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Section S1. Supporting Figures and Tables: input data and results of economic and
life cycle assessment.

Table S1. Cost factors for estimating direct and indirect costs from purchased equipment
cost (PEC) and total installed cost (TIC) [1], respectively.

Direct cost PEC (%)
Purchased equipment cost 100
Purchased equipment installation 39
Instrumentation and control 26
Piping 31
Electrical systems 10
Building (including services) 29
Yard improvements 12
Total direct (installed) costs (TIC) 247
Indirect cost TIC (%)
Engineering and supervision 13.0
Construction expenses 13.8
Legal expenses 16
Contractor's fee 7.6
Contingency 15.0
Total indirect costs 51.0

Table S2. Economic assumptions for cash flow analysis.

Parameter Value

Rate of return 10%
Debt/equity 0/100%

Plant lifetime 20 years
Depreciation (linear) 10 years
Salvage value 0
Construction period 1 year

Income tax 30%

Working capital 1-month operating costs
Land 6% TIC
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Table S3. Data for estimating OPEX. 8000 operating h/year is assumed.

Fixed operating costs % TIC [1]
Labor 1.56
Maintenance 1.5
General expenses 3.07
Management and operation services 0.44
Cost of goods sold, marketing and logistics 1.32
Insurance 0.5
Total 8.39

Variable operating costs
Raw materials

Ethanol® 450 €/m° Price index[2,3]
Process water” 4.61 €/m® Correlations [4]
DMF 655.1 €/tonne AliBaba website[5]
Octane® 1.32 €/litre Average price[6]
Hf-Zn catalyst? Estimated from the cofst of
83906 €/tonne catalyst materials
Zeolites* 1350 €/tonne AliBaba website[5]
Utilities
HPS® 47.85 €/tonne Correlations [4]
MPSP 44.78 €/tonne Correlations [4]
LPSP 4291 €/tonne Correlations [4]
Cooling water® 0.07 €/m?3 Correlations [4]
Chilled water® 7.76 €/GJ Correlations [4]
Refrigerant 1° 13.49 €/GJ Correlations [4]
Refrigerant 2° 18.42 €/G] Correlations [4]
Electricity® 0.18 €/kWh Correlations [4]
Natural gas® 11.54 €/GJ Price in Spain[7]
Waste management
Wastewater treatment® 1.91 €/m3 Correlations [4]
Solid disposal® 917 €/tonne Correlations [4]

2 Average worldwide price of ethanol for the last decade (2008-2018).

bPrices estimated using equation of [4] and updated to 2018 price, considering natural gas as fuel source at
spanish market price (11.54 €/GJ).

°Estimated as gasoline with an average price in Spain.

450% replacement per year

¢ Based on natural gas lower heating value (LHV). See Table S5.

fHfCls, Zn(NO3),6H,0 and SiO; bulk costs from AliBaba website [5]
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Table S4. Product prices (€2018) considered in the economic assessment.

Products Value units Reference
Butenes 599 €/tonne Estimated [8]
Ethylene 852 €/tonne Price index[9]
Hydrogen 1960 €/tonne Estimated [8]
Propylene 1024 €/tonne Price index[10]
€/tonne AliBaba website[5]

Acetaldehyde (99 wt%) 818
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Table S5. Mass and energy balance for each scenario.

Scenarios Bl B2 % difference
Item Unit unit/tonne BD unit/tonne BD
Inputs Total tonne 3.800 3.125 -17.8
Raw material Ethanol (93 wt%) tonne 3.220 2.690 -16.5
Solvents Octane tonne 0.003 0.001 -57.2
Water tonne 0.575 0.432 -24.9
DMF tonne 0.001 0.001 6.2
Outputs Total tonne 3.800 3.125 -17.8
Products 1,3-BD tonne 1.000 1.000 0.0
Butenes tonne 0.097 0.062 -36.4
Ethylene tonne 0.155 0.197 27.6
Propylene tonne 0.054 0.049 -7.6
Acetaldehyde tonne 0.127 0.000
Hydrogen tonne 0.047 0.042 -10.0
To boiler Residual fuel streams tonne 0.460 0.235 -48.9
To treatment Wastewater tonne 1.861 1.539 -17.3
Utility consumption
Heating Total GJ 9.416 10.781 145
HPS GJ 0.025 3.326 13225.1
MPS GJ 0.225 0.093 -58.8
LPS GJ 1.325 0.775 -41.6
Natural gas GJ 7.841 6.588 -16.0
Cooling Total GJ 19.693 14.702 -25.3
Cooling water GJ 15.926 11.323 -28.9
Chilled water GJ 0.227 0.000
Refrigerant 1 GJ 3.347 3.194 -4.6
Refrigerant 2 GJ 0.193 0.186 -3.9
Electricity kWh 500.7 344.6 -31.2

2 Difference calculated as: (B2-B1)*100/B1.

PHeating values[11,12]: HPS (250 °C) = 1720 kJ/kg; MPS (184 °C) = 2005 kJ/kg; LPS (160 °C) = 2087 kJ/kg;
Natural gas = 47100 kJ/kg.

¢ Cooling values[11,12]: Cooling water (25 °C) = -83.65 kJ/kg; Chiller (5 °C) = -41.89 kJ/kg; Refrigerant 1 (-
25 °C)=-407.53 kJ/kg (Propane); Refrigerant 2 (-42 °C) = -426.23 kJ/kg (Propane).
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Table S6. Results of economic evaluation for each scenario (€2018) USing average market
price of ethanol for 2008-2018 (450 €/m?).

Scenarios
OPEX

Ethanol

Catalyst

Others

Natural gas

Hot services
Cold services
Electricity
Waste treatments
Fixed operating costs
Total

Revenues
1,3-BD

Butenes
Ethylene
Hydrogen
Propylene
Acetaldehyde
Total

CAPEX (M€)
MBSP (€/tonne)

Bl

Million €/year

357.4
6.7
3.4

18.1
6.6
12.8
17.8
1.8
11.8
436.4

385.5
11.7
26.3
18.2
11.0
20.8

473.5

222.1
1927

Share (%)

81.9
1.5
0.8
4.2
1.5
2.9
4.1
0.4
2.7

100.0

81.4
2.5
5.6
3.8
2.3
4.4

100.0

B2
Million €/year  Share (%0)

298.6 78.2
9.3 2.4

2.5 0.6

15.2 4.0

22.1 5.8

11.2 2.9

12.2 3.2

1.7 0.4

9.2 2.4
382.0 100.0
344.1 83.6
7.4 1.8

33.6 8.2

16.4 4.0

10.1 2.5

0.0 0.0
411.7 100.0

179.9
1721
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Table S7. Inventory for B1 and B2 scenarios.

Scenario B1 B2 Units
Products Amount Amount  unit/tonne 1,3-BD
Avoided products

Butenes 0.0974 0.0619 tonne
Ethylene 0.1546 0.1973 tonne
Hydrogen 0.0465 0.0419 tonne
Propylene 0.0536 0.0495 tonne
Acetaldehyde 0.1273 0 tonne
Inputs

Air 17.3 8.9813 tonne
Hafnium 0.0000121  0.0000167 tonne
Materials/fuels

Ethanol, 93% 3.2202 2.6904 tonne
Water, completely softened 0.5754 0.4319 tonne
N,N-dimethylformamide 0.0009 0.0009 tonne
Natural gas, high pressure 1.0503 0.8825 m3
Zeolite, powder 0.0051 0.0053 tonne
Petrol, unleaded 0.0032 0.0014 tonne
Hydrogen peroxide, 50% 0.4162 0.1502 tonne
Copper oxide 0.0003 0.0001 tonne
Silica sand 0.000353 0.000487 tonne
Nitric acid, 50% 0.0000721  0.000199 tonne
Zinc 0.0000374  0.0000516 tonne
Chlorine, gaseous 0.00000959 0.0000132 tonne
Carbon black 8.11E-07  0.00000112 tonne
Electricity/heat

Electricity, medium voltage 1034.05 823.07 kWh
Steam, in chemical industry 0.7618 2.3509 tonne
Water, completely softened 11.4552 7.842 tonne
Outputs

Emissions to air

Water 0.9108 0.5577 tonne
Oxygen 2.0756 0.9798 tonne
Nitrogen, atmospheric 13.2669 6.8894 tonne
Carbon dioxide, fossil 0.4588 0.3855 tonne
Carbon dioxide, biogenic 1.2094 0.5438 tonne
Waste to treatment

Waste zeolite 0.0051 0.0053 tonne
Hazardous waste, for underground deposit 0.0004 0.0006 tonne
Wastewater from vegetable oil refinery 2.4696 1.761 tonne
Wastewater, average, treatment of, capacity 1E9l/year 4.0018 2.6948 m?
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Section S2: Description of the flowsheet

A more detailed description of the plant is provided based on Figure S3. In the description,
the references to the streams, by number or name, are underlined.

Recycled ethanol (29B, 31B) with some impurities (water and by-product) and regenerated
ethanol (17) are mixed, vaporized and fed to the catalytic tubes of the furnace reactor. The
reactor effluent (1) is cooled to separate the condensable fraction (crude ethanol recycle)
(unconverted ethanol, water, acetaldehyde, butanal, acetone, butanol and heavy compounds)
from light gases (2) (hydrogen, ethylene, propylene, butenes and 1,3-BD) in Flash-101.
Ethanol feed (ethanol with 7 wt% water) is used to absorb 1,3-BD from the light gases
together with butenes and light polar compounds (Absorber-T100). Next, 1,3-BD is desorbed
from ethanol (T-101), together with butenes and light polar compounds (mainly
acetaldehyde), resulting in crude butadiene (8) and regenerated ethanol (7). Acetaldehyde is
removed from crude butadiene by washing with water (T-102) and adsorption with molecular
sieves (PSA 4A) before extractive distillation with dimethylformamide (DMF), by which
butenes are separated from 1,3-BD, obtaining polymer-grade 1,3-BD (99.9 wt% purity and
acetaldehyde concentration lower than 10 ppm). On the other hand, the condensable fraction
from the reactor (crude ethanol recycle) is sent to a liquid-liquid extraction column (T-103),
where heavy compounds are extracted with an organic solvent (octane, HC) so that the
subsequent recovery of ethanol by distillation is not hindered by their presence[13]. Water
(21B) is also fed to the extraction column to enhance the recovery of ethanol. The organic
solvent is regenerated by distillation, (T-104, T-105), separating heavy compounds (25) and
recovering some 1,3-BD (22,37) which was dissolved in the crude ethanol recycle. The
extracted heavy compounds are used as fuel in the plant while the clean ethanol recycle is
sent to a distillation train (T-106, T-107, T-109) where water and other polar compounds are
separated from ethanol. As a result of these separations, several streams are obtained: i)
purified ethanol recycle (7.5 wt% water); ii) highly pure acetaldehyde stream as co-product
iii) a mixture of the rest of separated polar compounds, which is used as fuel in the plant
(residual fuel stream from T-109, PSA 3A); iv) water polluted with polar compounds
(wastewater from T-106), which is sent to a Fenton process for wastewater treatment.

An effort was made to recover and recycle as much water as possible in order to reduce the
consumption of fresh water. Water is used in absorbers T-102 (9B) and T-108 (36B) to
remove polar compounds from 1,3-BD. Water from these absorbers (20,38) is regenerated in
T-101 and recycled. A fraction of the water from T-102 (21) is not regenerated and used in
the extraction of heavy compounds.

Finally, the gas stream from the absorber T-100 (Gases) comprises hydrogen, ethylene and
propylene which are separated by means of molecular sieves (PSA 101) and high-pressure
distillation (T-111), obtaining high-purity hydrogen, ethylene and propylene streams. These
light gases are sold as co-products.
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Figure S3. Detailed block diagram. The red arrows depict the flow path for 1,3-BD. Heat integration is omitted for simplicity.
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Section S3

Simplified model of the reactor in the production of 1,3-BD from bio-ethanol using the
Hf-Zn catalyst.

A simplified model of the synthesis reactor is proposed to predict the mass flow rate of the
components in the reactor’s outlet stream given the mass flow-rate and composition of the
feed to the reactor and the reaction conditions (temperature and space velocity). The
following reaction products were considered: 1,3-butadiene, acetaldehyde, water, hydrogen,
ethylene, propylene, diethyl ether, 1-butene, 2-trans-butene, n-butanol, n-butanal and
dodecane. N-butanal was chosen as the component to lump the numerous light organic
compounds observed in the experiments; whereas dodecane was chosen to lump heavy
compounds (Ce+).

The catalytic reactor was modeled as a mass-yield reactor (Ryield model in Aspen Plus). The
mass yield of a component is the mass fraction of the component in the reactor outlet stream.
To calculate the mass yields it is necessary to solve the mass balance in the reactor using
information from catalyst performance, which is ethanol conversion and carbon selectivity
to products and also the conversion of other impurities (polar compounds) present in the
ethanol feed. With this information, the molar flow rate of carbon products at the reactor
outlet can be calculated and by closing the oxygen and hydrogen atom balances, the molar
flow rates of water and hydrogen (non-carbon products) can also be calculated, respectively.
The molar flow rates at the reactor outlet are transformed into mass flow rates and then the
mass yield is calculated for each component leaving the reactor. At the end of this section,
Figure S4 summarizes the algorithm of the reactor model.

The Information on catalyst performance was taken from experimental works. In the first
scenario (B1), ethanol conversion and product selectivity from experiments by the authors
with hydrous ethanol (7.5 wt% water) were employed as input to the reactor model (Table
1). In the second scenario (B2) operational conditions as well as ethanol conversion and
product selectivity were taken from De Baerdemaeker et al. [9], who used pure ethanol.
Before being used as input in the reactor model, the experimental ethanol conversion and
product selectivity were corrected to take into account the water content (7.5 wt%) in the
ethanol feed stream to the reactor (see Section S3.1). In both scenarios, a method was
implemented in the reactor model to modify the input ethanol conversion and product
selectivity in order to take into account the presence of polar compounds in the ethanol feed
stream (section S3.2). These corrected ethanol conversion and product selectivity (equations
1 and 2 in section S3.3) were used to solve the mass balance in the reactor.
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Section S3.1: Scenario B2. Correcting the effect of water content in ethanol

The experiments reported by De Baerdemaeker et al. [14] were conducted with anhydrous
ethanol at 360 °C and WHSV = 0.64 g ethanol*gcat*h™. The ethanol conversion and product
carbon selectivity were corrected to take into account the water content in the ethanol feed
stream to the reactor (7.5 wt%). For that purpose, we estimated the relative change in ethanol
conversion and product yield when water content in the ethanol feed increased from 0 to 7.5
wit% at 360 °C and WHSV = 0.64 g ethanol*gcat*h! using experimental data from our
catalyst. These relative changes were then applied to the catalyst data reported by De
Baerdemaeker et al. [14].

The experiments conducted by our group at 360 °C with anhydrous and hydrous ethanol
ranged from WHSV = 1.12 h-8 hl. Therefore, it was necessary to extrapolate the
experimental catalyst performance to WSHV= 0.64 h™’. For ethanol conversion the following
correlations were obtained at 360 °C for anhydrous (XetoHos) and hydrous ethanol
(XeToH75%), as a function of WHSV:

Xeronoy, = 1.00477 — 0.136693(WHSV) + 0.0162544(WHSV)? — 0.0007568(WHSV)3
Xeronzrsyw = 0.9339845 — 0.1587462(WHSV) + 0.0201062(WHSV)? — 0.0010035(WHSV)?

The relative change in ethanol conversion (4Xgron/m20) by the presence of water was
calculated as follows at WSHV=0.64 h*:

(XET0H7.5% - XETOHO%)

AXETOH/HZO = Xeronos
0

As aresult, the original fractional ethanol conversion reported by De Baerdemaeker et al.[14]
(0.988) at 360 °C and WSHV= 0.64 h* was corrected as follows:

XETOH/HZO = 0-988(1 + AXETOH/HZO) =0.90

For each product the correlations for carbon yield were obtained at 360 °C, for anhydrous
(Yeroroow,:) and hydrous (Yeron7.59,:) €thanol as a function of WHSV:

Yeronow, = @oi + ar (WHSV) + az_,-(WHSV)Z + a3,i(WHSV)3
Yeronz.sw,i = Qo + a1, (WHSV)  + ay ((WHSV)? + a3 ;(WHSV)?
The relative changes in yield by the effect of water were calculated by:

(YETOH7.5%,1' - YETOHO%,i)
AY, =

YETOHO%,i

As a result, the original yield values reported by De Baerdemaeker et al. [14] were modified
as follows:

Yi = Yi,original(1 + AYL)

The corrected selectivity of each component was calculated as:
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Y,

S, = -
i,H20/ETOH X
ETOH/H20

The original and corrected values for product selectivity are shown in Table S8.

Table S8. Original product selectivity reported by 'De Baerdemaeker et al. [14] at 360 °C,
WHSV = 0.64 h™ for anhydrous ethanol and corrected product selectivity for hydrous
ethanol (7.5 wt% H20).

Original carbon selectivity Corrected carbon selectivity
Component
(SieToR) (Si,H20/ETOR)

Ethylene 0.1000 0.1458
Propylene 0.0360 0.0335
1-Butene 0.0250 0.0206
1,3-BD 0.7000 0.6800
Trans-2-butene 0.0250 0.0206
Acetaldehyde 0.0240 0.0467
Diethyl ether 0.0140 0.0263
Acetone 0.0074 0.0048
Butanal 0.0680 0.0209
Butanol 0.0006 0.0007
Heavies 0.0000 0.0000
Total 1.0000 1.0000

Section S3.2. Corrections due to the presence of organic polar compounds in the ethanol
feed.

The data obtained by the authors in experiments with the co-feeding of ethanol and polar
compounds (acetone, diethyl ether, n-butanal [15,16] and acetaldehyde) were used. Those
experiments were carried out at a fixed temperature (360 °C) and ethanol space velocity
(WHSV = 1.12 g ethanol*gcat*h 1) by varying the inlet concentration of different polar
compounds and evaluating the effect on catalyst performance. In our model we roughly
assumed that the effect of each polar compound was additive and did not change with
operating temperature or space velocity.

Next we present how we modeled the individual effect on the catalyst performance of each
polar compound in the ethanol feed and then how the overall effect t was calculated.

a) Acetone (ACTN)

Most of the acetone was converted to heavy compounds by self aldol-condensation reactions;
while the rest was converted into propylene by hydrogenation into iso-propanol and further
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dehydration. In a large range of acetone concentration in the ethanol feed the overall acetone
conversion was very high and acetone did not affect ethanol conversion [15].

XACTN = 098

SACTN—heavy = §

SACTN—propylene = §

b) N-butanal (BTAL)

Most of the n-butanal in ethanol feed was converted into heavy compounds by self aldol-
condensation reactions. In a large range of n-butanal concentration in the ethanol feed the
overall n-butanal conversion was very high and n-butanal did not affect ethanol conversion
[15].

XBTAL - 0.97
Sheavy =1
c) Diethyl ether (DEE)

DEE in ethanol feed did not react, nor did it change ethanol conversion, but it did alter its
selectivity to ethylene, 1,3-BD and n-butanal according to:

ASi/pgg = My * Xpgg
ASipee: absolute change in selectivity to compound | by DEE.
xpee: mass fraction of DEE in the feed reactor (w/w).

The absolute change in selectivity to product i was calculated from experimental data as
follows:

ASi/DEE = Si,O%DEE - Si,Z.S%DEE
Siowpee: Selectivity to i component when DEE concentration in ethanol feed was 0 wt%.
Si2s%pee: selectivity to i component when DEE concentration in ethanol feed was 2.5 wt%.

The m; parameters are shown in Table S9.
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Table S9. Experimental absolute changes in selectivity in the range of 0-2.5wt% of DEE
content in the feed and corresponding mi. parameters.

Component 0 wiw 0.025 wiw mi
Ethylene 0 0.02880 1.15200
Propylene 0 0.00000 0.00000
1-butene 0 0.00000 0.00000
1,3-butadiene 0 0.00910 0.36400
Trans-2-butene 0 0.00000 0.00000
Acetaldehyde 0 0.00000 0.00000
Diethyl ether 0 0.00000 0.00000
Acetone 0 0.00000 0.00000
Butanal 0 -0.03790 -1.51600
Butanol 0 0.00000 0.00000
Heavies 0 0.00000 0.00000
Total 0.00000

d) Acetaldehyde (ACTD)

In the experiments were acetaldehyde content in ethanol was changed between (0-10 wt%),
we observed that the molar flow rate of acetaldehyde in the product stream was higher than
in the feed stream so in absolute terms acetaldehyde was produced in the reactor. Hence, the
conversion of inlet acetaldehyde was set to zero. However, the presence of acetaldehyde in
the ethanol feed altered the ethanol conversion and selectivity to 1,3-BD, acetaldehyde and
n-butanal. The decrease in ethanol conversion and selectivity to acetaldehyde with the inlet
concentration of acetaldehyde could be ascribed to the adsorption of acetaldehyde into the
Zn-sites which are active for ethanol dehydrogenation. On the other hand, the increase in
selectivity to 1,3-BD could be due to the larger concentration of ethanol in the reactor, which
favored a rapid conversion of crotonaldehyde from acetaldehyde condensation into crotyl
alcohol, a 1,3-BD precursor, by MPV reduction with ethanol. This also showed a tendency
to decrease selectivity to other polar compounds (n-butanal).

The change in selectivity is modeled as follows:
ASi/ACTD =Mm; * XactD
ASiactp: absolute change in selectivity to component i by acetaldehyde.

Xpee: mass fraction of acetaldehyde in the feed reactor (w/w).

The absolute change in selectivity to product i was calculated from experimental data as
follows:

ASi/ACTD = Si0%actp — Si10%a4cTD
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SiowacTp: Selectivity to i component when the concentration of acetaldehyde in ethanol feed
was 0 wt%.

Si1owacTp: Selectivity to i component when the concentration of acetaldehyde in ethanol
feed was 10 wt%.

The m; parameters are shown in Table S10.

Table S10. Experimental absolute changes in selectivity in the range of 0-10 wt% of
acetaldehyde content in the feed and corresponding m; parameters.

Component 0 wiw 0.1w/w mi
Ethylene 0 0.00000 0.00000
Propylene 0 0.00000 0.00000
1-Butene 0 0.00000 0.00000
1,3-butadiene 0 0.11045 1.10450
Trans-2-butene 0 0.00000 0.00000
Acetaldehyde 0 -0.06625 -0.44200
Diethyl ether 0 0.00000 0.00000
Acetone 0 0.00000 0.00000
Butanal 0 -0.06625 -0.66250
Butanol 0 0.00000 0.00000
Heavies 0 0.00000 0.00000
Total 0.00000

The change in ethanol conversion by inlet acetaldehyde was calculated with the
experimental data shown in Table S11. The relative change in ethanol conversion was
calculated as follows:

(XO%ACTD - XW%ACTD)

AXETOH/ACTD = X
0%ACTD

Table S11. Relative change in ethanol conversion in the range of 0-10 wt% of acetaldehyde
content in ethanol feed.

Mass fraction of Fractional ethanol . . .
. Relative change in ethanol conversion
acetaldehyde (w/w) conversion
0.0000 0.8706 0.0000
0.0250 0.8275 -0.0520
0.0500 0.7909 -0.1010
0.1000 0.7369 -0.1810

The linear regression of the change in ethanol conversion as a function of acetaldehyde
concentration in ethanol feed is:
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AXETOH/ACTD = —1.798857XACTD - 0.0048
AXetoniacTp: relative change in ethanol conversion by acetaldehyde.

XacTp: mass fraction of acetaldehyde in ethanol feed (w/w).

Section S3.3. Overall correction of product selectivity and ethanol conversion by the
simultaneous presence of polar compounds in the ethanol feed

The final selectivity of each component i, which takes into account the simultaneous presence
of polar compounds in the ethanol feed, was calculated by correcting the input product
selectivity ( S; n20/5r0on) and assuming that the effects of the polar compounds are additive:

Sif = Simzo/eTon + 4Sipee + ASijacrp (1)
Si . final selectivity to i component.
SiH2o/eToH: Selectivity to | component for hydrous ethanol feed (7.5 wt% water).

A final ethanol conversion, which takes into account the simultaneous presence of polar
compounds in the ethanol feed, was calculated using the following equation:

XETOH,f = XETOH/HZO + AXETOH/ACTD (2)
Xeton,t. final fractional conversion of ethanol.

XeTtoHH20: input fractional conversion for hydrous ethanol (7.5 wt% water).
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Figure S4. Algorithm of the reactor model.
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Section S4. Literature data for uncertainty analysis of environmental impacts.

As explained in section 3.3 of the manuscript, to perform the uncertainty analysis a literature
search for impact values related to ethanol production was carried out. For the GWP and WC
impact categories, multiple impact values for each type of ethanol (crop and region) were
found For the CED impact category, the impact value of ethanol is largely determined by the
renewable energy contained in the crop, which is a function on the net heating value of the
crop (assumed constant for each crop) and the amount of crop necessary per tonne of ethanol.
Therefore, the authors estimated impact values by rescaling the impact value from Ecoinvent
V3 with ethanol yields for each of the crops (kg ethanol/kg crop) found in the literature.

Only references from 2000 to the present time were selected, being most of them from 2010
onwards. In the case of USA and Brazil, impacts value for each impact category were
searched for 100% corn-based ethanol from the US and 100% sugarcane-based ethanol
from Brazil. For Europe, since the representative ethanol is an ethanol mix from different
crops (45% from corn, 27% from wheat, 22% from sugar beet and 6% from rye), impact
values for ethanol produced in Europe from each of these crops were searched in the
literature. Then for each impact category, the distribution of the impact value for the
ethanol mix was calculated as all possible combinations of the impact values of each crop-
based ethanol weighted by their contribution in the ethanol mix.

Section S4.1 Global Warming Potential (GWP)

The following number (in brackets) of GWP impact values for ethanol were found in the
literature:

e Brazil: sugarcane ethanol (21) [17,18,27-31,19-26].

e USA: corn ethanol (18) [18,19,30-33,22-29].

e Europe: sugarbeet ethanol (29)[18,19,37,22,24,27,28,31,34-36] , wheat ethanol (38)
[18,19,22,27,28,34-37] , rye ethanol (7) [18,22,31,38,39] , corn ethanol (7)
[18,22,34,35] .

The histogram and box plot of the GWP impact values of Brazilian sugarcane ethanol, USA
corn ethanol and the European ethanol-mix are shown in Figure S5 and S6, respectively.
For the sake of comparison, the median of the impact values from the literature search and
the single impact value from Ecoinvent V3 database are compared in Table S12.
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Table S12. Comparison of GWP impact values of ethanol production from literature search
and Ecoinvent V3, depending on plant location and crop feedstock.

Impact value (kg CO2/tonne ethanol) Ecoinvent V3  Literature?
Sugarcane (BR) 2570 570
Corn (USA) 1320 1694
Crop mix (EU) 1195 1478
Wheat (EU) 1470°¢ 1450
Sugar beet (EU) 510 1014
Rye (EU) 1530 1030
Corn (EV) 1320P 1410

aMedian value; ® Not available, assumed corn (USA); ¢ Background inventory data for
Wheat (EU) taken from Mufioz et al. [19] since it is not available in Ecoinvent database.
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Figure S5. Histogram of GWP impact values based on literature search (Ecoinvent V3
included). Upper-left: Brazilian ethanol. Upper-right: USA corn ethanol. Lower: European

ethanol-mix.
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Figure S6. Box plots of GWP impact values for each ethanol source based on literature
search (including Ecoinvent VV3).

Section S4.2 Water consumption (WC)

The following number (in brackets) of WC impact values for ethanol were found in the
literature:

e Brazil: sugarcane ethanol (26) [25,31,40-42].

e USA: corn ethanol (19) [25,31,43,44].

e Europe: sugar beet ethanol (6) [31,43,45,46], wheat ethanol (-), rye ethanol (3)
[31,45,46], corn ethanol (7) [31,47].

A small number of impact values were found for European wheat, corn and sugar beet
ethanol, which comprise 94% of the European ethanol mix. In order to estimate additional
impact values and since most of the water is consumed in the crop cultivation, data of blue
water consumed per kg of crop (m3/tonne crop) and ethanol yield (tonne ethanol/tonne
crop) for European wheat, corn and sugar beet were collected from literature. Then, for
each of these crops, additional impact values were estimated by fully combining the data of
blue water consumption and ethanol yield. This resulted in a total number of 67 impact
values for corn ethanol, 64 for wheat ethanol and 156 for sugar-beet ethanol.

For European crops the literature sources for ethanol yield are provided in section S4.3
while those for blue water consumption in crop cultivation are provided next:

e Europe: sugar beet ethanol (10) [48,49], wheat ethanol (4) [48,50,51], corn ethanol
(10) [48,49].

The histogram and box plot of the WC impact values of Brazilian sugarcane ethanol, USA
corn ethanol and European ethanol-mix are shown in Figure S7 and S8, respectively. For
the sake of comparison, the median of the impact values from the literature search and the
single impact value from Ecoinvent V3 database are compared in Table S13. A large
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discrepancy is observed between the sugar-beet impact value from literature and Ecoinvent
database.

Table S13. Comparison of WC impact values of ethanol production from literature search
and Ecoinvent V3, depending on plant location and crop feedstock.

Impact value (m3/tonne ethanol) Ecoinvent V3  Literature?
Sugarcane (BR) 287 81
Corn (USA) 262 121
Crop mix (EU) 164 413
Wheat (EU) 114° 228
Sugar beet (EU) 21 632
Rye (EV) 169 60
Corn (EV) 262° 278

®Median value; ® Not available, assumed corn (USA); ¢ Background inventory data
for Wheat (EU) taken from Mufioz et al. [19] since it is not available in Ecoinvent

database.
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Figure S7. Histogram of WC impact values based on literature search (Ecoinvent V3
included). Upper-left: Brazilian ethanol. Upper-right: USA corn ethanol. Lower: European
ethanol mix.
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Figure S8. Box plot of WC impact values for each ethanol source based on literature search
(including Ecoinvent V3).

Section S4.3 Cumulative energy demand (CED)

The following number (in brackets) of ethanol yields for each crop were found in the
literature:

e Brazil: sugarcane (32) [17,18,30,31,42,52-57,19-22,24,25,27,29].

e USA: corn (74) [18,19,55,56,58-62,22,24,25,27,29-32].

e Europe: sugar beet (15) [19,24,64,65,27,31,35,37,46,55,56,63], wheat (15)
[19,27,67,29,35,37,46,55,64-66], rye (17) [18,35,46,65], corn (6)
[29,31,35,46,65,68].

For each crop-based ethanol, CED ethanol impact values (GJeg/tonne ethanol) were
estimated by rescaling the ethanol CED impact value from Ecoinvent database with ethanol
yields found in the literature since the CED environmental impact is largely determined by
the renewable energy in crop biomass.

The histogram and box plot of the CED impact values of Brazilian sugarcane ethanol, USA
corn ethanol and European ethanol-mix are shown in Figure S9 and S10, respectively. For
the sake of comparison, the median of the impact values from the literature search and the
single impact value from Ecoinvent VV3 database are compared in Table S14.
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Table S14. Comparison of CED impact values of ethanol from Ecoinvent V3 and those
estimated as described in this section, depending on plant location and crop feedstock.

Impact value (GJeg/tonne ethanol) Ecoinvent V3  Literature?
Sugarcane (BR) 7.7 81.3
Corn (USA) 63.2 65.2
Crop mix (EVU) 45.4 76.6
Wheat (EU) 83.7 114.7
Sugar beet (EU) 36.4 56.1
Rye (EU) 91.8 91.7
Corn (EV) 63.2° 63.2

aMedian value; ® Not available, assumed corn (USA); ¢ Background inventory data
for Wheat (EU) taken from Mufioz et al. [19] since it is not available in Ecoinvent
database.
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Figure S9. Histogram of WC impact values based on literature search (Ecoinvent V3
included). Upper-left: Brazilian ethanol. Upper-right: USA corn ethanol. Lower: European
ethanol mix.
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Figure S10. Box plot of CED impact values for each ethanol source based on literature
search of ethanol yield for each crop (including Ecoinvent VV3).

S25



Section S5. Heat integration methodology and results

The heat integration of the one-step process was done with the tool Aspen Energy Analysis
of Aspen Plus V8.8 [69,70], following this procedure: i) extraction of stream data relevant
for heat integration from the converged simulation flowsheet to the workspace of Aspen
Energy Analysis, ii) calculation of the energy and cost targets by applying pinch analysis and
iii) design of the heat exchanger network (HEN) of the plant by solving an optimization
problem. Next, the steps of this methodology are explained in more detail. The results for the
scenario B1 are presented.

S5.1 Data extraction

First, the simulation flowsheet was prepared for data extraction as explained in [71]. Utilities
were preselected in Aspen Plus based on the temperature levels where heat needed to be
supplied or removed in the process. Regarding hot utilities, natural gas was selected to supply
heat by combustion to the furnace reactor. High, medium and low-pressure steam were
selected to satisfy the heat load of the reboilers of the distillation columns. On the other hand,
cooling and chilled water were selected to remove heat at moderate temperatures while low-
temperature refrigerants were selected for removing heat in some separation operations, such
as the cryogenic distillation of propylene and ethylene. Information on these utilities (Table
S15) and their prices (Table S3) were specified in Aspen Plus.

Table S15. Temperatures and properties of utilities [12,72,73]

Inlet Outlet Sensible Latent
Utility temperature Temperature heat heat
(°C) (°C) (kJ/kg) (kJ/kg)
Cold utility
Cooling water 25 45 -83
Chilled water 5 15 -41
Propane to -25°C -25 -24 -407
Propane to -42°C -42 -41 -426
Hot Utility
High pressure steam 250 249 1720
Medium pressure 184 183 2005
steam
Low pressure steam 160 159 2087
Flue gas (from
natural gas 1200 160 1248

combustion)

An initial HEN was configured where all heat exchangers in the process operated with
utilities, i.e, there was not heat integration between process streams. To facilitate the start-up
and control of the plant, the reaction heat and the heat for preheating, evaporation and
superheating of the ethanol feed to the reactor were not included in the pinch analysis, and
fully satisfied by burning natural gas. With this preconfigured HEN the simulation was
converged, and the stream data was extracted. Next, a typical minimum temperature approach
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(ATmin) for pinch analysis was chosen (10 °C) [70,72]. With the stream data and ATmin, ASpen
Energy Analysis calculated the energy and operating cost targets by applying pinch analysis,
which are shown in Table S16 for scenario B1. Also, the Grand Composite Curve (GCC)
was plotted in Aspen Energy Analyzer [74], which allowed investigating the proper selection
of utilities.

Table S16. Energy consumption and costs of utilities without heat integration and targets
(scenario B1)

Total utilities Heating utilities Cooling utilities
. No hegt Targets . No hez.’lt Targets . No he?‘t Targets
integration integration integration
Energy
consumption 53.7 325 23.6 13.1 30 194
(GJ/tonne 1,3-BD)
Operating costs
(Million €/yr) 130.1 62.7 110.7 56.4 194 6.2
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Figure S11. Grand composite curve for B1 scenario.

The shape of the GCC of scenario B1 (Figure S11) is briefly explained next, keeping in mind
that the reaction heat and the heat for preheating, evaporation and superheating of the ethanol
feed to the reactor are not included. At high temperature there is a surplus of heat from
cooling of the reactor effluent. At a shifted temperature close to 250 °C, a flat region is
observed since a high heat load is demanded by the reboilers for regeneration of DMF solvent
in the azeotropic distillation of 1,3-BD and octane solvent in the extraction of heavy
compounds. Below 250 °C an excess of heat is available from cooling of the reactor effluent
and the hot regenerated DMF solvent. Then, from 150 °C to the pinch shifted temperature
(~105°C), a flat region is again observed, due to the heat demanded by the reboilers of most
of the distillation columns in the plant. The heat to be removed below the pinch is mainly
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from the cooling of the reactor effluent down to 40 °C, and heat to be removed from the
condensers of the distillation columns, with some low-temperature cooling needed for the
cryogenic distillation of ethylene and propylene and some flash separations.

S5.2 HEN methodology design and results

The HEN was designed by performing a retrofit of an initial HEN, in which the heating or
cooling of process streams was fully satisfied with utilities. The procedure applied by Aspen
Energy Analysis for retrofitting of the HEN is explained in [75]. Briefly, the first step of the
procedure is the selection by the user of a type of HEN modification (addition of a new heat
exchanger, relocation or increase in area of an existing heat exchanger). In the second step
an optimization algorithm searches the best solutions for a given modification by finding a
trade-off between energy costs and heat exchanger capital costs. Aspen Energy Analysis
generated ten solutions per requested modification of which the solution with the lowest
payback period and/or energy costs was selected. This procedure was repeated until no
further modifications were found which reduced the energy costs with a payback lower than
2 years. In the procedure Aspen Energy Analysis calculated the area of the heat exchangers
by estimating the heat transfer coefficient of the hot and cold side [70,74] for a shell & tube
heat exchanger.

The energy consumption and cost of utilities after the design of the HEN for scenario B1 are
shown in Table S17 and S18, respectively. The column “without energetic valorization of
residual fuel streams” shows the consumption of utilities when surplus steam generated from
combustion of the residual fuel streams of the plant is not accounted for. It is observed that
the total consumption of heating and cooling utilities is close to the energy targets shown in
Table S16. The consumption of hot utilities (steam) was reduced, as commented before, by
burning the residual fuel streams. Therefore, the column “with energetic valorization of
residual fuel streams”) shows the final consumption of utilities in the one-step process for
scenario B1 (excluding natural gas).

Table S17. Consumption of utilities after heat integration (B1 scenario).

Without energetic With energetic
Utility consumption valorization of valorization of
residual fuel streams  residual fuel streams
Heating Total GJ/tonne 1,3-BD 13.309 1.575
HPS GJ/tonne 1,3-BD 3.003 0.025
MPS GJ/tonne 1,3-BD 0.225 0.225
LPS GJ/tonne 1,3-BD 10.081 1.325
Cooling Total GJ/tonne 1,3-BD 19.693 19.693
Cooling water GJ/tonne 1,3-BD 15.926 15.926
Chilled water GJ/tonne 1,3-BD 0.227 0.227
Refrigerant 1 GJ/tonne 1,3-BD 3.347 3.347
Refrigerant 2 GJ/tonne 1,3-BD 0.193 0.193
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Table S18. Costs of utilities after heat integration (B1 scenario).

Without energetic
valorization of residual
fuel streams

With energetic
valorization of residual
fuel streams

Utility consumption

Heating Total Million €/year 59.2 6.6
HPS Million €/year 415 5.5

MPS Million €/year 1.0 1.0

LPS Million €/year 16.7 0.1

Cooling Total Million €/year 12.8 12.8
Cooling water ~ Million €/year 2.7 2.7

Chilled water ~ Million €/year 0.4 0.4

Refrigerant1  Million €/year 9.0 9.0

Refrigerant2 ~ Million €/year 0.7 0.7

The resulting HEN for scenario B1 comprises 24 process-process heat exchangers and 30
utility heat exchangers, with a total area of 24460 m? (HEN estimated capital cost: 5.2 million
of Euros). Basic information of all heat exchangers is shown in Table S19.

The heat integration of the plant leads to a highly integrated configuration and a brief
overview of the HEN is given next. Figure S12 shows a schematic of the heat integration of
the reaction area. The heat of the endothermic 1,3-BD reaction is satisfied in the furnace
reactor by burning natural gas, and the exiting hot flue gases preheat, evaporate and superheat
the reactor ethanol feed (Purified ethanol recycle stream) up to 385 °C, before being vented
to the atmosphere at 160 °C. The reactor outlet stream (stream 1A) at 380 °C is the main hot
stream above the pinch. It is first cooled in exchanger E-1070 by providing heat to the column
bottom stream of the distillation tower T-DMF (tower for recovering 1,3-BD from DMF
solvent). The heated bottom stream is then sent to the reboiler of the distillation tower T-
DMF. This heat exchange allows to reduce the HP steam consumption of the T-DMF reboiler
from 29.1 MW to 18.6 MW. The reactor outlet stream from E-1070 (1B stream) exchanges
heat in E-1000 with the column bottom stream (LVVT105C) from tower T-105 (see Fig. S3),
before being sent to the reboiler of the tower T-105 (Reb-T105). This exchange allows to
reduce the LP steam consumption of the Reb-T105 by 9.1 MW. Next, the reactor outlet
stream from E-100 (stream 1C) exchanges heat with the column bottom stream (TEXTB)
from the extractive distillation tower with DMF (T-EXT), where butenes are separated from
1,3-BD. Finally, the rector outlet stream is cooled down to 40 °C with cooling water before
entering the flash separation vessel Flash-101. Figure S13 depicts the rest of the process-
process heat exchangers in the plant. Along with the reactor outlet stream, the regenerated
DMF solvent at 229 °C (Bottom T-DMF) is an important hot stream above the pinch, which
must be cooled before being recycled to the extractive distillation tower (T-EXT). This
stream of DMF exchanges heat with the column bottom stream of T-EXT in E-1010, next,
with the column bottom stream of T-106 in E-1020 and next with that of T-105 in E-1050.
Finally, the DMF stream is cooled down to 75 °C in E-DMF and recycled to the extractive
distillation tower T-DMF.
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Figure S12. Heat integration in the reaction area, showing heat recovery from the reactor
outlet stream (scenario B1).
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Table S19. Heat exchangers of the network for scenario B1. The prefixes COND and REB
refer to the condenser and reboiler of the distillation columns shown in Figure S3,
respectively.

Hot side Cold side Energy A
Exchanger (C) (C) R

Thin  Thout Tcin Tcout (MW) m2
CONDT111 -21 -21 -25 -24 1.1 828.2
CONDT101 61 53 25 45 1.8 170.8
CONDT104 119 26 5 15 1.7 93.0
CONDT105 81 62 25 45 43.6 3457.3
CONDT106 63 51 25 45 6.9 746.1
CONDT107 57 53 25 45 1.6 203.1
CONDT108 62 49 25 45 0.1 8.2
CONDT110 79 52 25 45 2.6 1775
CONDTDMF 51 49 25 45 5.4 172.2
CONDTEXT 51 49 25 45 4.3 612.7
E-100 105 40 25 45 3.4 274.7
E-101 25 5 -25 -24 1.3 65.8
E-102 116 50 25 45 0.5 36.6
E-103 25 5 -25 -24 0.3 13.6
E-104 83 35 25 45 3.5 379.1
E-105 35 -33 -40 -39 14 99.1
E-106 160 159 40 40 0.0 0.021
E-107 94 5 -25 -24 19.3 600.9
E-108 156 50 25 45 1.2 27.8
E-109 160 159 36 50 0.3 3.0
E-110 160 159 110 123 0.2 6.7
E-111 184 183 123 123 0.0 0.1
E-113 84 35 25 45 0.1 9.5
E-114 69 5 -25 -24 24 86.00
E-115 160 159 26 50 0.0 0.01
E-116 123 80 25 45 0.1 3.31
E-1000 242 106 101 104 9.1 2208
E-1010 229 158 106 153 26.5 840.4
E-1020 158 134 109 109 7.8 444.8
E-1030 123 123 100 100 0.0 0.5
E-1040 100 94 89 96 1.7 712.8
E-1050 134 104 87 101 9.2 757.5
E-1060 123 100 96 106 6.0 1375.1
E-1070 380 242 229 229 10.5 1882.9
E-1080 106 100 96 96 0.4 355.0
E-1090 104 69 -34 40 1.4 35.6
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Hot side

Cold side

Ener A
Exchanger (C) (C) Q ”

Thin  Thout Tcin Tcout (MW) m2
E-1100 140 104 100 87 15 168.62
E-1110 132 119 53 123 11 116.4
E-DMF 104 75 25 45 8.6 221.1
E-R101 100 40 25 45 32.2 1521.6
HX-1 112 50 25 45 0.4 13.2
HX-4 160 159 -35 25 0.0 11
REB-T111 160 159 58 59 0.5 6.3
REB-T101 160 159 117 122 37.2 1134.9
REB-T104 250 249 230 232 3.3 219.9
REB-T105 160 159 104 108 28.3 647.6
REB-T106 160 159 109 109 0.0 0.03
REB-T107 160 159 96 95 0.0 0.03
REB-T108 184 183 116 155 16 44.2
REB-T110 160 159 139 139 7.0 425.7
REB-TDMF 250 249 229 229 18.6 1125.9
REB-TEXT 184 183 153 153 0.0 0.2
Preheater 1127 156 92 385 44.1 1524.8
E-112 25 5 -25 -24 0.1 4.1
Total 360.11 24460
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