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ABSTRACT: Separating 2,3-butanediol (BDO) from fermentation
broth is challenging. Water is more volatile than BDO, so energy
consumption for distillation is high. One alternative is a reactive
extraction process. BDO in the broth reacts with an aldehyde or
ketone to form an insoluble dioxolane, which can be decanted from
the broth. The dioxolane is subsequently heated with water or
steam, resulting in decomposition of the dioxolane into BDO and
the aldehyde or ketone, which are separated to recover BDO and the
aldehyde or ketone for recycling. Although variations of this process
have been demonstrated, no information on efficiency, cost, or
sustainability has been reported. Energy efficiency, cost, and
sustainability of a reactive extraction process were evaluated. The
total energy consumed by the reactive extraction process is about
17% of the net heating value of BDO, and the separation cost is $0.22/kg BDO.

1. INTRODUCTION
Biobased 2,3-butanediol (BDO) is a potential intermediate in
the production of carbon-neutral fuels and chemicals.
However, separating BDO from fermentation broth is
challenging. Current fermentation technology can produce a
broth containing approximately 10 wt % BDO. Because water
is more volatile than BDO, which has a normal boiling point of
177 °C, energy consumption for ordinary distillation is
prohibitively high. Additionally, the high distillation temper-
atures (130−165 °C) can produce oligomers that require
subsequent hydrogenation. Alternatives for BDO recovery are
an active area of research. Shao and Kumar1 evaluated the
energy efficiency of pervaporation and vacuum membrane
distillation for the separation of BDO from a fermentation
broth. Hong et al.2 analyzed the energy efficiency and
economics of a multieffect evaporator followed by distillation.
Harvianto et al.3 published a techno-economic analysis of
distillation and solvent extraction with oleyl alcohol. Lee et al.4

studied solvent extraction with 2-heptanol. Church et al.5

reported estimates of energy consumption for two-stage
vacuum distillation and vacuum distillation plus pervaporation.

Reactive extraction is an older process that has not received
as much attention as a means of recovering BDO. In this
process, BDO reacts with an aldehyde or ketone to form an
insoluble dioxolane that can be decanted from the broth. The
dioxolane is then heated with water to reverse the reaction,
allowing for the high-purity BDO recovery and recycling of the
aldehyde or ketone. In 1946, Senkus6 published laboratory and
pilot plant results for a reactive extraction process for
separating BDO from a fermentation broth using formaldehyde

as the reactant. This process used sulfuric acid to catalyze
dioxolane formation and hydrochloric acid to catalyze the
reverse reaction. A few years later, Tink7,8 developed a similar
process using n-butanal as the solvent and a mineral acid as the
catalyst. Use of mineral acids made these processes
economically unattractive.

More recently, Li et al.9 studied the reactive extraction of
BDO using n-butanal as the reactant and extractant. They
reported a 95% conversion of BDO to dioxolane using the ion-
exchange resin HZ-732 as the catalyst and a 99% recovery of
BDO from the dioxolane in a reactive distillation. Staple et al.10

used Amberlyst 15 resin to produce dioxolanes from BDO and
various aldehydes. They reported a conversion of BDO to
dioxolane of 93% to 97% depending on the aldehyde. The
focus of Staple et al.10 was production of dioxolanes as
potential fuels, so they did not consider BDO recovery via
reactive distillation.

The use of acid-based ion-exchange resins as the catalysts
could make the chemistry of reactive extraction both energy
efficient and economical. However, only Li et al.9 have
published a study of the use of resin-catalyzed dioxolane
chemistry as a method of BDO recovery, and their study does
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not address energy efficiency or cost. This study was
undertaken to determine the process sustainability of a reactive
extraction process for separating BDO from a fermentation
broth regarding the potential energy efficiency and cost to
determine whether additional consideration of this process is
warranted.

2. ANALYSIS SCOPE AND BASIS
The fermentation broth is a complex mixture that contains
water, fermentation products, insoluble solids, unconverted
sugars, dissolved electrolytes, and soluble biomass compo-
nents.11 BDO is the primary fermentation product. The broth
can also contain formic acid, acetic acid, lactic acid, succinic
acid, ethanol, and acetoin.3 Moreover, based on an analysis of
the mineral content of corn stover, the broth may also contain
calcium, potassium, magnesium, and sodium.12

Solids and dissolved minerals are a problem for reactive
extraction. Solids would likely plug the catalytic beds, and
dissolved minerals will deactivate the acid resin catalyst.
Therefore, it was assumed that fermentation broth is filtered
and deionized before it is fed to the reactive extraction process.
The filtration and deionization processes are not included in
the scope of this analysis, which is consistent with other
published studies.1−4 Based on the biorefinery analysis,11 the
flow rate of filtered, deionized broth is 193,111 kg/h. The
broth is assumed to contain 10 wt % BDO plus organic
impurities. Table 1 shows the detailed composition of the

fermentation broth used in this analysis. The temperature and
pressure of the broth are 33 °C and 4.05 bar. The target BDO
recovery for the reactive extraction process is 95%. The
products of the separation process are 99 wt % BDO and
wastewater. The specified flow rate, BDO concentration, and
target recovery correspond to a BDO production rate of 440
tonne/day.

3. THE REACTIVE EXTRACTION PROCESS
3.1. Choice of Solvent. The choice of the aldehyde or

ketone for the solvent is important to the success of the
reactive extraction process. The available data6,10 indicate that
dioxolanes form more readily with higher molecular weight
aldehydes and ketones, but the reverse reaction is more
favorable for low molecular weight aldehydes and ketones. The
solubility of the aldehyde or ketone in water and its boiling
point are also important considerations. The more soluble the
aldehyde or ketone is in water, the greater the losses to the
aqueous fermentation broth. For energy efficient stripping of

the aldehyde or ketone from the spent fermentation broth, its
boiling point should be less than that of water. The optimum
choice of solvent involves trade-offs involving chemical
equilibrium, solubility, and boiling point.

Table 2 gives the solubility and boiling point of various
aldehydes and ketones. Based on the available information, n-

butanal is the best choice of solvent. Both Staples et al.10 and
Li et al.9 achieved high yields of dioxolane using n-butanal. Li
et al.9 also achieved high recovery of BDO in a reactive
distillation. Solubility and boiling point also favor n-butanal. It
has the lowest solubility of aldehydes and ketones with boiling
points less than water, which should minimize the energy
consumption and cost of stripping the aldehyde or ketone from
the spent fermentation broth and recycling it.

3.2. Process Description. Figure 1 is a process flow
diagram (PFD) of the reactive extraction process. For
simplicity, this diagram does not show all heat exchangers or
pumps. The broth is mixed with the reactive n-butanal solvent
and fed to a multistage reactive extraction unit consisting of a
series of reactors, which convert the BDO and solvent into a
dioxolane, 2-propyl-4,5-dimethyl-1,3-dioxolane, and water.

Decanters separate the dioxolane-rich organic phase from
the aqueous phase. The organic phase and steam are fed to a
reactive distillation where the reverse reaction occurs and the
BDO and n-butanal are separated. The n-butanal is recycled to
the reactive extraction. The spent fermentation broth contains
82% of the unreacted n-butanal, which is recovered in the
Butanal Stripper and recycled.
3.2.1. Reactive Extraction. In the reactive extraction, the n-

butanal acts as both a reactant and an extractant. The butanal
reacts with the BDO in the fermentation broth. As an organic
liquid that is relatively insoluble in water, it aids in the
separation of the dioxolane from the aqueous phase.

Both counter-current and crossflow configurations were
considered for the reactive extraction. The optimum was found
to be a three-stage crossflow configuration (Dioxolane
Reactors 1−3 in Figure 1) with an equal n-butanal flow to
each stage. This conclusion is consistent with the analysis of Li
et al.9 The dioxolane forming reaction is exothermic, so active
cooling is needed to obtain favorable equilibrium conversion.
The optimum temperature was determined to be 35 °C, the
lowest practical temperature that can be maintained without a

Table 1. Assumed Feed Composition Based on Refs 3 and
11

component concentration (wt %)

water 85.75
BDO 10.00
formic acid 0.027
acetic acid 0.89
lactic acid 0.071
succinic acid 0.20
ethanol 1.05
acetoin 0.93
arabinose 0.27
xylose 0.26
glucose 0.55

Table 2. Solubility and Boiling Points of Aldehydes and
Ketones

aldehyde or ketone solubility in water at 25 °C (g/L) boiling point (°C)

acetaldehyde miscible 21
propanal 306 39
acetone miscible 56
2-butanone 223 80
n-butanal 71 75
isobutanal 145 63
2-pentanone 43 102
3-pentanone 46 102
n-pentanal 12 103
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chilled water system. The optimum n-butanal feed to the
process was determined to be 140% of the stoichiometric
amount with equal flow to each stage of the reactive extraction.
Reasonable residence times can be achieved using Amberlyst
14 as the catalyst.

Each stage of the process consists of a static mixer, a fixed
bed reactor with internal cooling tubes, and a decanter. The
broth and n-butanal for each stage are fed to the static mixer to
ensure that the organic phase is dispersed in the aqueous phase
before they are fed to the Dioxolane Reactor. The spent broth
contains 98% of the unreacted BDO, unreacted butanal, and
trace amounts of dioxolane. The organic product is 95 wt %
dioxolane with the balance being butanal plus small quanitites
of BDO, and other organic impurities. The unconverted sugars
and most of the other organic impurities in the broth are
expected to remain in the aqueous phase.
3.2.2. Butanal Recovery. Like dioxolane production, the

decomposition of dioxolane into BDO and n-butanal is
equilibrium limited. This thermodynamic limitation can be
overcome by continually removing the n-butanal product in a
reactive distillation which drives the reaction to completion. Li
et al.9 reported 99% BDO recovery in a reactive distillation.
The reactive distillation column consists of three sections−the
upper rectifying section that separates n-butanal and water
from BDO and the unreacted dioxolane, the middle reaction
section where the dioxolane reacts with water to form BDO
and n-butanal, and the lower stripping section that removes
water and n-butanal from the BDO product. The dioxolane is
fed to the column near the middle of the reacting section. The
column temperature profile in Figure 2 illustrates these three
sections. The dioxolane feed is heated to 102 °C and fed to the
column near the middle of the reacting section. Water needed

for the dioxolane decomposition reaction is fed to the column
as saturated steam at 9.6 bar at the bottom of the reacting
section, and the feed rate is 119% of the stoichiometric
amount.

Senkus6 and Li et al.13 used mineral acid catalysts to recover
BDO and n-butanal from the dioxolane, so the reaction will
likely require an acid catalyst. In this study, the acid form of a
weak cation exchange resin is proposed as the catalyst.
Structured packing is used to minimize the pressure drop in

Figure 1. A simplified process flow diagram for the reactive extraction process.

Figure 2. Predicted temperature profile for the Butanal Recovery
Column.
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the column. Sulzer Katapak-SP or a similar product could hold
the resin catalyst in the reacting section of the column.

It has been reported that BDO can oligomerize if heated, but
the mechanism for oligomerization is not clear. BDO is
thought to form oligomers with sugars, but sugars are expected
to remain in the aqueous phase. An oligomerization
mechanism of concern for the reactive distillation is the acid-
catalyzed dehydration of BDO to 2-butanone and its reaction
with BDO to form a dioxolane.14 This reaction is expected to
be minimal because the dioxolane from the reactive extraction
contains only a small portion of the organic acids in the
fermentation broth. Also, keeping the reaction zone cool by
operating the column under vacuum will help minimize the
possibility of oligomerization.

The column is designed to achieve a BDO purity of 99 wt %.
The primary impurity is n-butanal. The BDO product also
contains small amounts of organic contaminants and trace
amounts of water. The simulation predicts an overall dioxolane
conversion of greater than 99.9% in the reactive distillation.
3.2.3. Butanal Stripping. The spent fermentation broth

exiting the third stage Dioxolane Reactor contains 3.4 wt % n-
butanal, which is nearly 80% of the excess dioxolane. To
prevent excessive losses of n-butanal and excessive organic
loading of the wastewater treatment plant, the n-butanal is
stripped from the spent broth. The spent broth is heated to 95
°C and fed to the top stage of a 17-stage distillation column.
The condensate forms two liquid phases−an organic phase
containing 95 wt % n-butanal and an aqueous phase containing
11 wt % n-butanal. The organic condensate is decanted from
the aqueous condensate and recycled to the Dioxolane
Reactors. The aqueous phase is the reflux to the Butanal
Stripper. The Butanal Stripper is designed to reduce the n-
butanal content of the wastewater to less than 0.05 wt %.
3.2.4. Heat Integration. Hot wastewater from the bottom of

the Butanal Stripper can be recovered to reduce overall energy
consumption by preheating the feeds to the Butanal Recovery
Column and Butanal Stripper. This simple waste-heat recovery
scheme is illustrated in Figure 1. First, the hot wastewater at
107 °C is used to preheat the dioxolane from 35 to 102 °C.
This energy exchange only reduces the wastewater temperature
to 101 °C, so it can be used to preheat the spent fermentation
broth from 35 to 95 °C while cooling the wastewater to 40 °C.
Preheating the feeds reduces energy consumption in both
distillation columns.

3.3. Utilities. The primary focus of this study is on utilities
that significantly impact energy consumption, which are steam,
electricity, and cooling water. Cooling water is an important
consideration because cooling water systems are significant
consumers of electricity. This study does not consider plant
utilities such as instrument air and wastewater treatment.
3.3.1. Steam. Steam provides process heat to the distillation

column reboilers in the process. It is also the source of water
for the reactive distillation used to recover BDO and butanal
from the dioxolane. Saturated steam is provided to the
reboilers and the process at 9.63 bar. Producing 9.63 bar
saturated steam for process heat requires 2020 kJ/kg of steam,
and producing 9.63 bar saturated steam as a process feed
requires 2671 kJ/kg of steam. The difference in energy
requirements is the result of process differences. Steam fed to
the reboiler condenses in the reboiler at 178 °C, and it is
recycled to the boiler at that temperature. The steam that is fed
to the reactive distillation is consumed by the process. Makeup
water to generate steam for the reactive distillation is fed to the

boiler at approximately ambient temperature. Because of the
lower boiler feed temperature, more energy is needed to
produce saturated steam at 9.63. bar. To estimate the
equivalent fuel value of the steam, the boiler is assumed to
be 80% efficient.
3.3.2. Electricity. The primary consumers of electricity are

pumps and cooling towers. Pump powers are estimated based
on typical pressure drops through process equipment and
piping. Pumps are assumed to have a hydraulic efficiency of
55%, and motors are assumed to have an efficiency of 95%.
The fuel equivalent of electrical power is based on US power
consumption and generation from 2017 through 2019. [The
years 2020 and 2021 were not included in the determination of
average fuel consumption for electrical power generation.
Because of the impact of Covid-19 restrictions on energy
consumption, these years may not represent typical US power
consumption.] The fuel equivalent for electricity is the total
electrical power consumption per unit of fuel consumed for
thermal power generation, including nuclear power. This ratio
was determined to be 1.85 kWfuel/kWe based on data from the
US Energy Information Agency (EIA).
3.3.3. Cooling Water. A forced-draft cooling tower provides

cooling water to the process at 25 °C. The design temperature
rise is 5.5 °C. The primary consumers of electricity in the
cooling water system are the cooling tower fans and the
cooling water pumps. Energy consumption by the cooling
tower fans is approximated as 0.0115 kWe/kWth. The cooling
water pumps are assumed to consume 0.133 kWe/m3 of
cooling water.

4. PROCESS MODEL
4.1. Physical Properties. This analysis is based on

chemical and phase equilibria calculations. Therefore,
thermodynamic properties are essential to the analysis.
Reliance on thermodynamic properties is problematic because
key physical properties of dioxolane are not available. To
simplify the analysis, arabinose, xylose, and glucose were
lumped together as a single component, which was modeled as
glucose.
4.1.1. Pure Component Properties. A broad range of pure

component properties is required to model the reactive
extraction process. The key properties are the liquid phase
thermodynamic properties and vapor pressure. Basic data exists
for all compounds except the dioxolane. The enthalpy of
formation for the dioxolane in the liquid phase was determined
from the measured enthalpy of combustion.10 Critical
temperature, critical pressure, and normal boiling point were
estimated using the group contribution method of Marrero and
Gani.15 Vapor pressure as a function of temperature was
estimated from the normal boiling point and the critical point.
The density of liquid dioxolane was obtained from ref 10.
Liquid heat capacity for the dioxolane was estimated from data
for similar compounds using group contribution principals.16

4.1.2. Fluid-Phase Equilibria. Fluid-phase equilibrium was
modeled using the Redlich−Kwong equation of state17 for the
vapor phase and the UNIQUAC equation18 for the liquid
phases. UNIQUAC was chosen for the liquid phase because
the combinatorial term better models the size difference
between the dioxolane and the other major components in the
mixtures. Parameters for the combinatorial contribution to the
UNIQUAC activity coefficient model were determined using
the UNIFAC group contribution method.19 Data exists for
only 8 of the 55 binary pairs in the mixture. Of the four major
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components, data are available for only two of the six possible
binary pairs−liquid−liquid equilibrium data for the n-butanal/
water system20 and vapor−liquid equilibrium data for the
BDO/water system.21,22 The UNIQUAC parameters for the
missing binary pairs were derived from UNIFAC parameters
for liquid−liquid equilibria.23 Liquid−liquid equilibrium
parameters were used for the model because the liquid−liquid
phase separation is more important to the reactive extraction
process than vapor−liquid equilibrium. Mixing UNIQUAC
and UNIFAC maximizes the use of the available data while
using UNIFAC for the missing binary pairs.
4.1.3. Chemical Equilibria. Because Gibbs free energy of

formation data is not available for BDO and the dioxolane, the
equilibrium constant was estimated from the limited reaction
data available. The only data available for the reaction of BDO
with n-butanal are found in refs 9 and 10. The data, however,
are inconsistent. Equilibrium coefficients, as determined from
data in ref 10, are orders of magnitude larger than equilibrium
coefficients based on data from ref 9. Also, the data given in ref
9 are not consistent. Two possible reasons exist for the
inconsistencies. First, the published data may not represent
chemical equilibrium. Second, activity coefficients are needed
to estimate the equilibrium constant from the available data,
and the UNIQUAC model and parameters are inaccurate.

To obtain a model that is consistent with the expected
process performance, the equilibrium constant at 25 °C was
estimated from the cross-flow reactive extraction data of Li et
al.9 The enthalpy of reaction as a function of temperature was
determined from the enthalpies of formation and the liquid
heat capacity. The equilibrium constant as a function of
temperature was determined using the standard thermody-
namic relationship between the equilibrium constant and
enthalpy of the reaction

=
·t

K
H

R T
d
d

ln( )a
rx
2 (2)

where Ka is the equilibrium constant, T is the temperature in
K, ΔHrx is the enthalpy of reaction in kJ/kmol, and R is the gas
constant in kJ/kmol K. The results of integrating eq 2 for the
reaction between BDO and n-butanal are well represented by
the following approximate equation.

= +K Tln( ) 39.354 14692/a (3)

The equilibrium constant estimate depends on the values of
the activity coefficients. To obtain results consistent with the
published data, eq 3 must be used with the activity coefficient
model and the model parameters used in its derivation.

4.2. Material and Energy Balance Calculations.
Material and energy balances for the reactive extraction
process were performed using ChemCAD 7.1.5. The
calculations were performed using only standard unit operation
models in ChemCAD.

The standard distillation module with equilibrium reactions
was used for the Butanal Recovery Column (see Figure 1). The
model contained 23 equilibrium stages with a total condenser
and a kettle reboiler. The top nine stages and the bottom three
stages were standard distillation stages with no chemical
reaction. The 11 stages in the middle were reactive stages with
chemical equilibrium for the dioxolane in the liquid phase. The
dioxolane was fed to the column on stage 16, and steam was
fed above stage 21. Estimates of the height equivalent of a
theoretical stage were obtained from the Sulzer literature24 for

Mellapak for the nonreacting sections and Katapak SP for the
reacting sections.

Two liquid phases form in the Butanal Stripper condenser.
Therefore, the column model included liquid−liquid phase
equilibrium in the condenser. The organic phase is the
distillate, which is recycled to the Dioxolane Reactors, and the
aqueous phase is the reflux. The modified O’Connell
correlation was used to estimate the actual number of stages
in the column.25

The model includes estimates of pressure drops through
heat exchanges, packed bed reactors, and distillation columns.
The estimates are not rigorous but values typical of specified
equipment type,24,26 and they are used only to obtain an order-
of-magnitude estimate of process pump power consumption.

4.3. Summary of Results. Figure 1 contains a summary of
the material balances for the reactive extraction process. The
process is estimated to obtain an overall BDO recovery of
95.3%. Over 98% of loss is unreacted BDO in the wastewater.
The remainder of the loss is unreacted dioxolane in the
product.

Table 3 is a summary of process energy. Fuel to produce
steam accounts for about 97% of total energy consumption.

Electricity to run the pumps and cooling water system is only a
minor contributor to overall energy consumption. With heat,
total equivalent fuel consumption for the thermally integrated
process is 4,260 kJ/kg BDO in the product stream, which is
17% of the lower heating value (LHV) of the recovered BDO.
Figure 3 shows the breakdown of fuel consumption by process
area. Heat integration of the process is essential to the process.
If heat integration is eliminated, fuel consumption increases by
90% to 7,880 kJ/kg BDO or 32% of the LHV of the recovered
BDO.

5. ECONOMIC ANALYSIS
The objective of the economic analysis was to estimate the
incremental cost of separating the BDO from the fermentation
broth. The analysis is an assessment of the initial viability of
the process, and the results are one metric for comparison with
other BDO separation processes. The reactive extraction
process is in the early stages of development with a low degree

Table 3. Energy Balance Summary

quantity value

heating solvent recovery reboiler (kW) 8,701
butanal stripper reboiler (kW) 5,044

total (kW) 13,745
cooling dioxolane reactors (kW) 6,013

solvent recovery condenser (kW) 4,234
butanal stripper condenser (kW) 2,752

other (kW) 3,133
total (kW) 15,929

steam process heating (kg/h) 24,496
process feed (kg/h) 4,373

cooling water flow (m3/h) 2,540
electricity process pumps (kWe) 110

cooling water (kWe) 189
total (kWe) 295

fuel/thermal energy steam (kWfuel) 21,237
electricity (kWfuel) 547

total (kWfuel) 21,784
total (kJ/kg BDO) 4,262
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of process definition typical of an AACE International Class 4
or 5 estimate.27 A reasonable process flow diagram was
developed from the available data, and an equipment-factored
method was used to estimate costs. This method of analysis is
typical of a Class 4 estimate. However, significant uncertainty
exists. Therefore, the accuracy of estimate is between that of a
Class 4 and Class 5 estimate or approximately −40% and
+60%.

In this study, the reactive extraction process is assumed to be
a stand-alone process. Separation cost is defined as the cost of
producing the purified BDO product for a specified internal
rate of return and excludes the cost associated with the
producing fermentation broth, removing solids and cations
from the broth, and upgrading of the BDO into other products.
This definition includes variable and fixed operating costs as
well as capital investment and financing costs. Although
analyzed as a stand-alone process, the reactive extraction
process is part of a larger biorefinery that produces steam and
electricity from process waste.11 A techno-economic analysis of
an integrated biorefinery with the reactive extraction process
will be included in the paper that is currently being prepared
for publication.

5.1. Capital Investment. Purchased and installed equip-
ment costs inside battery limits (ISBL) were estimated using
Woods’ method.28 Cost estimates for structured packing were
based on data reported by Dejanovic et al.29 Estimates were
based on a March 2022 Chemical Engineering Plant Cost Index,
which is 784.5. Table S4 in the Supporting Information is a list
of installed costs for ISBL equipment.

ISBL installed equipment cost is not the total capital cost
associated with the BDO separation process. The separation
process places demand on space and process utilities. These
capital costs are related to utilities and other outside battery
limits (OSBL) facilities and account for increased service
capacity or lost opportunity costs. An example of a direct cost
would be additional cooling water system capacity. An example
of lost opportunity would be steam consumed as process heat
instead of being used for the cogeneration of electricity.
Another example of lost opportunity would be land occupied
by the separation process that could be used for future

expansion. A factor method was used to estimate OSBL costs
as well as other expenses not included in the ISBL cost. OSBL
cost factors are based on the tabulation in Peters et al.30 OSBL
cost factors used in this analysis are based on the utility
requirements of the BDO separation process and the expected
demands for the utilities. For example, the lower value of the
range of value given in Peters et al. is used if the demand for a
particular utility is expected to be small. Factors for home
office expenses, contractor fees, and so forth are based on
Woods’ recommendations.28 Other contributions to fixed
capital investment (FCI) include home office expenses,
contractor fees, and contingencies. Total capital investment
(TCI) is the additional costs of legal fees, spare parts, working
capital, and startup expenses. Table S5 in the Supporting
Information is a summary of costs contributing to FCI and
TCI and their bases.

5.2. Operating Costs. 5.2.1. Variable Operating Costs.
Variable operating costs include n-butanal makeup, utilities,
and replacement of the ion exchange resins used as catalysts.
Wastewater treatment is not included in variable costs because
it depends on fermentation broth volume and BDO recovery
rather than the specific process. Therefore, it is not an
incremental cost associated with the BDO separation process.
Variable operating costs estimates are based on March 2022
prices and a process availability of 90% and are summarized in
Table S6 in the Supporting Information.

The prices for 1-butanal and ion exchange resins are
averages based on a survey of industrial suppliers. The price of
steam is based on the cost of natural gas needed to generate 1
tonne of steam with a boiler efficiency of 80%. The natural gas
price is the average industrial natural gas price for the Midwest
region of the United States (US) in March 2022 or $7.06/MJ.
The price data was obtained from the US Energy Information
Agency (EIA). The price of boiler chemicals was determined
to be insignificant based on data given by Davis et al.11 The
biorefinery is assumed to be a net electrical power generator.11

Therefore, the cost of electricity is based on the lost revenue
from electrical power sales, which was assumed to be the
wholesale price of electricity. The price of electricity used in
this study is the average wholesale price for the US Midwest
during the first quarter of 2022. Cooling water costs include
the power for the cooling tower fans and cooling water pumps,
makeup cooling water assuming 4.5 cycles of concentration,
and cooling water chemicals. The price of makeup water was
assumed to be $0.88/m3 based on 2022 Des Moines, Iowa
water rates, and cooling water chemical costs were estimated
for data given by Davis et al.11

5.2.2. Fixed Operating Costs. Fixed costs include labor,
supervision, maintenance, and fixed charges. Royalties and
general expenses are not included in fixed operating costs
because they are only applicable at the biorefinery level. Three
operators are required per shift to operate the reactive
extraction process based on the type and number of units in
the process.31 The total number of operators was based on five
complete crews, which is the number needed for continuous
operations without requiring operators to work overtime. The
hourly rate for the operator is the average for a chemical
operator in the US Midwest for 2021, as reported by the US
Bureau of Labor Statistics. Other fixed charges were
determined using a factor method. Fixed operating costs and
their basis are summarized in Table S7 in the Supporting
Information.

Figure 3. Breakdown fuel consumption by process areas.
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5.3. Separation Cost Estimate. The separation cost, as
defined in the introduction to this section, is equal to the
minimum BDO selling price as determined from a discount
cash flow analysis. Capital investment, operating costs, and
financial parameters in the cash flow analysis are summarized
in Table 4.

Depreciation is calculated using the Modified Accelerated
Recovery System, as dictated by the US Internal Revenue
Service. Depreciation is only used in this analysis to calculate
corporate taxes. The tax rate is assumed to be 25.8%, which is
the maximum federal corporate tax of 21% plus the state
corporate tax rate of 4.8%. The average state tax rate is used
because the location of the biorefinery has not been specified.
The estimated separation cost is $0.22/kg of BDO. Figure 4

shows the cost breakdown. Capital costs are the largest single
contributor to separation costs. Other cost factors are
functions of FCI−maintenance, operating supplies, insurance,
taxes, and interest in loans. Capital costs and capital related
costs comprise about 63% of the separation costs. Efforts to
reduce separation costs must focus on reducing capital costs.
The dioxolane reactors account for about 42% of the installed

equipment costs. Therefore, efforts to reduce cost should focus
on optimizing reactor design.

5.4. Sustainability. Sustainability in process design is core
to the mission of developing renewable fuels and chemicals
and should be considered best practice in the early stage of a
process design.32,33 One outcome of the sustainability
evaluation is to allow researchers to identify challenges and
opportunities for achieving the best possible sustainability
targets and exert any design changes in process areas in need of
sustainability improvement. This study presents key sustain-
ability metrics for the reactive extraction process for BDO
separation and recovery from a fermentation broth. The
conceptual process sustainability was evaluated using the
foreground process data derived from the process model
(Tables 3 and 5). Embodied emissions and resource

consumption from the reactive extraction process system
related to material and energy inputs were also included. The
boundary for all metrics is the BDO separation and recovery,
which was the focus of this research. Upstream processes (i.e.,
fermentation broth production and transportation) and
downstream processes (i.e., BDO product distribution and
transportation) were not considered in this study. For
environmental impact metrics―global warming potential
(GWP) and cumulative fossil energy (CFE) demand, we used
the GREET emission factors34 with Ecoinvent35 processes
used to fill the data gap. The functional unit is 1 kg of BDO
produced. Table 5 summarizes the key sustainability metrics
for the process.

The life cycle GWP was determined to be 0.31 kg CO2e/kg,
where CO2e is CO2 equivalent. Similarly, the life cycle CFE
demand was estimated to be 5.1 MJ/kg. Both GWP and CFE
include the emissions associated with the production of
material and energy inputs to the reactive extraction process
(e.g., the production of n-butanal and ion-exchange resin).
Steam production is the predominant contribution to GWP
and CFE being 92% and 90% of these metrics, respectively. As
fossil energy is a nonrenewable resource, it is prudent to
decrease its demand to improve the energy sustainability
aspect of the separation process. This can be accomplished by
switching to a renewable energy source such as biogas or
reducing the total direct thermal energy usage, currently at 4.3
MJ/kg and corresponding to 17.2% of the LHV of BDO.

The consumptive water use for the current BDO separation
process was determined to be 0.14 m3/kg and is equal to the
makeup water to the cooling tower due to the evaporative loss.
The U.S. Geological Survey defined consumptive water use as
“water that is evaporated, transpired, incorporated into
products or crops, consumed by humans or livestock, or
otherwise removed from an immediate water environment”.36

The BDO separation process also generates wastewater, with

Table 4. Parameters for the Discount Cash Flow Analysis

parameter value

capital costs
FCI (million $) $53.86
TCI (million $) $67.68

operating costs
variable costs (million $/yr) $9.41
fixed cost (million $/yr) $6.54

financial parameters
construction time (months) 30
start-up time (months) 3
first year’s capacity 80%
equity financing 60%
interest rate on loans 5.5%
term of loan (yrs) 7
process depreciation time (yr) 7
tax rate 25.8%
plant life (yrs) 30
internal rate of return 10%

Figure 4. Separation cost breakdown.

Table 5. Summary of Sustainability Metric per kg of BDO
for the Reactive Extraction Process

sustainability metric value

BDO separation cost $0.22/kg
global warming potential 0.31 kg CO2e/kg
cumulative fossil energy 5.1 MJ/kg
total thermal energy 4.3 MJ/kg
percent of BDO LHV 17.2%
consumptive water use 0.14 m3/kg
wastewater 9.7 L/kg
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an intensity of 9.7 L/kg. Both consumptive water usage and
wastewater generation are critical to process sustainability. The
former relates to water removal from the available supplies
without returning to a water resource system by mechanisms
such as evaporation and cooling tower drift. The latter’s
environmental footprint could include acidification and
eutrophication that disrupt the natural balance of aquatic
life.37 Furthermore, sustainability metrics are not limited to
environmental impacts. The economic aspect of the sustain-
ability is also important and can be represented by the BDO
product separation cost, which is $0.22/kg BDO product.

6. DISCUSSION
The key metrics for evaluating processes for separating BDO
from fermentation broths are recovery, energy consumption,
and separation cost. Energy consumption is a good surrogate
for the sustainability metrics. Steam production accounts for
more than 90% of total energy consumption, and steam
production accounts for 90% or more of the GWP and CFE.
Therefore, a BDO separation process with low energy
consumption will also have a low GWP and CFE.
Consumptive water use is dominated by cooling tower losses,
and cooling requirements correlate with heating requirements;
hence, a BDO separation process with low energy
consumption will also have low consumptive water use.

Comparisons of recovery and energy consumption are
straightforward because they are independent of scale and
easily verified by independent analysis. Separation costs are
more difficult to compare because estimates depend on the
date, location, scale of the process, and methodological
assumptions. Table 6 compares the analysis results for the
reactive extraction process with published results for seven
other processes for recovering BDO from fermentation broth−
ordinary distillation,3 two-stage vacuum distillation,5 multi-
stage evaporation followed by distillation,2 vacuum distillation
plus pervaporation,5 membrane distillation,1 pervaporation,1

and solvent extraction with oleyl alcohol,3 and solvent
extraction with 2-heptanol.4

Reactive extraction exhibits the lowest energy consumption
of the eight processes summarized in Table 6. Energy
consumption for reactive extraction is a factor of about 3.5
less than solvent extraction plus distillation, the next lowest
alternative. While this conclusion must be tempered by the fact
that the analyses summarized in this paper are based on
different BDO recoveries and purities and increasing recovery
and purity will the increase energy consumption, none of the

analyses summarized in Table 6 achieved a BDO recovery
greater than 95%. Consequently, differences in recovery will
not readily change the qualitative conclusion. Of the analyses
summarized in Table 6, only the analyses of pervaporation and
membrane distillation were based on a BDO purity greater
than 99 wt %. Sensitivity studies have shown that increasing
the BDO purity to 99.5% for the reactive extraction process
increases energy consumption by less than 1%. Therefore,
differences in purity do not affect the conclusions.

Because energy consumption is a surrogate for GWP, GFE,
and consumptive water use, the low energy consumption for
reactive extraction is a strong indicator that its sustainability
measures are much lower than the other processes listed in
Table 6. Because energy consumption for reactive extraction is
much lower than the other process, the error introduced by
using energy consumption as a surrogate for sustainability is
unlikely to impact the overall conclusion.

Of the alternatives to reactive extraction recovery, costs are
only available for distillation, multistage evaporation followed
by distillation, and solvent extraction plus distillation.
However, the cost estimates of Hong et al.,2 Harvianto et
al.,3 and Lee et al.4 differ from those of this analysis. The
differences include the date of the study, utility costs, inclusion
of fixed costs, and financial assumptions. To make valid cost
comparisons, distillation and solvent extraction costs were
computed using the process data and capital costs estimates of
Harvianto et al.3 and Lee et al.4 with the financial and cost
assumption of this study. Table 6 contains the results of this
harmonization of cost estimates. Utility costs in this study were
evaluated for a US-based biorefinery that generates steam and
electricity from waste. Steam costs in this study are lower than
the values assumed by Harvianto et al.3 and Lee et al.,4 and
electricity costs are greater. The harmonized separation costs
are lower for distillation and solvent extraction with 2-heptanol
because costs are dominated by steam consumption. Harvianto
et al.3 used vacuum distillation to recover the solvent in their
extraction process. Considerable electrical power is needed to
operate the vacuum system, so the higher electrical power cost
used in the reanalysis results in an increase in separation costs.
The paper of Hong et al.2 did not include sufficient cost data to
harmonize their results with this study.

The separation costs for reactive extraction are lower than
both distillation and solvent. However, the analysis for reactive
extraction is based on a process with a BDO capacity of more
than an order of magnitude larger than the other process.
Variable operating costs account for 85% and 67% of the

Table 6. Comparison of the Reactive Extraction Process to the Baseline Distillation Process

process
BDO capacity
(tonne/day)

BDO
recovery (%)

BDO purity
(%)

fuel consumption
(kJ/kg BDO)

reported cost estimate
($/kg BDO)

harmonized cost estimate
($/kg BDO)

reactive extraction 440 95.3 99.0 4,262 $0.22 $0.22
distillation2 41 90 99.0 32,200 $0.66 $0.47
two-stage vacuum
distillation5

>420 >90 50 29,300 N/A N/A

membrane distillation1 0.32 75 99.5 148,000 N/A N/A
mulitstage evaporation +
distillation2

40.6 90 99.0 50 $0.44 N/A

vacuum distillation +
pervaporation5

>420 >90 50 25,600 N/A N/A

pervaporation1 0.32 75 99.5 38,000 N/A N/A
solvent extraction with
oleyl alcohol2

41 90 99.0 14,200 $0.39 $0.46

solvent extraction with
2-heptanol3

21.5 93.3 99.1 15,300 $1.30 $0.46
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separation costs of distillation and solvent extraction with oleyl
alcohol, respectively, so separation costs should be relatively
insensitive to capacity. Separation costs for solvent extraction
with 2-heptanol and reactive extraction are dominated by
capital related costs (i.e., capital, taxes, interest, and
maintenance), so separation costs are expected to be sensitive
to capacity. Figure 5 shows the separation cost as a function of

capacity for the four processes. At low BDO production
capacities, solvent extraction with 2-heptanol has a clear cost
advantage. As capacity increases, the separation costs for
reactive extraction decrease sharply because of the increased
economy of scale. Above a BDO production capacity of 200
tonne/day, separation costs for reactive extraction and solvent
extraction with 2-heptanol are within the −40%/+60% error of
the cost estimation method.

7. CONCLUSIONS
The techno-economic and sustainability analyses of the
reactive extraction process show that the reactive extraction
is a promising process for recovering BDO from a fermentation
broth. The analysis shows that 95% BDO recovery at 99 wt %
purity is possible while consuming significantly less energy
than other published processes. Sustainability metrics are also
favorable for the reactive extraction process. Because energy is
a reasonable surrogate for the sustainability, low energy
consumption also indicates that reactive extraction has more
favorable sustainability metrics than the other reported
process. At low production capacities, the other processes
are more economical than reactive extraction. For large-scale
BDO production, the separation cost for reactive extraction is
lower than distillation and solvent extraction with oleyl alcohol,
at it is comparable to solvent extraction with 2-heptanol for
large-scale BDO production.

The primary source of uncertainty in this analysis of the
reactive extraction process for BDO recovery is the lack of
thermodynamic data for the dioxolane intermediate. Although
experimental data indicates that the process should work, the
lack of reaction equilibrium data for the dioxolane forming
reaction and the lack of phase equilibrium data for a mixture
containing the dioxolane make estimating energy consumption
and costs challenging. The limited kinetic data available makes

equipment sizing uncertain and, therefore, capital cost
estimates uncertain. Two process related uncertainties could
affect the practicality of the reactive extraction processes−
catalyst life and the impact of minor components and
impurities in the fermentation on the process. Although
significant uncertainty exists, the lack of reliable quantitative
data is not unique to the reactive extraction process. The
current sustainability metrics results can serve as the baseline
for future comparison (e.g., tracking development and
improvement) and as a basis for comparing with other BDO
separation approaches.
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