. This value is comparable with the MESP values of
this study at the same plant size which is 1.07 $/L for the base scenario
and 0.77 $/L for the 2050 H; scenario.

From Table S22 it can be seen that for some studies the “nth-plant”
economics assumption was adopted. In such cases, the researchers do
not describe a pioneer plant; rather, numerous plants based on the same
technology are already operating.

In the early stages of development, the cost of growing technology,
such as biomass gasification or syngas fermentation, is typically rela-
tively expensive. As more plants are established, the cost of the tech-
nologies falls and productivity rises because companies gather more
experience. Eq. (12) can be used to represent this effect, which is
referred to as a learning curve [51].

y= px—\log (progress ratio)|/log (2) (12)

in Eq. (12) y is the TPI of the xth plant, p is the cost of the pioneer plant
and x is the cumulative number of plants. The progress ratio is defined in
Eq. (13) [51].

progress ratio =1 — learning rate 13)

For the type of plant designed, a learning rate of 20% can be
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estimated and as a good benchmark can be considered the cost of con-
structing the tenth plant [51]. Fig. S5 in the Supplementary Data shows
the learning curve effect on the pioneer Total Project Investment
considering 750000 t/y of switchgrass as plant scale. From this graph, it
is possible to see a 48% reduction in TPI at the tenth built plant.
Therefore, considering the plant scale of 750,000 t/y and the 10-th plant
built assumption the MESP for the base scenario was 1.02 $/L, while for
the 2020H, scenario the MESP was reduced to 0.72 $/L.

As can be seen from Fig. 8, the section of the plant corresponding to
the higher costs of the equipment was that of purification of the syngas.
A recent study has shown that NH3 and H,S concentrations, respectively,
of 4560 and 108 ppm inhibit the growth and product formation of C.
ljungdahlii [52]. Concerning the other substances considered dangerous
for the bacterium contained in the syngas, which were COS, CH,4 and tar,
no concentration limit values were found. Also, for NH3 and H,S the
inhibiting concentration was known, but not the maximum tolerated.
This study considered the worst-case scenario and took as target values
of the purification those necessary for the catalytic conversion of the
syngas which are much more stringent than those for fermentation.
These values were equal to or lower than 1 ppm therefore probably the
purification of the syngas was oversized compared to the real needs
[26]. Studies must be conducted to determine which are the allowed
thresholds for syngas impurities that do not affect cell growth or product
formation. A less severe purification of the syngas would ensure a lower
MESP.

The large-scale project of two companies working together, Lanza-
Tech Inc. and Aemetis, Inc., highlighted the potential of this second-
generation biorefinery model. These two organizations set up a
demonstration facility that gasifies waste orchard wood and almond and
walnut shells to produce syngas then fermented to obtain commercial-
grade ethanol [53]. The project was successful and Aemetis planned to
build a commercial plant in California to produce 45 GL/y of bioethanol
starting with 1.6 Mt/y of the same feedstocks [54].

6. Conclusions

This study investigated the process design and economics of con-
verting biomass to ethanol through gasification and syngas fermentation
from small to large scale. The process model was implemented on Aspen
Plus® and all the data necessary to make the work reproducible were
reported. Ethanol yield of 1015.04 L/t of switchgrass and MESP of 1.07
$/L were obtained in the basic case scenario, considering 750000 t/y of
switchgrass processed. Even though the estimated ethanol selling prices
were higher than the present ethanol market price, the results were
comparable with those of other technologies for producing ethanol from
a lignocellulosic matrix. On the other hand, an excellent yield of ethanol
per tonne of biomass was obtained. Because of this high yield, less
biomass is required to produce the same amount of ethanol, reducing
supply issues and transportation costs. Thanks to the addition of green
hydrogen to the syngas it was possible to increase the carbon yield of the
process from 49 to 72%, also limiting C emissions. Surplus of electricity
from renewable resources can be used to generate green hydrogen
thanks to the electrolysis of water. In this way, otherwise wasted energy
would be stored and low-cost hydrogen would be available for
fermentation.

The ethanol production route via gasification-fermentation is highly
adaptable because it allows any lignocellulosic biomass as well as waste
to be used as feedstock. By adjusting the gasifier parameters to obtain
the optimal syngas composition, the developed model may be applied to
any feedstock.

Future improvements could be obtained from a better study of C.
ljungdahlii and other non-acetogenic microorganisms. A lower MESP
could be obtained thanks to higher concentrations of ethanol in the
broth leaving the fermenter, using less expensive nutrients for the bac-
teria, changing the reactor configuration of the first fermentation reac-
tion (R-401) as the impellers of the CSTR are energy demanding and
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being more tolerant towards the impurities present in the syngas.

Biofuels are not to be intended only as final products, they can also
be used as a starting base for other high-value chemicals. This is the case
of butanol and butadiene which can be obtained from ethanol. Although
the production of biofuels is growing rapidly, it is unlikely that they will
be able to replace fossil fuels in a short period. However, the combina-
tion of biofuels and traditional pathways can limit the use of fossil fuels
and greenhouse gas emissions.
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