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Abstract

This work shows the impact of the hydrogen and ethanol co-production —via dark
fermentation— using a genetically modified Escherichia coli in the environmental and
economic sustainability of a lignocellulose-based biorefinery. Wheat straw (WS) and corn
stover (CS) were used as feedstock pretreated with either a dilute acid pretreatment (DAP)
or an autohydrolysis followed by very-dilute acid pretreatment (AH-VDAP) to compare the
effect of the lignocellulosic matrix and the pretreatment as strategies for obtaining rich
hemicellulosic hydrolysates, which were used as substrate in the dark fermentation
experiments. Further, their impact on the profitability was determined on biorefinery
conceptual designs incorporating the experimental results of the pretreatment and dark
fermentation stages. The dark fermentation stage contributed with 20% to 30% of the total
ethanol production in the lignocellulose-based biorefinery designs proposed in this work.
Techno economic and sustainability analyses established that the biorefinery design using
WS as feedstock and employing AH-VDAP presented the lowest negative environmental
impact with the lowest Total Production Cost. The results show that co-production schemes

could be an alternative for lignocellulosic ethanol biorefineries.

Keywords: lignocellulosic biomass; biorefineries; dark fermentation; metabolic

engineering; techno economic analysis; sustainability analysis
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1 Introduction

One of the most urgent and important challenges of this century is averting global warming
whilst satisfying the growing energy demands of humankind. Renewable energies (e.g.
solar, wind and biofuels) seems to be the most promising alternatives to address this
challenge [1]. Therefore, the design, development, and optimisation of sustainable
biorefineries for the efficient production of biofuels are needed to duly provide society with
this renewable energy source [2,3]. A biorefinery is a facility in which biomass is converted
into marketable products and energy using multistep processing approaches [4].
Lignocellulose is a sustainable and world-wide available biomass, thus a suitable feedstock
for biorefining purposes [5,6]. Wheat straw (WS) and corn stover (CS) are lignocellulosic
biomasses (LCB) with potential as feed-stocks for producing bioenergy and high value
added products [7] since they are the most abundant agricultural residues worldwide. The
annual global production of these residuals is around 0.5 and 1 billion tons, respectively
[8,9]. Their glucan and xylan pools represents a significant potential source of glucose and
xylose [10,11]. These carbohydrates, after being pretreated and hydrolysed [12], produce
biofuels (e.g., alcohols or hydrogen) by different fermentation strategies. Among them,
dark fermentation has been extensively studied, concluding that high yields and
productivities as well as low production costs are required to achieve profitable industrial-
scale production [13-15]. Genetically modified microorganisms with redesigned metabolic
systems have been hailed as a possible solution since they can improve vyield and
productivity, thus reducing CAPEX and OPEX [16-18]. In particular, Escherichia coli is
the most convenient onset to engineering microbial catalysts for biofuel production owing
to extensive knowledge of its genetic and metabolism [19,20]. Among those biofuels

produced using microbial fermentation, hydrogen has gained interest because its eco-
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friendly nature and energy content (120 kJ/g), as well as ethanol due to mature production
technology and its well established existing fuel market [16,21]. E. coli is capable to co-
produce hydrogen and ethanol through dark fermentation from pentoses and hexoses
(analytical grade), as well as from hemicellulose hydrolisates? [22,23]. This is because
oxidative decarboxylation of pyruvate to produce acetyl-CoA and formate. Therefore, the
co-production of hydrogen and ethanol can be more profitable than their production in
separate fermentation stages [24]. Moreover, co-production schemes can improve the
energy balance of the biorefinery designs [25,26].

This work studies the impact of hydrogen and ethanol co-production from hemicellulose —
via dark fermentation— using a genetically modified E. coli strain in the sustainability of a
biorefinery producing ethanol and hydrogen using lignocellulosic biomass. Two types of
lignocellulosic biomass, which were subject to two different pretreatment methods to obtain
hemicellulose-rich hydrolysates, and then used in the dark fermentation as substrate.
Results were used for designing of biorefineries employing the dark-fermentation stage for
improving the biorefinery energy balance. This stage provided part of the ethanol produced
in the biorefinery, as well as the hydrogen used together with the biogas and solid residues
from the wastewater treatment stage for cogenerating energy. The dark fermentation
batches were carried out with hemicellulosic hydrolysates from WS and CS obtained from
dilute acid pretreatment (DAP) or autohydrolysis followed by very-dilute acid pretreatment
(AH-VDAP). These pretreatment methods were selected based on their glucose and
hemicellulose high yields obtained in post-pretreatment stages from previous experiences
on pilot-scale continuous mode pretreatment strategies [10,11,27] and their high yield in
hydrogen production [28,29]. Techno economic and sustainability analyses of the resulting

biorefinery designs was carried out considering the environmental and economic domains
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[30] to identified the role of the co-production of hydrogen and ethanol strategy on the

proposed biorefinery designs.

2 Experimental setup and procedures

2.1 Feedstocks

Wheat straw (WS) and corn stover (CS) were harvested in the spring of 2017 in La Barca
(Jalisco, Mexico). Both feedstocks were milled with a hammer mill (Azteca 301012) using
a 1.27 cm screen. LCB composition was determined according to NREL analytical
procedures [31]. Cellulose, hemicellulose, and lignin content in LCB (dry basis) were

48.88, 17.83 and 6.51% for WS; and 43.00, 22.11 and 18.00% for CS, respectively.

2.2 LCB pretreatment methods

Hemicellulosic hydrolysates were produced by two methods: a) dilute acid pretreatment
(DAP) and b) autohydrolysis followed by a very-dilute acid pretreatment (AH-VDAP).
DAP was carried out in an autoclave at 121°C for 1 hour with a 15% (w/v) solid loading
and 1.5% (v/v) H2SOa. Liquid fractions from DAP using WS and CS as feedstock were
identified as WSC and CSC, respectively. Autohydrolysis (AH) was carried out in a semi-
pilot scale pretreatment continuous tubular reactor (PCTR) at 1034 kPa (185°C) with a
mean residence time of 18 min [11]. Pretreated biomass from AH was further hydrolysed in
an autoclave at 121°C for 60 min using H2SO4 0.25% (v/v) with a 1:2 (w/v) ratio solids
loading. Liquid fractions from AH-VDAP using wheat straw and corn stover as feedstock
were identified as WSP and CSP, respectively. The hydrolysates composition is shown in

Table 1. Further hydrolysates dilutions were made to obtain concentration between 10-15
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g/L of total reducing sugars, which were used in the experiments of co-production of

hydrogen and ethanol via dark fermentation described in the following subsection.

2.3 Hydrogen and ethanol co-production via dark fermentation by the genetically
modified E. coli strain

The genetically modified E. coli strain used in this work has a genotype that corresponds to
absence of hycA, IdhA and frdD genes. These genes were deleted as described elsewhere
[32]. This genotype confers the strain the ability to overproduce ethanol (EtOH) and
hydrogen (H), as well as decreasing the amounts of lactic and succinic acids produced.
From now on, this strain will be referred as EtOH-H2-coproducing E. coli. The co-
production of hydrogen and ethanol was performed using hemicellulosic hydrolysates as
substrates, at 31°C and initial pH of 8.2. Diluted WSC, CSC, WSP, and CSP were used to
determine the effect of LCB pretreatment method on the co-production of hydrogen and
ethanol by the coproducing E. coli. These experiments were carried out in anaerobic
serological bottles (0.01 L working volume) containing 10-15 g/L of total reducing sugars,
B buffer [33], 1 mL/L trace elements solution [34], 0.01 g/L MgSO4 and 1 g/L yeast
extract. Cultures were started with an optical density of 0.2 measured at a wavelength of
600 nm and were shaken at 200 rpm until no generation of hydrogen was observed. The
experiments were carried out in quadruplicate. Production of hydrogen and ethanol was

measured as it is indicated in Section 2.4.

2.4 Analytical methods
Total reducing sugars (TRS) was determined by the dinitrosalicylic acid (DNS) method

[35], with some modifications as follows: 250 pL of the diluted sample with 750 pL of
6
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DNS reagent (10 g/L NaOH, 200 g/L KNaCsH40s-4H20, 0.5 g/L Na2S20s, 2 g/l CsHsO, 10
g/L 3,5-Dinitrosalicylic acid) were heated for 5 minutes at 100°C and then cooled down to
room temperature. Once tempered, 400 L of distilled water were added. Xylose (0.1 to 1.0
g/L) was used as the reference standard. The absorbance was measured at 595 nm (iMark™
Microplate Absorbance Reader).

Simple sugars and metabolites were quantified by an Agilent HPLC equipped with a
refractive index detector (Agilent Technologies 1220 Infinity LC), using a Rezex™ ROA-
Organic Acid H+ (Phenomenex) column, operated at 60°C with H2SO4 0.0025 M as a
mobile phase (0.50 mL/min). Furfural was analysed by gas chromatography (Agilent
Technologies 6890N Network GC Systems) using a capillary column HP-Innowax (30 m
length x 0.25 mm inner diameter x 0.25 um film thickness; Agilent Technologies). Injector
and flame ionization detector (FID) temperatures were 220 and 250 °C, respectively.
Helium was used as carrier gas at a flow rate of 25 cm®/min. Analyses were performed with
a split ratio of 10:1 and a temperature program of 35 °C for 2 min, then 10°C/min to 210°C
for 1 min.

Gas production was measured by acidified water (pH < 2) displacement in an inverted
burette connected to serological bottles with rubber tubing and a needle. The hydrogen
concentration (%, v/v) in the gas phase was determined by gas chromatography with a
thermal conductivity detector (Agilent Technologies 6890N Network GC Systems) using
an Agilent J&W HP-PLOT Molesieve column (30 m length x 0.32 mm inner diameter x 12
um film thickness) under the following conditions: 200°C, injector temperature; 280°C,
detector temperature; 300°C, oven temperature. Helium was used as carrier gas. Hydrogen
volume was corrected to standard conditions of temperature and pressure (298.15K and 10°

Pa).
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3 Modelling and simulation
3.1 Process description of the biorefinery design
Biorefining schemes were designed to produce ethanol from lignocellulosic biomass. All
schemes are similar, differing only in the feedstock (WS or CS) and pretreatment method
(DAP or AH-VDAP). Fig. 1 shows a block diagram of the proposed biorefinery conceptual
design co-producing ethanol and hydrogen using WS or CS as feedstocks with an installed
capacity of 500-ton biomass/day. Biogas produced from biorefining residues, hydrogen,
lignin, and fermentation residues are used in a co-generation stage for steam and electricity
production. The biorefineries designs were based on the models previously described
elsewhere [30,36], with the following particularities:

a) DAP or AH-VDAP were applied as pretreatment methods of LCB to obtain
hemicellulosic hydrolysates (see description on Section 2.2).

b) Hemicellulosic hydrolysates from the pretreatment stage (see description on Section 2.3)
were used as substrate by the EtOH-H2-coproducing E. coli strain. In the biorefinery
designs, this stage provided part of the total production of ethanol, as well as the
hydrogen used in the cogeneration stage.

The biorefinery designs evaluated were termed WSB1, WSB2, CSB1 and CSB2 (WSB:

biorefineries using wheat straw as feedstock; CSB: biorefineries with corn stover as

feedstock; 1: DAP as pretreatment method; 2: AH-VDAP as pretreatment method). Each
design was composed by a traditional lignocellulosic ethanol production train [feedstock
conditioning (feedstock cleaning and size reduction), pretreatment (DAP or AH-VDAP),
enzymatic saccharification, alcoholic fermentation, separation (azeotropic distillation and

molecular sieving)], a dark fermentation (hydrogen and ethanol co-production) stage, a
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wastewater treatment (anaerobic treatment, aerobic treatment and clarification) plant, and a
cogeneration (steam and electricity) stage. The process inputs for each designs were raw
materials (H2SOas, Ca(OH)2, enzymes, yeasts, bacteria, E. coli WDH-LF, flocculants, and
antifoams), utilities (fresh water, pressurized air, electricity, steam-generator fuel) and the
feedstock (WS or CS). The outputs were energy (electricity), steam, wastes (water, COz,
ashes, cake, and other solid wastes) and ethanol as product. Biorefineries mass and energy
steady state balances were implemented in continuous mode and solved using the SuperPro
Designer v8.5 (SPD) simulator [37]. Process conditions and reactions rates for pretreatment
and dark fermentation stages correspond to the experimental data obtained as described in
Sections 2.2 and 2.3. Integration of energy and 20% of water recirculation to the process

were considered. Process details are provided in the Supporting Information.

3.2 Techno economic analysis

The profitability of each biorefinery design proposed in the section above was analysed
with techno economic analysis tools previously implemented and tested with similar
designs to those proposed in this work [38,39]. The analysis was based on the Discounted
Cash Flow Analysis (DCFA) method for Net Present Value (NPV) = 0 [40], calculating
total capital investment, total production cost (TPC), and their contributions for all
biorefinery designs. The biorefinery energy integration was carried out using the Pinch
Point Analysis technique for maximum energy recovery [40]. The End Use Energy Ratio
(EER) was employed to evaluate the energy efficiency of each design. EER was defined as
ratio of energy produced (steam, electricity, and chemical energy from ethanol) to the total
energy consumed in the process (heating/cooling requirements and electricity) [41].

Equipment size and cost were calculated based on plant capacity using the SPD economic
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data-base and its construction material and capacity-based correlations. All costs and
financial parameters corresponded to conditions (c. 2018) of the Mexican economy.
Commissioning and plant life periods were fixed at 3 and 15 years, respectively, with 330
operating days/year. The interest rate was set at 6% and equity at 30%. Full production was

assumed to begin by the end biorefinery’s commissioning.

3.3 Sustainability analysis

A sustainability analysis method —previously developed for assessing prospective
biorefining technologies [30]- was employed to quantify the impact of the biorefinery
designs in the environmental and economic domains. Where, those impacts are calculated
with quantitative indicators for each domain. Each indicator is integrated by one or more
metrics related to design and/or process variables of the biorefinery design in question.
Table 2 shows the indicators and metrics to be evaluated for each domain (based on the
sustainability framework previously used for similar evaluations [36,38]). Six indicators are
part of the environmental domain whilst two indicators were defined for the economic
counterpart. All metrics (environmental and economic) are translated to the same functional
unit using ad-hoc dimensional functions and conversion coefficients that are defined based
on regulatory frameworks where the biorefinery facilities would be located. In this study,
the functional unit chosen was USD/MJout to monetize the impacts per of unit of energy
delivered by the biorefinery. The translation of metric values to the same functional unit
was obtained applying the following equation

mi=M;i-Ci,

Where mi is the monetized metric i; Mi the metric value, and Ci the monetizing coefficient

(i.e. conversion). In addition, signs were assigned to each metric according to its positive or

10
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negative impact to the corresponding domain. A positive value is associated to a benefit
received by the stakeholders, whilst a negative value might be interpreted as a cost that
stakeholders must cover. Table 3 contains the metric values, as well as monetizing
coefficients and their corresponding monetized values (USD/MJout). One of them, the
Emitted GHG indicator, or “carbon intensity” with its associated metric was calculated as
the carbon dioxide produced during the fermentation processes and electricity cogeneration
stages. The monetization considers an impact cost of $123 USD per metric ton of CO2 [42].
This cost includes the damage caused to water resources, land and biodiversity, agriculture
and forestry, ecosystems, and human health. The Emitted non-GHG indicator, whose metric
iIs composed by SOz emissions in the electricity generation stage, was monetized using the
trading value of SOz in the US Acid Rain Program [43]. Water consumption and
Wastewater quality indicators were monetized according to current Mexican environmental
regulations [44,45]. These indicators are formed by more than one metric (Table 2).
Therefore, their monetized value is the sum of their monetized metrics. The Amount of
produced solid wastes indicator was monetized using the cost of solid waste management
services in Mexico, which is $76.89 USD per ton of waste transferred and disposed [46].
As was described in Section 3.2, the EER indicator is the ratio of energy produced to the
total energy consumed in the process. In the economic domain, two indicators were
considered: TPC and Electrical productivity. The TPC indicator was monetized by
translating all products to their energy equivalents. Finally, the Electrical productivity
indicator was monetizing using the cost per MJ of electricity produced as a fraction of the
total energy generated by the biorefinery [37].

Sustainability indicators per domain are calculated by adding their corresponding

indicators. The “global sustainability value” is the sum of all the environmental and
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economic indicators once they are monetized. For a comparative analysis of the impact of
each indicator in the biorefinery designs, all metric values were normalized with respect to

WSB1 design considered the base case.

4 Results and discussion

4.1 LCB pretreatment methods

The characterization of hemicellulosic hydrolysates (hemicellulose to pentoses conversion,
composition of simple sugars, degradation compounds) from pretreatment is shown in
Table 1. As expected, xylose was the highest concentration sugar monomer in the
hydrolysates obtained with both LCB pretreatment methods. DAP decomposed
hemicellulose while maintained cellulose and lignin almost intact [27,47]. WSC and CSC
produced 29 and 34.3 g/L of xylose, respectively. Regarding AH-VDAP, the xylan
backbone was selectively depolymerized during autohydrolysis, resulting into
xylooligosaccharides (XOS) as main reaction products [48]. These XOS were
depolymerized during the subsequent very-diluted acid pretreatment stage, resulting in
large concentrations of xylose at the end of the pretreatment. WSP and CSP generated 39.8
and 41.1 g/L of xylose, respectively. Glucose concentrations in WSP and CSP were 3-fold
less than in WSC and CSC hydrolysates (Table 1) since the glucan of LCB biomass was
not depolymerized during autohydrolysis as reported previously [11], and the sulphuric acid
concentration of very-diluted acid pretreatment stage was chosen for depolymerizing XOS.
The aims of pretreatment are to disrupt the crystalline cellulose structure and to fractionate
the main components of the feedstock [49]. However, during pretreatment of LCB, by-
products are often produced that can inhibit downstream biochemical processes. These

inhibitors are formed when hemicellulose, cellulose and/or lignin are solubilized and
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degraded [50,51]. Acetate was the main pretreatment by-product found in all hydrolysates,
followed by formate and furfural. Acetate results from the hydrolysis of acetyl groups of
hemicelluloses [52], and it was detected in concentrations higher than 4 g/L (Table 1). Even
though acetate, formate and furfural have relatively low toxicity [50], to avoid their
possible inhibiting effects in dark fermentation experiments, the hydrolysates were diluted
with water. After dilution, the concentration of total reducing sugars was 15.1, 9.7, 10.2 and

11.1 g/L in WSC, WSP, CSC and CSP, respectively.

4.2 Dark fermentation by the EtOH-H2-coproducing E. coli strain

The effect of DAP and AH-VDAP hydrolysates on the EtOH-H2-coproducing E. coli are
shown in Fig. 2. Using WSC as substrate up to 1.3-fold more hydrogen was obtained than
with WSP (Fig. 2A). This is because of the difference of TRS concentration among
hydrolysates after dilution, with WSC having 1.6-fold more TRS than WSP. Similar event
was observed using CSC or CSP as substrates. With a TRS concentration in CSP 1.1-fold
higher than in CSC, CSP produced 2,930.3 + 189.4 mL H2/L whilst CSC reached 2,576.4 +
220.4 mL H2/L. Regarding hydrogen production rate, 22.1 + 1.1, 18.3 £ 1.0, 20.2 + 1.7 and
18.5 £ 1.3 mL H2/L-h were obtained using WSC, WSP, CSC and CSP as substrate,
respectively. Note that production rates were higher with DAP hydrolysates than with the
AH-VDAP counterparts. Hydrogen production kinetics and the percentage of hydrogen in
the gas attained by the EtOH-H2-coproducing E. coli are showed in Fig. 3. None of the
batches presented lag phase since hydrogen was found from the first gas sampling (17 h).
The maximum concentration of hydrogen (%, v/v) in the gas phase detected was 56% (at 17
h, WSC), 45% (at 40 h, WSP), 46% (at 40 h, CSC) and 50.2% (at 40 h, CSP). Hydrogen

production declined after 120 h of fermentation, regardless of the kind of feedstock and
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type of pretreatment used. Fig. 2B shows the hydrogen yield and TRS consumption by the
EtOH-H2-coproducing E. coli strain. The TRS consumption was 10% higher using WSP as
substrate than with WSC. However, this was not observed with CSC or CSP. The yield of
hydrogen achieved by EtOH-H2-coproducing strain was 311.5 + 30.7, 323.1 + 6.6, 312.3 £
26.7 and 337.1 =+ 21.8 mL H2/g TRS using WSC, WSP, CSC and CSP as substrate,
respectively. Regarding ethanol production (Fig. 2C), up to 3.54 = 0.27 g/L were produced
at the end of fermentation, achieving yields in the range of 0.32 + 0.01 to 0.34 + 0.06 g
EtOH/g TRS (for all hydrolysates). Therefore, amount of ethanol produced per TRS unit
seems to be not affected by feedstock or pretreatment method.

The co-production of hydrogen and ethanol by microorganisms had been studied using
genetically engineered E. coli strains. Different molecular strategies had been tested to
enhance the fermentation efficiency of E. coli strains, such as deletion of genes including
those to produce hydrogenases, negative regulator of the formate regulon, lactate
dehydrogenase, fumarate reductase and phosphoglucose isomerase, among other
[20,25,26,53], as well as heterologous gene expression [54]. Many of these studies used
glucose as carbon source instead of LCB hydrolysates. Interestingly, reported hydrogen and
ethanol yields are lower than those obtained in this work (Table 4). In previous studies,
whet straw hydrolysate was used as substrate for co-production hydrogen and ethanol by
metabolic engineered E. coli strains, WDHL [22] and WDHGFA [23]. Reported yields of
hydrogen and ethanol obtained by WDHL strain were 159 mL H2/g sugar and 0.32 ¢
EtOH/g sugar, while WDHGFA strain reached 160 mL H2/g sugar and 0.26 g EtOH/g
sugar. These amounts are either similar or lower up to 47% than those obtained here as seen

in Table 4.
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Since the aim of this work was to improve the lignocellulosic ethanol biorefinery
performance by co-producing hydrogen and ethanol by genetically modified E. coli, the
experimental data provided above was included in the conceptual design of (environmental

and economic) sustainable biorefineries, as described in the following subsections.

4.3 Mass balances

As mentioned previously, DAP and AH-VDAP of WS and CS were included as
pretreatment methods to compare their effect on the dark fermentation performance and
therefore on the biorefinery economics. The process schemes evaluated were WSB1,
WSB2, CSB1 and CSB2 (see Section 3.1 for a detail description). The mass balances for
the stages involved in ethanol production for all biorefineries are shown in Figs. 4 and 5.
For mass conversion (X4—z) data see Tables A1, A2 and A3 in the Supporting Information.
Table 5 shows output flowrates from each of the biorefining stages. CSB1 and CSB2
produced 4,825 and 4,912 kg/h of pentoses in the pretreatment stage, 24% more than
WSB1 and WSB2. This is because hemicellulose fractions in CS are 1.2-fold higher than in
WS, as well as the Xnemic.—pentoses during the pretreatment stage in CSB1 and CSB2 is 7%
and 5% higher than in WSB1 and WSB2, respectively.

In the dark fermentation stage, the hemicellulosic hydrolysates from the pretreatment stage
were used by the EtOH-H2-coproducing E. coli strain to obtain hydrogen and ethanol.
WSB1, WSB2, CSB1 and CSB2 produced 26.3, 25.1, 44.1 and 45.8 kg/h of hydrogen,
respectively, which were fed to the cogeneration stage for electricity production. The

difference in hydrogen production among schemes is due to a smaller Xsugars—H, (15%) and

the lower hemicellulose fraction for WS (Table 5). Regarding ethanol, WSB1, WSB2,
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CSB1 and CSB2 produced 6,093, 6,126, 5,742 and 5,796 kg/h of ethanol, respectively.
Around 20-30% of this comes from dark fermentation, and the rest from alcoholic
fermentation (Table 5). Since WS presented the highest cellulose content, WS-based

biorefineries produces 6% more ethanol than CS-based counterparts.

4.4 Techno economic analysis results

After establishing the contribution of dark fermentation over ethanol production in the
proposed conceptual designs, their profitability was determined by a techno economic
analysis considering Mexican economic conditions (c. 2018). The total equipment cost is
10.1%, 46.8% and 22.2% higher in WSB1, CSB1 and CSB2 compare to WSB2,
respectively (Fig. 6A). The equipment cost per stage, as shown in Fig 6B, is similar in all
cases, except for the pretreatment and dark fermentation stages. On one hand, CS-based
biorefineries have the most expensive dark fermentation stage ($57-58 USD millions) due
to the higher amount of pentoses obtained from the pretreatment stage than with WS.
Therefore, a larger amount of water is needed to achieve the sugars concentration required
in the dark fermentation stage. As a consequence, higher volume reactors must be
employed with larger costs. On the other hand, the pretreatment stage equipment cost of
AH-VDAP biorefineries (WSB2 and CSB2) is about 60 % lower than their DAP
counterparts since a continuous reactor was considered for this case.

Fig. 7 shows the TPC calculated per litre of ethanol for each biorefining design, as well as
their ethanol production. The lowest TPC ($1.37 UDS/L EtOH, Fig. 7A) was obtained by
WSB2, which is 17.9, 43.1 and 15.9% lower than those obtained for WSB1, CSB1 and
CSB2, respectively. Even when WS is 2.5-fold more expensive than CS (Table 1),

feedstock cost seems not to contribute to TPC in that proportion. WS seems to be a better
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feedstock for ethanol production compared to CS due to its higher cellulose content. The
most important contributors to TPC, as shown in Fig. 7B, are operation cost followed by
services (cooling and heating) and total capital investment, with values around 29.8-34.7%,
14.5-22.4% and 15.4-18.3%, respectively. Operating cost include maintenance, operating
supplies, labour, and direct supervision, laboratory charges, patents, and royalties.
Regarding the services contribution to TPC, the highest values were corresponding to those
designs using DAP pretreatment since a higher amount of cooling water is required by the
process during pretreatment stage. Electricity consumption is not a relevant contributor to
TPC. Electricity demand (Electricityin) of all biorefineries is more than 5,800 kWh of
electricity (Fig. 8). However, they produce (Electricityout) just around 20-30% of this
demand, thus EER is lower than 0.50 for all designs. WSB2 is the most economical option,

because it produces the largest amount of ethanol with the lowest equipment cost.

4.5 Sustainability analysis results

4.5.1 Environmental Sustainability Analysis Results

The results of the sustainability analysis for the environmental domain are summarized in
Table 3. Once monetized, all indicators were of negative value, with the EER indicator as
the main contributor in this domain, with a contribution of more than 67% of the Total
Environmental Indicator for all designs. The electricity dependence has been observed in
the analysis of other biorefinery designs producing biofuels as the main product [30]. Other
important indicator is EGHG with a contribution of around 15-21%. WCo and WWQ
indicators provide a contribution about <7% for all cases because the biorefinery was

designed for water recirculation and for complying with the Mexican regulatory framework
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for discharges to water bodies [44]. SW indicator is the lowest contributor with < 3.7% for
all cases.

To compare the environmental indicators performance among biorefineries, metric values
were normalized with respect to WSB1 (base case) as shown in Fig. 9. T and pH metrics
were not included because they are similar in all cases. For Mco, —which is related to GHG
emission generated during dark fermentation, alcoholic fermentation and cogeneration
stages—, CS-based biorefineries produced around 22-25% more g COzeq per MJ than the
base case since a higher amount of lignin, Hz and biogas are fed to the cogeneration stage
which is the main contributor to this metric and therefore to GHG emissions indicator. In
the case of Mso,, the only non-greenhouse gas considered in this work is SOz, produced
during the cogeneration stage due to sulphur contained in LCB. Corn stover (CSB1 and
CSB2) biorefineries emitted 20% and 28% less g SOzeq by MJ produced than the base case,
respectively. This is principally due to differences in feedstocks composition. Regarding
water consumption (M), CS-based biorefineries employ around 26-39% more water than
their WS-based counterparts. This is because the water required adjusting TRS in the
pretreatment output stream feeding the dark fermentation stage. Discharged water (Maw,
Ldischarged water/MJout) By WSB1 was 36, 30 and 73% lower than WSB2, CSB1 and CSB2,
respectively. For the WWQ indicator, the metrics Mcoo and Mdp —which are related to
organic material and other pollutants content in wastewater treated— are lower in CSB1 and
CSB2 than in WS-based biorefineries, because CSB1 and CSB2 streams are more diluted
than those for the other two designs. The metric (Msw) of SW indicator is directly related to
solids generated by pH adjustment, as well as ash production in the cogeneration stage and

dust from the conditioning stage. The pH in the dark fermentation stage by EtOH-H2-
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coproducing E. coli is 8.2. Therefore, the hydrolysates coming from the DAP-based
biorefineries (WSB1 and CSB1) demand larger Ca(OH)2 amounts than their counterparts,
thus producing 89 and 77% more solid wastes than WSB2 and CSB2, respectively.
Regarding energy self-sufficiency, WSB2 is the biorefinery with the highest EER value
(0.49) because is the biorefinery with the largest ethanol production, surpassing in 12% the
base scheme (Fig. 9). However, none of the biorefinery designs was energetically self-

sufficient.

4.5.2 Economic Sustainability Analysis Results

The results of the sustainability analysis for the economic domain are presented in Table 3.
After monetization, TPC is the most relevant indicator, with a 99% contribution for all
cases. Therefore, WSB2 is the best alternative in the economic domain due to its lowest
TPC. The indicator normalization using WSB1 as base case is shown in Fig. 10. WSB2
exhibited the lowest TPC (Fig. 7A), due to the lowest total equipment investment and
highest ethanol production (Figs. 6A, 7A) as explained in Section 4.4. CSB1 and CSB2
exhibited the highest electrical productivity, surpassing in 60% and 46% the base case,
respectively. Since the contribution of this indicator to the economic sustainability indicator

is <1%, its impact is not relevant in the Total Economic Indicator.

4.5.3 Global Sustainability Analysis Results

The indicator values for each domain together with the global sustainability indicator are
shown in Fig. 11. These values represent what stakeholders should pay per each MJ
produced for either fines, and environmental damages caused by the biorefinery regarding

the environmental domain or production costs considering the economic domain. From an
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environmental point of view, the lowest impact is associated with WSB2, (-0.047
USD/MJout) since its EER indicator (positive) was the highest, as well as EGHG and SW
(negative) indicators were the lowest values of all designs. The absolute value of this
indicator is 26, 69 and 48% lower than those calculated for WSB1, CSB1 and CSB2,
respectively. From an economic perspective, WSB2, again, achieved the lowest value of the
four proposed schemes, with -0.064 USD per MJ produced, mainly due to its lowest TPC.
Further, considering the Global Sustainability Indicator, the smallest value of all
biorefinery scenarios is -0.111 USD per MJ produced, associated to WSB2. 43% of its
value corresponds to the Total Environmental Indicator, and the rest to the Total Economic
Indicator. The second-best option is WSB1, with a global impact value 23% higher than

that for WSB2.

5 Conclusions

The dark fermentation stage —by EtOH-H2-coproducing E. coli— contributes with 20 to
30% of the total ethanol production in the lignocellulose-based biorefinery designs is
proposed in this work. From all designs, WSB2 (wheat straw as feedstock and AH-VDAP
as LCB pretreatment method) could generate the smallest environmental impact with the
lowest TPC, which is up to 43% lower than its counterparts. The sustainability analysis
shows the importance of environmental issues compared against economic aspects, fact that
is not evident using conventional techno economic analysis tools. Based on the regulatory
framework employed, the environmental monetized impact of the most sustainable design
resulted almost as important as the economic aspects of it. Therefore, the results show that
co-production schemes are an alternative for ethanol biorefineries that must be explored

further.
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Figure captions

Graphical abstract

Fig. 1 Biorefinery block diagram. The process inputs are indicated in blue arrows, and the outputs
are marked in green arrows

Fig. 2 Effect of the pretreatment method of lignocellulosic biomass in co-production of
hydrogen and ethanol by EtOH-H,-coproducing E. coli. Batch cultures of 0.01L were performed
at 31°C and initial pH 8.2 using WSP, WSC, CSP and CSC as substrates. Production and
production rate of hydrogen (A), hydrogen yield and TRS consumption (B), production and yield of
ethanol (C). Data are presented as mean * standard deviation

Fig. 3 Kinetics of hydrogen production. Batch cultures (0.01 L) at 31°C and initial pH 8.2 using
WSP (A), WSC (B), CSP (C) and CSC (D) as substrates. Data are presented as mean * standard
deviation

Fig. 4 Mass balance for biorefining stages in DAP biorefineries (WSB1 and CSB1)

Fig. 5 Mass balance for biorefining stages in AH-VDAP biorefineries (WSB2 and CSB2)

Fig. 6 Total equipment investment (A) and equipment investment contributions by stage (B)
for all biorefineries schemes

Fig. 7 Technoeconomic analysis results. TPC and ethanol production (A), TPC contributions (B)
Fig. 8 Electricity in-out, electrical productivity and ERR for all biorefinery designs

Fig. 9 Indicator analysis for the environmental domain

Fig. 10 Indicator analysis for the economic domain

Fig. 11 Sustainability global values for each biorefinery design
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Table 1 Characterization of the hemicellulosic hydrolysates

Composition (g/L)

Hydrolysate Feedstock Feedstock cost (USD/kg) Pretreatment Xeemic.—pentoses (%) Glucose Xylose Arabinose Formate Acetate Furfural

WSC DAP 88 55 29 6.8 1.8 4.2 ND
Wheat straw $0.08

WSP AH-VDAP 90 1.8 39.8 7.9 2.6 7.8 1.2

CSsC DAP 95 4.7 34.3 9.4 1.2 4.1 ND
Corn stover $0.03

CSP AH-VDAP 95 1.5 41.1 11.3 3.3 4.2 0.8

DAP: Diluted acid pretreatment; AH-VDAP: Autohydrolysis followed by very-diluted acid pretreatment; Xuemic.—pentoses: Hemicellulose to pentoses mass-
conversion; ND: No determinate
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Table 2 Sustainability framework

Domain Indicator Metric, units fDlme_nsmnaI Reference
unction
Emitted GHG (EGHG) Mcoz, 9CO2eq/MJIout Mco,Ccoy [42]
Emitted non-GHG (NGHG) Msoz, §SO2eq/MIout Mso,Cso, [43]
Water consumption (WCo) M, Liresh water/MJout Mt Cr
MdWy Ldischarged water/MJout de'de [44 45]
) Mcob, Mycoo/Lwater Mcop-Ccop '
Environmental Wastewater quality (WWQ) -I\r/l dg’ckgdisowed pltaans/MJou M G .
pH - -
A t of produced solid
quf:sotg? (gWF;I’O uced soft Msw; kgdisposable Wastes/MJOUt Msw‘cws [46]
End Use Energy ratio (EER)  Meer, MJou/MJin (Mger-1)-Crpc -
Total production cost (TPC) Mrec, USD/Leon Mrpc-Crep -
Economic — goctrical productivity (B) V& (Me-1)-Ce [37]

Electricityou/Electricityin

Crep: Total energy produced; Ce: Cost per MJ of electricity produced as a fraction of total energy produced by
the biorefinery
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Table 3 Metric values for WSB1, WSB2, CSB1 and CSB2 biorefineries and monetizing coefficients for translating metric units to monetized

indicators (USD/MJow)

§ Metric value (M;) Monetizing coefficient (C;) Monetized metric value (77;=M;-Ci; USD/MJoy) Metric contributions (%)
Indicator Metric
WSB1 WSB2 CSB1 CcsB2 WSB1 WSB2 CSB1 CcsB2 WSB1 WSB2 CSB1 CcsB2 WSB1 WSB2 CSB1 CSB2
EGHG Mco, 80.70 80.16 101.11 98.76 -1.23E-04 -9.93E-03 -9.86E-03 -1.24E-02 -1.21E-02 16.72 20.86 15.55 17.37
NGHG Mg, 9.14 8.40 7.29 6.55 -6.00E-08 -5.48E-07 -5.04E-07 -4.38E-07 -3.93E-07 0.00 0.00 0.00 0.00
WCo Mpw 1.40 157 177 1.95 -1.01E-03 -1.41E-03 -1.58E-03 -1.78E-03 -1.97E-03 2.38 334 223 281
Maw 0.84 1.14 1.09 1.45 -2.38E-04 -2.00E-04 -2.71E-04 -2.60E-04 -3.46E-04 0.34 0.57 033 049
Mcop 129.99  115.45 99.46 91.63 -2.06E-05 -2.78E-05 -2.79E-05 -3.68E-05 -2.68E-03 -3.21E-03 -2.77E-03 -3.37E-03 452 6.80 3.47 4.82
WWQ Map 5.16E-10 4.53E-10 4.31E-10 3.92E-10 -1.40E-04 -7.22E-14  -6.34E-14 -6.04E-14 -5.49E-14 0.00 0.00 0.00 0.00
T 32.58 31.56 33.01 31.95 0 0.00 0.00 0.00 0.00 0.00 000 000 0.00
pH 7 7 7 7 0 0.00 0.00 0.00 0.00 0.00 000 0.00 0.00
SW Mgw 3.00E-02 3.31E-03 2.78E-02 6.54E-03 -7.40E-02 -2.22E-03  -2.45E-04 -2.06E-03 -4.84E-04 3.75 052 258 0.69
ERR Meer 0.44 0.49 0.33 0.29 -7.61E-02 -6.30E-02 -9.00E-02 -7.29E-02 -4.29E-02 -3.21E-02 -6.07E-02 -5.16E-02 7229 67.90 75.85 73.81
Total Environmental Indicator -0.059 -0.047 -0.080 -0.070
TPC M1pc 1.61 1.37 1.96 159 -4.72E-02 -4.61E-02 -4.60E-02 -4.60E-02 -7.61E-02 -6.299E-02 -9.01E-02 -7.29E-02 99.26 99.16 98.97 98.81
E Me 0.21 0.17 0.33 0.30 -2.75E-03 -3.07E-03 -2.81E-03 -2.93E-03 -5.69E-04 -5.32E-04 -9.33E-04 -8.81E-04 0.74 084 1.03 1.19
Total Economic Indicator -0.077 -0.064 -0.091 -0.074
Global Sustainability Indicator -0.136 -0.111 -0.171 -0.144
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Table 4 Comparison of hydrogen and ethanol yields obtained by genetically engineered Escherichia coli strains

Hydrogen Yield Ethanol yield

Strain Genotype description Substrate (ML H,/g substrate) (g EtOH/g substrate) Reference
E. coli BW25113
SH9* ZG AhycA AhyaAB AhybBC AldhA AfrdAB 265.6% (1.8 mol Ha/mol Glc)  0.36% (1.4 mol EtOH/mol Glc) [26]
ApfkA/pEcZG (pDKT carrying zwf, and gnd)
E. coli BW25113
. AhycA AhyaAB AhybBC AldhA AfrdAB " ;
SHS Apgi_Z,Gg Apgi/pLmZ-GoG (pDK7 carrying zwf of E. Glucose 245.8* (1.74 mol Hz/mol Glc) 0.41* (1.62 mol EtOH/mol Glc) [25]
coli BW25113 and gnd of G. oxydans) (Glo)
SS1- . . ] _
. 1 1
Recombinant hybC E. coli SS1/pETDuet-1 (carrying hybC) 94.6+ (0.67 mol Hz/mol Glc) 0.15* (0.58 mol EtOH/mol Glc) [53]
E. coli BW25113
- AhycA AhyaAB AhybBC AldhA AfrdAB ApfkA s t
SH8* ZG Apta-ackA-adaptive evolution /pEcG (pDK7 186.5* (1.32 mol Hz/mol Glc) 0.35* (1.38 mol EtOH/mol Glc) [54]
carrying gnd)
WDHL E. coli W3110 AhycA Alacl Wheat straw 159.3 0.32 [22]
WDHGFA E. coli W3110 AhycA AptsG AfrdD AldhA hydrolysate 160* (0.24 mol Hy/C-mol) 0.26% (0.195 mol EtOH/C-mol) [23]
WSC 3115 0.33
-Ho- WSP 323.1 0.32 i
Ethanol- H, . E. coli W3110 AhycA AldhA AfrdD This
coproducing E. coli CSc 312.3 0.34 work
CSP 337.1 0.34

fConverted units from the original data (reported units)
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Table 5 Pentoses, hydrogen and ethanol production during dark fermentation and alcoholic

fermentation stages in all biorefineries schemes

Biorefinery WSB1 WSB2 CSB1 CSB2
Pretreatment stage Pentoses (kg/h) 3,673 3,746 4,825 4,912
Xsugars—t, (%) 14.6 15.1 19.9 21.5
. H> (kg/h) 26.3 25.1 44.1 45.8
Dark fermentation stage
Xsugars—E10H (%) 75.0 75.0 66.0 66.0
EtOH (kg/h) 1,542 1,421 1,677 1,609
Alcoholic fermentation stage EtOH (kg/h) 4,752 4,923 4,254 4,381
Ethanol production EtOH (kg/h) 6,093 6,126 5,742 5,796

Xsugars—H,. Sugars (glucose and pentoses) to hydrogen mass-conversion during dark fermentation stage;
Xsugars—Eror: SUQArs (glucose and pentoses) to ethanol mass-conversion during dark fermentation stage
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