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Abstract

Ethyl acetate is a platform chemical conventionally obtained through fossil fuel

routes, but more recently its production by fermentation from carbohydrates has been

scaled up to a pilot scale. Yet, the complexity of downstream processing (low product

concentrations in liquid broth and in off-gas, azeotrope formation, and the presence of

microorganisms) may complicate industrial application. This original theoretical study is

the first to develop advanced downstream processing, based on process intensification

principles, for large-scale recovery (�10 kton/year) of ethyl acetate after fermentation.

To minimize product losses, ethyl acetate is separated from both the liquid broth and

off-gas. The final purification is performed in a highly integrated azeotropic dividing-wall

column. The economic and sustainability analysis shows that using refrigeration for

initial product separation from the gas phase is more cost-effective (�0.61 $/kg) and

less energy-intensive (2.20–2.40 kWthh/kg) than compression combined with high-

pressure condensation using chilled water (1.09 $/kg and 9.98 kWthh/kg).

K E YWORD S

aerobic fermentation, azeotropic dividing-wall column, downstream processing, ethyl acetate,
refrigeration

1 | INTRODUCTION

Production of different bio-chemicals is rapidly gaining attention due to

the depletion of fossil fuels, energy security, and firm environmental

regulations. Considering this, the production of esters from renewable

sources has been a recent research focus of metabolic engineering.1

These esters can be used as platform chemicals, or directly as fuel

additives, flavoring, and fragrance compounds.2 In that context, ethyl

acetate is one of the important short-chain esters that can be obtained

in the fermentation process. It has various applications as a flavor

compound, green solvent, and platform chemical for the synthesis of

biodiesel, paints, coating additives, adhesives, solvents, herbicides, and

resins.3–5 The ethyl acetate market size has been projected to expand

from 6.25 billion $ in 2024 to about 9.91 billion $ by 2031, with an

annual growth rate of 6.8% during the forecast period.3 Currently, ethyl

acetate is primarily used for the production of paints and coating addi-

tives (about 47%), adhesives, sealants, and pigments, and as a solvent.3

The ethyl acetate market price in the United States at the end of 2023

was 1.74 $/kg.6 Some key market players are Celanese, Eastman

Chemicals, INEOS Group Holdings SA, and Solvents Limited.3

Current industrial production of ethyl acetate uses different pro-

cesses, among which Fischer esterification is the most common one

(contributing about 85% to the total global production).7 This process

implies a reaction between ethanol and acetic acid in the presence of

an acidic catalyst.8 The relatively inexpensive raw materials and for-

mation of water as a by-product are the benefits of using Fischer

esterification for ethyl acetate synthesis. Alternative processes are

acetaldehyde dimerization, a direct reaction between acetic acid and
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ethylene, and dimerization of ethanol.7 All the mentioned reactions

depend on fossil carbon-based hydrocarbons and require relatively

expensive catalysts, high temperatures and pressures.8 An alternative

to petrochemical processes is the production of bio-based ethyl

acetate from bio-ethanol. For example, in 2022, CropEnergies and

Johnson Matthey built the first plant in Europe that uses renewable

ethanol as a petrol substitute in the production of ethyl acetate.9

Additionally, a new option is the microbial production of ethyl acetate

by fermentation of renewable sources or waste materials.4 This pro-

cess might serve specific markets and may be more sustainable when

sufficiently developed. Initially, the capability of different yeasts to

produce ethyl acetate has been the focus of research for the synthesis

of aroma compounds.10–12 Furthermore, significant effort has been

put into developing a microbial synthesis process for the production

of ethyl acetate as a bulk product.8,13–18 The yeast Kluyveromyces

marxianus has been selected as the best candidate for the bulk pro-

duction of ethyl acetate.8 Under aerobic conditions, this yeast can

directly convert sugars into ethyl acetate while minimizing the forma-

tion of by-products. Furthermore, this yeast is capable of metabolizing

lactose, which allows using whey as an inexpensive fermentation sub-

strate.8 Additional advantages of K. marxianus are good thermal toler-

ance and relatively high tolerance to ethyl acetate, although growth

inhibition happens at about 17 g/L of ethyl acetate.17,18 Unlike some

yeast species (e.g., Hansenula mrakii and Pichia anomala),8 microbial

degradation of the formed ethyl acetate was not reported with

K. marxianus,19 while the ester production can be controlled by the

iron level.13,17 Lastly, the production of ethyl acetate by this yeast has

been scaled up to a pilot scale (70 L stirred reactor).17 To the best of

our knowledge, similar attempts have not been reported for any other

fermentation process producing ethyl acetate.

However, relatively low titer and yields are still significant draw-

backs of ethyl acetate production by the fermentation.4 For example,

despite the relatively high tolerance of K. marxianus,18 pilot scale

experiments demonstrated that achievable concentrations of ethyl

acetate in the liquid broth were less than 0.4 wt% (4 g/L).17 Moreover,

due to the aerobic nature of the fermentation process and the high

volatility of ethyl acetate, some of the product will be stripped by the

air-stream from the fermenter.18 Even though higher than in the liquid

phase, concentrations of ethyl acetate in the exhaust gas were still rel-

atively low (<4 wt%).17 Thus, advanced processes for the recovery of

ethyl acetate from very dilute streams are required to increase the

competitiveness of the overall bioprocess. Furthermore, continuous

product recovery may mitigate the end-product inhibition effects and

possibly improve the fermentation yield. To the best of our knowl-

edge, the recovery of fermentative ethyl acetate on a large scale has

not been thoroughly studied. Therefore, the main goal of this original

research is to explore effective downstream processing options for

the large-scale recovery of ethyl acetate from fermentation. In that

respect, this study is the first one to develop several recovery pro-

cesses, based on process intensification principles, for the recovery of

ethyl acetate (production capacity of about 10 kton/year). The results

of this study will be crucial for obtaining a fully realistic picture of the

industrial feasibility of ethyl acetate synthesis by fermentation.

2 | MATERIALS AND METHODS

2.1 | Process design and simulation

Due to the high volatility of ethyl acetate, it will be present both in

the exhaust gas from the fermenter and in the liquid broth. To ensure

maximal product recovery, this study aims to recover ethyl acetate

from both phases. The composition of the exhaust gas differs from

the composition of the dry air supplied to the fermenter due to oxy-

gen consumption, carbon dioxide (CO2) formation by the microorgan-

isms, and stripping of some water and ethyl acetate from the broth.

The concentrations of ethyl acetate and water in the off-gas from the

fermenter have been reported for the pilot scale reactor. Thereby, the

maximum achievable concentration of ethyl acetate in the off-gas was

assumed.17 Additionally, the oxygen consumption, CO2 formation,

and off-gas flow rate were determined by solving a system of non-

linear equations (the nitrogen balance around the reactor,20 Henry's

law for O2 and the ratio of the formed CO2 and consumed O2) in

MATLAB using fsolve function. Thereby, it was assumed that the flow

rates of inert gasses (N2 and argon) were the same in the inlet gas and

the off-gas (due to low solubility in water),21,22 respiratory quotient

was 1.15,17 and dissolved O2 concentration was about 30% of the

equilibrium concentration. Accordingly, the composition of the humid

exhaust gas is the following: 71.99 wt% N2, 20.74 wt% O2, 2.91 wt%

ethyl acetate, 2.20 wt% CO2, 1.32 wt% argon, and 0.84 wt% water.

The ratio of the off-gas and liquid broth flow rates (1.2 on the mass

basis) was determined from pilot scale data17 (based on the known

gas flow rate and an assumed operation time of 13 h for which the

maximum ethyl acetate concentration was obtained in both phases).

Ethanol and acetate are common by-products in the ethyl acetate

production by K. marxianus. Being less volatile than ethyl acetate,

these compounds were reported to accumulate in the liquid fermenta-

tion broth.17 As shown in the experiments on a pilot scale, it may be

possible to minimize the formation of one of these metabolites by

controlling the fermentation conditions.17 Due to the high volatility of

ethyl acetate, its evaporation from the liquid broth may be performed

under conditions that will not damage the microbial viability. For

example, reduced pressure evaporation may be applied to avoid high

temperatures that would harm the microorganisms. Ideally, this

approach would allow most of the fermentation broth, after ethyl ace-

tate removal, to be recycled back to the fermenter, which might

improve the fermentation process by avoiding loss of biomass, reduc-

ing water requirements, and increasing substrate-to-product yield.23

However, having acetate as a by-product in the broth would signifi-

cantly complicate this recycling. Removal of acetate would be com-

plex and expensive,24 while recycling it would lead to accumulation as

the microorganisms are not able to consume it. It has been proven

that K. marxianus can use ethanol after the depletion of sugars. How-

ever, acetate cannot be metabolized once ethanol is depleted.13 Thus,

recycling small amounts of ethanol should not negatively impact the

fermentation and might even decrease the amount of substrate that is

needed. In that respect, it may be more convenient to minimize the

production of acetate during the fermentation, while allowing some
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ethanol formation. Thus, the reported concentrations of biomass,

sugars, ethyl acetate, and ethanol in the liquid broth for pilot-scale

experiments were used.17 Additionally, it was assumed that the

concentration of dissolved O2 was about 30% of the equilibrium

concentration while the concentration of dissolved CO2 was equal

to its solubility. Thus, the obtained composition of the liquid fer-

mentation broth is the following: 94.50 wt% water, 4.55 wt% non-

volatile components (biomass and sugars), 0.54 wt% ethanol,

0.28 wt% ethyl acetate, 0.13 wt% CO2, and <0.01 wt% O2.
17 Flow

rates of the gas and liquid feed to the downstream processing

were back-calculated to obtain a production capacity of about

10 kton/year as sufficient for continuous industrial operation

(39,800 and 33,000 kg/h, respectively).

Having ethanol instead of acetate as by-product of the fermenta-

tion may allow most of the liquid broth, with microorganisms and

some ethanol, to be recycled upstream after ethyl acetate separation.

However, the recovery of ethyl acetate from an aqueous solution that

contains ethanol is complex due to the possible formation of four

azeotropes (see Table 1 and Figure 1). Therefore, an advanced down-

stream process is needed to effectively recover ethyl acetate after the

fermentation. There are several requirements for this recovery pro-

cess. Firstly, even though the amount of ethyl acetate stripped with

the off-gas is much higher than the amount remaining in the liquid

(streams 1 and 2 in Tables 2 and 3, respectively), efficient recovery

from both phases is necessary to minimize product losses. Secondly,

the initial separation of ethyl acetate from the liquid should be per-

formed under conditions that are appropriate for the microorganisms

to allow recycling of the remaining broth (moderate temperatures and

absence of chemicals that may harm the microbial viability). Finally,

commercial-grade purity ethyl acetate product (>99.5%)25,26 should

be obtained from the water—ethyl acetate—ethanol mixture. In the

designed downstream processes, ethyl acetate was initially recovered

from the liquid phase using a hybrid combination of gas stripping and

heat pump-assisted vacuum evaporation, as described before.27 Fur-

thermore, two scenarios were developed for the initial ethyl acetate

recovery from the gas phase. In one scenario, multistage compression

TABLE 1 Boiling points of pure
components and formation of azeotropes
at 1 bar.

Pure components Azeotropes

Component Boiling point (�C) Component Mass fraction Temperature (�C)/type

Ethyl acetate 77.20 Water 0.0874 70.33/homogeneous

Ethanol 78.31 Ethyl acetate 0.7864

Water 100.02 Ethanol 0.1262

Acetic acid 118.01 Water 0.0903 71.39/heterogeneous

Ethyl acetate 0.9097

Ethanol 0.7024 71.78/homogeneous

Ethyl acetate 0.2976

Water 0.0438 78.15/homogeneous

Ethanol 0.9562

F IGURE 1 Residue curve map (left) and ternary diagram (right) of the ethyl acetate (EtAc)–ethanol (EtOH)–water system at 1 bar.
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followed by high-pressure condensation with chilled water was used

to separate ethyl acetate from the fermenter off-gas (Case 1). Alterna-

tively, low-temperature condensation using refrigerants was applied

in this step (Case 2). Following these initial separation steps, an azeo-

tropic dividing-wall column (A-DWC) was designed to separate high-

purity ethyl acetate from the remaining water and ethanol.

Rigorous simulations for all steps in the recovery process were

designed in Aspen Plus. Even though there is no guarantee of a

global minimum in optimizing non-convex mixed-integer nonlinear

problems (MINLP), such as chemical processes, all decisions during

process design were made to minimize energy requirements.

Reducing the total energy requirements can be expected to decrease

total recovery costs significantly. This is due to a substantial portion

of the energy cost in the total operational expenses (OPEX), which is

commonly dominant in the total annual costs (TAC) of the down-

stream processing after the fermentation. Several decision variables

were considered in the process design, such as the total number of

stages in distillation columns, position of the feed tray, reflux ratio,

bottoms-to-feed ratio, liquid fraction, compression ratio, and refrig-

eration temperature. Additionally, constraints accounted for include

high purity and recovery of ethyl acetate, as well as moderate tem-

peratures for the initial separation of ethyl acetate from the liquid

broth.

2.2 | Thermodynamic property model

Due to the multiple components present in the fermentation broth

and off-gas (streams 1 and 2 in Tables 2–4), NRTL-HOC model (Non-

Random Two Liquid model with Hayden-O'Connell extension) defined

in Aspen Plus was chosen to properly account for the thermodynamic

interactions. The NRTL model describes vapor–liquid and liquid–liquid

TABLE 2 Conditions and compositions of the main process streams from Figure 2 (Case 1).a

Stream 1 2 3 4 5 6 7 8 9 10

Temperature (�C) 11.5 32.0 30.5 25.0 20.2 21.5 25.0 52.1 25.0 44.7

Pressure (bar) 1.000 1.000 0.043 6.000 10.000 10.000 1.232 1.232 2.500 1.000

Flow rate (kg/h) 39,800 33,000 28,619 39 34,000 38,358 38,505 1249 28 2

Mass fraction

Water 0.0084 0.9450 0.9475 0.0014 1.0000 0.0019 0.9954 0.0020 0.0066 0.0368

Ethyl acetate 0.0291 0.0028 0.0000 0.0259 0.0000 0.0000 0.0000 0.9967 0.0842 0.4691

Ethanol 0.0000 0.0054 0.0000 0.0037 0.0000 0.0000 0.0046 0.0013 0.0000 0.0157

Nitrogen 0.7199 0.0000 0.0000 0.0000 0.0000 0.7467 0.0000 0.0000 0.2905 0.1923

Oxygen 0.2074 0.0001 0.0000 0.0015 0.0000 0.2151 0.0000 0.0000 0.1453 0.0717

Carbon dioxide 0.0220 0.0013 0.0000 0.9675 0.0000 0.0226 0.0000 0.0000 0.4631 0.1981

Argon 0.0132 0.0000 0.0000 0.0000 0.0000 0.0136 0.0000 0.0000 0.0072 0.0162

Heavy components
(biomass and sugars)

0.0000 0.0455 0.0525 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

aConditions and compositions of all process streams in this case are presented in Supporting Information S1.

TABLE 3 Conditions and compositions of the main process streams from Figure 3 (Case 2a).a

Stream 1 2 3 4 5 6 7 8 9

Temperature (�C) 11.5 32.0 30.5 25.0 10.0 20.0 83.0 30.0 25.0

Pressure (bar) 1.000 1.000 0.043 6.000 1.000 1.000 1.232 1.232 3.000

Flow rate (kg/h) 39,800 33,000 28,619 39 38,396 315 4263 1155 16

Mass fraction

Water 0.0084 0.9450 0.9475 0.0014 0.0000 1.0000 0.9583 0.0037 0.0055

Ethyl acetate 0.0291 0.0028 0.0000 0.0259 0.0025 0.0000 0.0000 0.9962 0.0712

Ethanol 0.0000 0.0054 0.0000 0.0037 0.0000 0.0000 0.0417 0.0001 0.0037

Nitrogen 0.7199 0.0000 0.0000 0.0000 0.7461 0.0000 0.0000 0.0000 0.3591

Oxygen 0.2074 0.0001 0.0000 0.0015 0.2150 0.0000 0.0000 0.0000 0.1946

Carbon dioxide 0.0220 0.0013 0.0000 0.9675 0.0228 0.0000 0.0000 0.0000 0.3329

Argon 0.0132 0.0000 0.0000 0.0000 0.0136 0.0000 0.0000 0.0000 0.0130

Heavy components

(biomass and sugars)

0.0000 0.0455 0.0525 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

aConditions and compositions of all process streams in this case are presented in Supplorting Information S1.
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equilibria of strongly non-ideal mixtures using binary interaction

parameters. The HOC extension was used to describe the dimeriza-

tion of carboxylic acids in the vapor phase. Non-condensable gasses

(nitrogen, oxygen, CO2, etc.) were designated as Henry components.

However, the Non-Random Two Liquid (NRTL) liquid activity property

model is reliable for fluid separations up to moderate pressures. As

one of the recovery processes (Case 1) implies compression of the

exhaust gas from the fermenter and high-pressure condensation with

chilled water, the Predictive Soave-Redlich-Kwong (PSRK) property

model from Aspen Plus was used to describe high-pressure opera-

tions. This model is based on the PSRK equation of state, which can

accurately predict thermodynamic interactions up to high tempera-

tures and pressures using UNIversal Functional Activity Coeffecient

(UNIFAC) interaction parameters.28 Furthermore, the REFerence fluid

PROperties (REFPROP) model was used for the design of the refriger-

ation cycle (Case 2). This model was developed by the National Insti-

tute of Standards and Technology (NIST) to predict thermodynamic

and transport properties of industrially important fluids such as differ-

ent refrigerants and hydrocarbons.29 More details about the used

property models are provided in the Supporting Information S1.

2.3 | Economic evaluation

Economic analysis of the developed downstream processes for ethyl

acetate recovery after fermentation was performed following a pub-

lished NREL method.30 According to this method, the total capital

costs (CAPEX) consist of equipment purchase and installation costs,

warehouse, site development, proratable expenses, field expenses,

additional piping, expenses related to home office and construction,

working capital, etc.30 Equipment costs were estimated using cost

correlations31 with a Marshall and Swift cost index of 1773.4 (end of

2021). The total operating costs (OPEX) relate to the costs of utilities,

operating labor,32,33 maintenance, property insurance, etc.30 The

following utility costs were assumed: 85.60 $/MWh for electricity,

43.09 $/MWh for low-pressure steam, 0.93 $/MWh for cooling water,

11.68 $/MWh for chilled water, 50.68 and 74.12 $/MWh for refrigera-

tion at �50 and �70�C.31,34,35 Initial costs of refrigerants were esti-

mated using recent market prices: 0.73 $/kg for R-170 (ethylene)36 and

0.41 $/kg for R-290 (propane).37 The total annual costs (TAC) include

CAPEX and OPEX with a 10 years payback period (PBP) and were cal-

culated using the following equation: TAC = CAPEX/PBP + OPEX.

2.4 | Sustainability assessment

The environmental impact of the designed process was assessed by calcu-

lating sustainability metrics: energy intensity, greenhouse gas emissions,

water consumption, material intensity, pollutant, and toxic emissions.38

Smaller values of these metrics indicate better process performance.

• Energy intensity is a measure of the total energy that is required to

recover a kilogram of product, distinguishing between different

types of used energy. Thermal and electrical energy requirements

present the specific amounts of thermal and electrical energy,

respectively.38 The total primary energy requirements account for

both thermal and electrical energy through the electrical-

to-thermal conversion factor (using a conservative value of 2.5).39

• Greenhouse gas emissions present the specific amount of CO2 emit-

ted from the energy (thermal and/or electrical) usage.38 The dis-

tinction was made between green or gray electricity (from

renewable sources or fossil fuels) usage. The published correlations

were used to calculate these emissions.40,41 Additionally, any ethyl

acetate remaining in the gas stream after purification was

accounted for through CO2 equivalents.42 On the contrary, CO2 in

this gas stream was not included in the greenhouse gas emissions

metrics as it has a biogenic origin and is not formed in the recovery

processes.

TABLE 4 Conditions and compositions of the main process streams from Figure 3 (Case 2b).a

Stream 1 2 3 4 5 6 7 8 9

Temperature (�C) 11.5 32.0 30.5 25.0 10.0 20.0 66.1 30.0 25.0

Pressure (bar) 1.000 1.000 0.043 6.000 1.000 1.000 1.232 1.232 3.000

Flow rate (kg/h) 39,800 33,000 28,619 39 38,307 314 4266 1239 18

Mass fraction

Water 0.0084 0.9450 0.9475 0.0014 0.0000 1.0000 0.9583 0.0027 0.0056

Ethyl acetate 0.0291 0.0028 0.0000 0.0259 0.0003 0.0000 0.0000 0.9972 0.0716

Ethanol 0.0000 0.0054 0.0000 0.0037 0.0000 0.0000 0.0417 0.0000 0.0035

Nitrogen 0.7199 0.0000 0.0000 0.0000 0.7478 0.0000 0.0000 0.0000 0.3553

Oxygen 0.2074 0.0001 0.0000 0.0015 0.2155 0.0000 0.0000 0.0000 0.1909

Carbon dioxide 0.0220 0.0013 0.0000 0.9675 0.0228 0.0000 0.0000 0.0000 0.3318

Argon 0.0132 0.0000 0.0000 0.0000 0.0136 0.0000 0.0000 0.0000 0.0412

Heavy components

(biomass and sugars)

0.0000 0.0455 0.0525 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

aConditions and compositions of all process streams in this case are presented in Supporting Information S1.
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• Water consumption accounts for the amount of water needed per

kilogram of recovered product. Assumptions include 70% conden-

sate recovery40 and 7% loss of cooling water.38

• Material intensity presents the amount of waste formed per kilo-

gram of product.

• Pollutant and toxic materials account for the specific amount of

formed pollutant and toxic materials, respectively. As emitted CO2

was included in the greenhouse gas emission sustainability metrics,

it was not considered in this metric.38

3 | RESULTS AND DISCUSSION

This section presents all details about the design of the

downstream processing (DSP) of ethyl acetate after the fermenta-

tion—see process flow sheets in Figures 2 and 3. In addition,

results of the economic and environmental assessment are given

for a fair comparison of the performance of the developed

processes.

3.1 | DSP design: initial separation of ethyl acetate
from the liquid fermentation broth

Besides ethyl acetate and ethanol, the aqueous broth from the fermenter

contains some living microorganisms. Thus, the initial separation of fer-

mentation products should be performed under moderate conditions that

will not harm the microbial viability. Consequently, most of the broth may

be recycled to the fermenter to avoid biomass loss, reduce water require-

ments, and increase fermentation yield.23 A recently described hybrid

combination of gas stripping and vacuum evaporation27 was used to

remove volatile fermentation products from the liquid broth. An alterna-

tive option would be to use liquid–liquid extraction.43 Nonetheless, the

drawbacks of this approach are the high volatility of ethyl acetate that

may potentially lead to product and solvent losses, relatively large required

volumes of solvent, possibly inefficient transfer of product into solvent

phase due to the high dilution of the feed stream, difficulties related to

the solvent recovery, etc. On the contrary, the gas stripping combined

with vacuum evaporation effectively utilizes the high volatility of ethyl

acetate for its separation from the higher boiling liquid broth. In this

F IGURE 2 Flow sheet of the ethyl acetate recovery process—Case 1, conditions and compositions of the numbered process streams are
given in Table 2. EtAc, ethyl acetate; EtOH, ethanol; Heav, heavy (non-volatile) components; W, water.

JANKOVI�C ET AL. 6 of 18
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separation technique, the liquid broth from the fermenter is fed on top of

the stripping column C1, in which gas is used to separate volatile products

from most of the broth. This column operates at a reduced pressure (top

pressure of 0.040 bar) to ensure moderate temperatures (28.6�C at the

top and 30.4�C at the bottom of the column) that will not harm the

microbial viability. Due to the reduced pressure operation, structured

packing type Sulzer Mellapack 250 and a pressure drop of 0.225 mbar

per theoretical stage were considered for this column.44 To provide gas

for stripping in column C1, the bottom product from this column, which

is the liquid depleted of ethyl acetate and ethanol, is partially evaporated

under reduced pressure. The remaining liquid contains mainly water with

the microorganisms and non-volatile inert components (stream 3). This

stream may be recycled upstream. The formed vapor is sent to the bot-

tom of column C1 and used to strip ethyl acetate and ethanol from the

liquid fermentation broth. To reduce energy requirements of this initial

separation step, a vapor recompression heat pump system is applied to

the vacuum evaporation operation. The top stream from column C1,

vapor rich in ethyl acetate and ethanol, is compressed (in COMP1) and

used to evaporate part of the fermentation broth (in HEX1). A measure

of the obtained energy savings can be evaluated by calculating the coef-

ficient of performance (COP) of the implemented heat pump system.

COP is equal to the ratio of the upgraded heat (exchanged between the

liquid and the compressed vapor) and the compressor duty that is

required to enable this evaporation.45 COP values higher than 2.5, which

is a conservative value of electrical-to-thermal conversion factor,39

prove the energy efficiency of the applied heat pump systems. COP

value of the described vapor recompression system is 20.5, which con-

firms significant energy savings. Furthermore, this system allows com-

plete electrification of the vacuum evaporation.

After this initial step in the recovery process, about 87% of water

from the fermentation broth is removed in flash vessel F1 (stream 3),

while ethyl acetate and ethanol concentrations are increased by a factor

of 7.5. However, this stream is still very dilute (>92 wt% water) and con-

tains some dissolved gasses that should be removed. Initially, simple

phase separation in a flashing unit F2 was used to remove most of the

present gasses. As some volatile fermentation products are removed

with these gasses, additional steps were applied (multistage compression

(COMP2) combined with condensation using cooling water (HEX2) and

phase separation in a flashing unit (F3)) to minimize product losses.

The remaining liquid streams with ethyl acetate and ethanol are sent to

further purification in the azeotropic dividing-wall column (A-DWC).

3.2 | DSP design: separation of ethyl acetate from
the exhaust off-gas

Being a highly volatile product, ethyl acetate is mostly stripped with

the off-gas. However, the concentration of the valuable fermentation

F IGURE 3 Flow sheet of the ethyl acetate recovery process—Case 2 (marked heat exchanger requires refrigeration; if there are differences in stream

parameters or energy requirements, the following order applies: Case 2a/Case 2b), conditions and compositions of the numbered process streams are
given in Table 3 for Case 2a and in Table 4 for Case 2b. EtAc, ethyl acetate; EtOH, ethanol; Heav, heavy (non-volatile) components; W, water.

7 of 18 JANKOVI�C ET AL.
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product in the off-gas is still relatively small (�2 wt%). Thus, an

advanced downstream process is required to separate the fermen-

tation product from non-condensable gasses. Two cases were con-

sidered for the recovery of ethyl acetate from the exhaust gas.

In the first case (Case 1), atmospheric off-gas from the fermenter

was compressed and ethyl acetate was condensed using chilled

water. In the second case (Case 2), refrigeration was used to cool

atmospheric exhaust gas and condense ethyl acetate. Alternative

options for the initial recovery of volatile chemicals, such as ethyl

acetate, from a gas stream are membrane separations, adsorption,

and absorption. The performance of the membrane separation

system strongly depends on the exact type of membrane used

(cost, availability, susceptibility to fouling, replacement rate, etc.).

As these quantitative data were not available,46 and relatively high

costs may be expected due to the large gas flow rate, membrane

separations were not considered in this study. Furthermore,

adsorption was not considered due to drawbacks related to a

desorption step (required regeneration of adsorbent, which

leads to a considerable energy cost), and large expected equipment

and adsorbent costs due to the large gas flow rate.47 Finally,

when using absorption to recover low-concentrated volatile com-

ponents from gas phase, large amounts of absorbing liquid are

likely to be needed. Thus, large equipment units are needed for

further processing, which may result in high capital and operating

costs. Moreover, depending on the specific application of ethyl

acetate and related standards regarding product purity, absorbent

liquid may also need to satisfy safety standards (e.g., for applica-

tions in the food industry). Thus, absorption was also not examined

for the initial separation of ethyl acetate from the gas phase.47,48

As pilot-scale experiments reported that ethanol accumulated in

the liquid phase and was not present in the off-gas,17 it was not

included in the gas feed stream to the downstream processing.

However, if some ethanol is also present in the off-gas, it will be

separated with ethyl acetate due to a higher boiling point (see

Table 1).

3.2.1 | Case 1—compression and high-pressure
condensation using chilled water

Due to the high volatility of ethyl acetate and the presence of non-

condensable gasses (nitrogen, oxygen, CO2, and argon), low-

temperature cooling (using refrigeration) is required to completely

separate ethyl acetate from the atmospheric exhaust gas. Alterna-

tively, if off-gas from the fermenter is compressed, cooling at moder-

ate temperatures (using chilled water) may be sufficient to condense

ethyl acetate. In this case, off-gas from the fermenter is firstly com-

pressed (in a multistage compressor COMP3) to the defined pressure.

High-pressure gas is then cooled using chilled water (HEX3), while

condensed ethyl acetate and water are separated from the remaining

gasses in a simple flash unit (F4). However, some ethyl acetate will

likely remain in the gas phase and additional stripping with water

will be needed to minimize product loss. This can be performed in a

stripping column C2 where gas is fed at the bottom while water is fed

at the top. The bottom product from this column is mainly water with

stripped ethyl acetate, while the top product is a vapor stream

with the remaining non-condensable gasses (stream 6). As this column

operates at increased pressure, simple sieve trays with a pressure

drop of 8 mbar per stage were used for its internals.49

With a defined cooling temperature of 10�C (which may be

achieved using chilled water at 5�C), the relationship between the

outlet pressure of the compressor COMP3 (and consequently com-

pressor duty) and flow rate of the water needed for stripping (in col-

umn C2) was examined (see Figure 4), with the constraint of

recovering over 99.9% of ethyl acetate from the off-gas. With the

increase in gas pressure, the amount of ethyl acetate that remains in

the gas phase after cooling decreases. Consequently, the amount of

water needed to strip the remaining product from the gas also

decreases. Since this aqueous stream with stripped ethyl acetate

needs to be further processed, lower water flow rates will result in

lower thermal energy requirements for the following distillation steps.

On the contrary, gas compression to higher pressures will lead to

F IGURE 4 Determination of the
compressor outlet pressure in Case 1.

JANKOVI�C ET AL. 8 of 18
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larger compressor duties. Thus, there is a trade-off between the elec-

trical energy needed to power the compressor and the thermal energy

needed in the following distillation processes. Total primary energy

requirements that account for both electrical and thermal energy were

considered to determine the outlet pressure of the compressor and

the water flow rate. The total energy requirements of the whole

recovery process were compared for two compressor outlet pressures

(10 and 40 bar). These pressures were chosen because the amount of

water required to strip ethyl acetate from the remaining gas stream

drastically increases for outlet compressor pressures lower than

10 bar but does not decrease significantly for gas pressures higher

than 40 bar. When the off-gas from the fermenter is compressed to

40 rather than 10 bar, the electrical energy requirements increase by

64% while the thermal energy requirements decrease by 43%. Conse-

quently, the total energy requirements are approximately 24% higher

if the gas is compressed to 40 bar. This is mainly due to the higher

electrical energy requirements in the multistage compressor. Due to

the large flow rate of the exhaust gas from the fermenter, compres-

sion is very energy-intensive. Thus, compressing off-gas to moderate

pressures and using larger amounts of water leads to a less energy-

intensive recovery process. Consequently, a compressor outlet pres-

sure of 10 bar was chosen. Lower pressures would require a much

larger water flow rate (e.g., almost two times larger water flow rate is

needed if outlet pressure from the compressor is 5 bar), which would

lead to higher CAPEX and were therefore not considered.

Finally, over 99.9% of ethyl acetate is recovered from the

exhaust gas. The aqueous streams containing ethyl acetate should

be sent to the final purification in A-DWC. The remaining non-

condensable gasses were obtained in the top product stream

(stream 6) from stripping column C2 (74.67 wt% nitrogen, 21.51 wt%

oxygen, 2.26 wt% CO2, 1.36 wt% argon, and 0.19 wt% water). How-

ever, even with moderate outlet compressor pressure, the total energy

requirements of the initial separation of ethyl acetate from the off-gas

are relatively high (about 3.1 MWe is needed to recover 1157 kg/h of

ethyl acetate).

3.2.2 | Case 2—low-temperature condensation
using refrigerants

Since compression of large gas flows is energy-intensive, an alterna-

tive recovery process implying condensation of ethyl acetate directly

from the atmospheric off-gas was designed. Due to the high volatility

of ethyl acetate, very low temperatures are needed for sufficient

product recovery. Thus, an auto-cascade refrigeration cycle may be

used. In this system, a zeotropic mixture of two refrigerants with dif-

ferent boiling points (e.g., R-170 and R-290) is used to achieve low

temperatures through multiple stages of evaporation and condensa-

tion within a single cycle (see Figure 5).50

The exhaust gas from the fermenter is cooled in two steps. In

the first step, cold gas from the final cooling step is used instead of

cooling utility in HEX3. Parts of the ethyl acetate and water have

been removed from the gas phase after this step (in flashing unit F4).

The remaining gas is sent to the final cooling step in which the refrig-

eration cycle is used to provide sufficiently low temperatures

(in HEX 4). The residual ethyl acetate and water may be separated

from non-condensable gasses in this step. The described two-step

cooling drastically reduces refrigeration usage. Specifically, using the

cooled gas from the second step in the first cooling step may

decrease the total cooling duty by 58%–65%.

F IGURE 5 Flow sheet of the refrigeration cycle (ethyl acetate is condensed in the blue marked heat exchanger; if there are differences in
stream parameters or energy requirements, the following order applies: Case 2a/Case 2b).

9 of 18 JANKOVI�C ET AL.
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Initially, a moderate refrigeration at �50�C was used for the final

cooling step (Case 2a). However, this temperature is not sufficiently

low to completely recover ethyl acetate from the gas. About 8.3% of

ethyl acetate from the fermenter off-gas is lost in the gas stream

remaining from the final cooling. A possible option would be to strip

the remaining ethyl acetate from the gas using water. However, due

to relatively low concentrations of ethyl acetate in the remaining gas

(about 0.25 wt%) and the large gas flow rate, large amounts of water

would be required to ensure sufficient product recovery. This would

further increase CAPEX and thermal energy needs in the final purifica-

tion step. For example, to ensure that ethyl acetate losses in the

remaining gas are not higher than 5%, about 80,000 kg/h of water

would be needed in the stripping column. Additionally, the liquid

product from this column is very dilute (about 0.1 wt% ethyl acetate).

Thus, this option was not considered. Alternatively, even lower-

temperature refrigeration at �70�C may be used to recover over

99.0% of ethyl acetate from the exhaust gas (Case 2b). Even though

the product recovery is higher in the case of lower-temperature con-

densation, the refrigeration cycle becomes more expensive. Thus, to

compare the performance of these recovery processes, a final purifi-

cation of ethyl acetate was designed for both refrigeration tempera-

tures (Cases 2a and 2b). In both cases, ethyl acetate-rich streams

(>97 wt% ethyl acetate), recovered after the refrigeration, are

heated in HEX 5 (using the aqueous bottom product of A-DWC) and

sent to the final purification in A-DWC. After being used in the first

cooling step (as a cooling utility in HEX5), the remaining gas that

consists of nitrogen (74.61–74.78 wt%), oxygen (21.50–51.55 wt%),

CO2 (2.28 wt%), and ethyl acetate (0.03–0.25 wt%) is heated to

�10�C. The total energy use for the initial separation of ethyl ace-

tate from the fermenter off-gas are 0.7 MWe (Case 2a) and 0.9 MWe

(Case 2b), with recoveries of 92.7% and 99.0%.

3.3 | DSP design: final purification of ethyl acetate

After the initial recovery steps, ethyl acetate, ethanol and some water

are separated from the liquid broth and the off-gas from the fermen-

ter. This separation is challenging due to the potential formation of

four azeotropes (see Table 1). Many separation techniques have been

studied to work around thermodynamic limitations, whereby

distillation-based operations are commonly proposed for large-scale

processes. For example, pressure swing distillation uses pressure

changes to influence vapor–liquid equilibrium of azeotropic mixture

and move distillation boundaries.51 Pervaporation-assisted distillation

enhances conventional distillation by using selective membranes to

effectively remove desired components.52 Extractive distillation

implies the addition of an extractive reagent that changes the relative

volatility of the mixture. Thereby, the potential of ionic liquids to

replace conventional solvents for ethanol–ethyl acetate separation is

intensively investigated.53,54 Furthermore, heterogeneous-azeotropic

distillation has been proposed as a novel distillation technique that

effectively couples distillation column with liquid–liquid separator.55

Water (which is already present in the mixture) may be used as an

extractive agent to facilitate the separation of ethyl acetate and

ethanol. The benefits of this technique are the absence of additional

chemicals that may lead to complications related to recovery, han-

dling, toxicity, or disposal; moderate capital investment for a large-

scale process and reduction in energy requirements of separation due

to effective usage of liquid–liquid–vapor separation.56 Thus, it was

used as the main recovery technique in the final purification after sep-

arating valuable products from the fermentation broth and off-gas.

Due to the highly complex mixture, several steps are required to

obtain a high-purity ethyl acetate product. Initially, water may be used

as an entrainer to break ethanol–ethyl acetate azeotrope55,56 and

remove most of the ethanol. Theoretically, in the first distillation col-

umn, most of the water with ethanol may be obtained as the bottom

product, while ethyl acetate with some water may be obtained at the

top. Furthermore, since ethyl acetate and water form a heterogeneous

azeotrope, an additional treatment using distillation coupled with phase

splitting in a decanter (DEC) is needed. High-purity ethyl acetate prod-

uct may be obtained at the bottom of the second distillation column,

while a nearly azeotropic mixture may be obtained at the top. This

stream is sent to the DEC from which the ethyl acetate-rich phase is

returned to the second distillation column while the aqueous phase

may be recycled to the first distillation column. Hence, a sequence of

two distillation columns with a decanter is needed to recover the high-

purity ethyl acetate. Alternatively, these columns may be integrated

into one A-DWC with a common overhead and a divided bottom

section (see Figure 6).31,57 As dividing-wall column equipment unit is

not available in Aspen Plus, it was simulated as a thermodynamically

equivalent sequence of distillation columns (see Figure 6). The left and

right sides of A-DWC are presented with A-DWCL and A-DWCR,

respectively. Due to relatively small temperature differences between

different sides of the inner wall, thermal insulation will not be required

to allow thermal efficiency of A-DWC. Moreover, a suitable control

strategy has been proven to effectively handle heat transfer across the

wall of DWC.58 In this system, most of the water with ethanol is

obtained as the bottom product from A-DWCL. If worth it, the ethanol

from this stream may be recovered using a heat pump-assisted precon-

centration step followed by final purification using extractive distillation

with ethylene glycol, as previously suggested.59 However, ethanol

recovery is kept out-of-scope of the current article since the costs and

revenues of this process would obscure the costs and revenues of the

ethyl acetate recovery. The top vapor from this column is sent to the

A-DWCR, while part of the liquid flowing down in A-DWCR is directed

to the first floor of A-DWCL to ensure sufficient liquid flow in this part

of A-DWC. High-purity ethyl acetate product is recovered at the bot-

tom of A-DWCR while a nearly azeotropic ethyl acetate–water mixture

is obtained at the top of A-DWCR and sent to the DEC. The ethyl

acetate-rich phase from DEC is returned to A-DWCR, while the water-

rich phase is returned to A-DWCL. Thus, the dividing-wall column

merges two conventional distillation columns into only one unit while

reducing the number of heat exchangers (A-DWC has two reboilers

(DWCL-REB and DWCR-REB) and only one condenser (DWC-COND)).

Even though this is a highly integrated system, it has been proven that

dividing-wall columns can be effectively controlled.60 The number of

JANKOVI�C ET AL. 10 of 18
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stages, position of the feed stage, bottom product rate, reflux ratio, and

liquid split were varied to ensure high recovery of high-purity ethyl

acetate product while minimizing the total energy requirements for

the final purification. Due to the atmospheric operation, sieve trays

with a pressure drop of 8 mbar were chosen for A-DWC's internals.49

A-DWC has 30 stages in total, with the condenser as first stage and

F IGURE 6 Azeotropic dividing-wall column (A-DWC) design (A) and the equivalent sequence of distillation columns (B), the numbers in the
columns indicate stage numbers. A-DWCL, left side of A-DWC; A-DWCR, right side of A-DWC.

11 of 18 JANKOVI�C ET AL.
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the reboiler as last stage according to the convention in Aspen Plus,

while the wall is placed at the bottom 20 stages (19 excluding reboi-

lers). After the initial separation of ethyl acetate, ethanol, and some

water (either using high-pressure condensation with chilled water in

Case 1 or low-temperature atmospheric condensation with refriger-

ants in Cases 2a and 2b), multiple streams need to be fed to A-DWCL.

The exact location of the feed stages depends on the technique

applied for the initial recovery of ethyl acetate from the gas stream,

due to differences in the compositions and flow rates of the feed

streams. Generally, feed streams with high water concentration are

fed on the top stages, as water is used as an extractive agent. Con-

trarily, feed streams with lower water and higher ethyl acetate

concentrations are fed on the bottom stages. Consequently, ethanol is

removed with most of the water as the bottom stream from A-DWC

while a nearly azeotropic mixture of ethyl acetate and water is

obtained in the top vapor stream. This vapor stream is fed to the 10th

stage of A-DWCR (also the 10th stage of A-DWC, see Figure 6), while

part of the liquid from this stage is directed to A-DWCL. The distillate

from A-DWCR is sent to DEC for phase splitting. Organic and aqueous

phases from the DEC are returned to the 12th stage of A-DWCR (also

the 12th stage of A-DWC, see Figure 6) and the 6th stage of A-DWCL

(the 16th stage of A-DWC, see Figure 6), respectively. The high-purity

ethyl acetate product is recovered as the bottom stream from

A-DWCR. Lastly, ethyl acetate recovered from the fermenter off-gas

in Cases 2a and 2b is fed to the 25th stage of A-DWCR. This stream

may be preheated using the bottom product stream from A-DWCL to

reduce thermal energy requirements in A-DWCR by over 60%. More

details about the design of A-DWC are presented in the Supporting

Information S1.

Furthermore, due to the residual gasses after the initial purifica-

tion steps, a partial vapor–liquid condenser (DWCR-COND) was

defined for A-DWCR and a possibility of vapor separation in DEC was

considered. To minimize ethyl acetate losses, these vapor streams are

compressed (in COMP3) and cooled to 25�C using cooling water

(in HEX7). As condensed ethyl acetate may be recycled back to DEC,

product loss in the remaining vapor is less than 0.2%. Finally, the high-

purity ethyl acetate product is recovered in all three cases (product

purity ≥99.5 wt%). Product recoveries in Cases 1 and 2b are high

(100% and 99%, respectively). On the contrary, product recovery in

Case 2a is about 92%, mainly due to the ethyl acetate that was not

recovered from the off-gas after moderate refrigeration at �50�C.

3.4 | Economic evaluation

The economic performance indicators of the developed downstream

processes (Cases 1, 2a, and 2b) are summarized in Table 5 and pre-

sented in Figure 7. The total equipment installation costs are the high-

est in Case 1, when ethyl acetate is recovered from the gas phase by

compression and high-pressure condensation using cooling water

(8190 k$). This is mainly due to the costs of the compressors (about

72% of the total installed equipment costs), whereby the cost of a mul-

tistage compressor for compressing the off-gas from the fermenter is

the biggest contributor (about 92% of the total costs of compressors,

or about 66% of the total installed equipment costs). On the contrary,

the total equipment installation costs are lower when low-temperature

condensation by refrigeration is used to recover ethyl acetate from the

fermenter off-gas (4797 k$ in Case 2a and 5316 k$ in Case 2b). The

TABLE 5 Key performance indicators
of the designed ethyl acetate recovery
processes (dry air supply to the
fermenter).

Case 1 Case 2a Case 2b

Ethyl acetate recovery (%) 100.0 92.1 98.9

Economic indicators

CAPEX (k$) 15,137 8823 9784

OPEX (k$/year) 9328 4732 5093

OPEX ($/kg) 0.934 0.511 0.514

TAC (k$/year) 10,842 5615 6071

TAC ($/kg) 1.085 0.607 0.613

Sustainability metrics

Thermal energy requirements (kWthh/kg) 3.410 0.323 0.298

Electrical energy requirements (kWeh/kg) 2.627 0.752 0.840

Primary energy requirements (kWthh/kg) 9.976 2.204 2.399

CO2 emissions (kgCO2
=kg)a 0.494/1.692 0.284/0.627 0.070/0.453

Water consumption (m3
w/kg) 0.570 0.123 0.056

Water loss (m3
w/kg) 0.042 0.009 0.004

Material intensity (kgwaste/kg) 0 0 0

Pollutant emissions (kgpollutant/kg) 0 0 0

Toxic emissions (kgtoxic material/kg) 0 0 0

Abbreviations: CAPEX, capital costs; OPEX, operational expenses; TAC, total annual costs.
aGreen/gray electricity usage.

JANKOVI�C ET AL. 12 of 18
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cost of equipment in the refrigeration cycle makes up approximately

50% and 54% of the total equipment cost in Cases 2a and 2b,

respectively. The higher cost of refrigeration equipment in Case 2b

is mainly due to the more expensive compressor required to ensure

lower condensation temperature. Considering different equipment

types, the biggest contributors are the costs of compressors (72%,

53%, and 56% of the total equipment costs in Cases 1, 2a, and 2b,

respectively), heat exchangers (12%, 26%, and 26% of the total

equipment costs in Cases 1, 2a, and 2b, respectively) and distillation

columns (12%, 12%, and 11% of the total equipment costs in Cases

1, 2a, and 2b, respectively), while costs of pumps (3%, 6%, and 5% of

the total equipment costs in Cases 1, 2a, and 2b, respectively) and

flash vessels are significantly lower (1%, 2%, and 2% of the total

equipment costs in Cases 1, 2a, and 2b, respectively). Furthermore,

the calculated CAPEX are much higher in Case 1 (15,137 k$) com-

pared to Cases 2a (8823 k$) and 2b (9784 k$). This is mainly due to

the higher equipment cost, which make up about 54% of CAPEX.

The determined OPEX are 9328, 4732, and 5093 k$/year in

Cases 1, 2a, and 2b. Expressed per kilogram of recovered ethyl ace-

tate, these values are 0.934, 0.511, and 0.514 $/kg, respectively. In

Case 1, the biggest contributor to OPEX is the cost of utilities (about

65% of OPEX) and labor (about 32% of OPEX). The largest part of util-

ities' costs is the cost of electricity (about 74%), whereby the cost of

electricity to power the multistage compressor for the initial

F IGURE 7 Comparison of economic indicators of ethyl acetate recovery. CAPEX, capital costs; OPEX, operational expenses.

13 of 18 JANKOVI�C ET AL.
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compression of the fermenter off-gas is the most dominant one

(about 95% of the total electricity cost). On the contrary, utilities'

costs are smaller when refrigeration is used in the initial recovery of

ethyl acetate from the gas phase (about 34% and 38% in Cases 2a

and 2b, respectively). Consequently, the contribution of labor costs

in OPEX is higher (about 63% and 59% in Cases 2a and 2b, respec-

tively) even though the absolute costs are very similar. Among the

costs of utilities, the biggest contributors are the costs of electricity

(25%–28% of OPEX), refrigeration (4%–5% of OPEX), low-pressure

steam (3% of OPEX), and chilled water (2% of OPEX), while the cost

of cooling water is much smaller (0.1% of OPEX). However, it

should be noted that utilities' costs may vary significantly depend-

ing on the exact plant location.

Lastly, TAC that include CAPEX and OPEX with a PBP of 10 years

are 10,842, 5615, and 6071 k$/year, or expressed per kilogram of

ethyl acetate, 1.085, 0.607, and 0.613 $/kg in Cases 1, 2a, and 2b.

The more expensive recovery process in Case 1 is primarily due to the

more expensive recovery of ethyl acetate from the gas phase. More

precisely, the higher CAPEX because of the costly multistage com-

pressor for compressing the fermenter's off-gas and more expensive

OPEX because of the electricity required to power this compressor.

Case 2b is more attractive than Case 2a because the extent of ethyl

acetate recovery is larger by a factor 99/92 in the Case 2b. Therefore,

the amount of the fermentation broth needed for a fixed annual ethyl

acetate production is a factor 99/92 smaller for Case 2b, leading to

savings on the fermentation costs that will be larger than the differ-

ence between the aforementioned 0.607 and 0.613 $/kg. According

to the available market data, the ethyl acetate price in North America

in 2023 was 1739 $/kg.61 Thus, the margin between the market price

and the costs of the recovery process for Case 2b is 1.126 $/kg. The

cost of the fermentation must be significantly smaller than this margin

for economic feasibility of the overall process. Design and economic

evaluation of the fermentation are outside the scope of this article,

even though they are needed to get a full picture of the overall

process.

Ethyl acetate is commonly produced by reactive distillation from

ethanol and acetic acid. The operation and control of reactive distilla-

tion process have been widely studied.62,63 Since this is a reversible

reaction, hydrolysis may be used to obtain bio-based ethanol and

acetic acid from ethyl acetate. Yet, production of bio-based ethanol

through fermentation (from lignocellulosic biomass or gas fermenta-

tion) has already been proven effective on an industrial scale.64 Thus,

it seems hardly profitable to produce ethanol by hydrolyzing ethyl

acetate made by fermentation.

3.5 | Sustainability assessment

The results of the environmental impact analysis are summarized in

Table 5.

• Energy intensity: Both thermal and electrical energy requirements

are the highest in Case 1 (3.410 kWthh/kg and 2.627 kWeh/kg).

The largest part of the thermal energy is used in the reboiler of

A-DWCL due to the water that is removed as the bottom product

of A-DWCL. This stream's flow rate is much larger in Case 1

compared to Cases 2a and 2b due to the water used to strip

the remaining ethyl acetate from the gas phase in column C2.

On the contrary, the flow rates of all feeds to A-DWC are much

smaller in Cases 2a and 2b as additional water was not used.

Consequently, the total thermal energy requirements are much

smaller (0.323 and 0.298 kWthh/kg in Cases 2a and 2b, respec-

tively). Furthermore, the largest part of the electrical energy

requirements in Case 1 is due to the electricity needed to power

the multistage compressor for compressing the fermenter off-gas.

Contrarily, compressors in the refrigeration systems in Cases 2a

and 2b require less power, which makes the total electrical energy

requirements much smaller (0.752 and 0.840 kWsh/kg in Cases 2a

and 2b, respectively). Finally, the total primary energy require-

ments are significantly higher in Case 1 (9.976 kWthh/kg), com-

pared to Cases 2a and 2b (2.204 and 2.399 kWthh/kg,

respectively).

• Greenhouse gas emissions: As CO2 emissions are strongly related to

energy usage, these emissions are the highest in Case 1, in which

1.692 or 0:494kgCO2
=kg is emitted if gray or green electricity is

used. On the contrary, CO2 emissions are much lower in Cases 2a

and 2b. However, CO2 emissions are higher in Case 2a (0.627 or

0:284kgCO2
=kg if gray or green electricity is used) compared to

Case 2b (0.453 or 0:070kgCO2
=kg if gray or green electricity is

used) due to the larger amounts of the remained ethyl acetate in

the gas phase that is accounted for through CO2 equivalents.
42

• Water consumption: Due to the significantly higher thermal energy

requirements, water requirements and water loss are the highest in

Case 1 (0.570 and 0.042 m3
w/kg, respectively). Contrarily, these

values are much lower in Cases 2a and 2b (approximately 0.056–

0.123 and 0.004–0.009 m3
w/kg, respectively).

• Material intensity: As waste is not formed in any of the developed

recovery processes, values of material intensity metrics are equal

to zero in all cases. Nonetheless, it should be noted that the bot-

tom stream from DWCL, if not further processed to recover etha-

nol or used upstream, should be sent to the wastewater treatment.

• Pollutant and toxic materials: Since no pollutants or toxic materials

are emitted, the values of these metrics are zero in all cases.

3.6 | Sensitivity analysis: influence of the product
concentration in the fermentation broth on the
downstream processing performance

The recovery of ethyl acetate after the fermentation using the devel-

oped Case 2b has been proven to be the most cost-effective and

energy-efficient due to the high product recovery and reasonable

costs. A sensitivity analysis was performed on this case to examine

the influence of the achievable ethyl acetate concentration in the

broth on the performance of the downstream processing. The results

of this analysis are presented in Figure 8. Generally, the increase of

JANKOVI�C ET AL. 14 of 18
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ethyl acetate concentration in the liquid broth would lead to the linear

increase of ethyl acetate concentration in the off-gas from the fer-

menter (defined by Henry's law). Due to the less diluted feed streams

(both liquid and gas), the energy requirements of the downstream pro-

cessing would decrease. This decrease is more drastic with extremely

low product concentrations in the broth while it becomes milder for

higher concentrations. For example, about 1.5 or 1.1 kWthh/kg are

required to recover high-purity ethyl acetate product when its con-

centration in the liquid broth is 0.6 or 1.0 wt% (about 5.8 and 9.4 wt%

in the exhaust gas), respectively. Therefore, even a slight increase in

ethyl acetate concentration from the ones assumed in this study

would significantly decrease the downstream processing costs. None-

theless, obtaining higher product concentrations in the fermentation

is challenging due to the inhibitory effects, and a lot of research effort

has been put into developing more tolerant microorganisms. In that

respect, it is worth noting that the energy requirements (and costs) of

the downstream processing would not drastically decrease above a

certain concentration of the product in the broth (e.g., 1.0 wt%, see

Figure 8). Thus, very high product concentrations in the fermentation

broth may not be necessary to make the production process competi-

tive. Hence, simultaneous development of the upstream fermentation

and the downstream process is necessary for successful scale-up.

The results of this study offer a realistic picture of the downstream

processing performance after the specific fermentation process. None-

theless, it should be mentioned that novel approaches to obtain ethyl

acetate by fermentation include anaerobic fermentation of glucose with

hydrogen co-production65 and of carbon monoxide66 will lead to off-

gas streams very different from those of the aerobic process

considered in the current article. However, the same approach might

be used for developing the ethyl acetate recovery process.

3.7 | Alternative option: supplying pure oxygen to
the fermenter instead of air

As microorganisms need only oxygen from the dry air supplied to the

fermenter, an alternative approach would be to supply only pure oxy-

gen such that the gas-to-liquid ratio in the fermentation would be

much smaller. In the context of downstream processing (DSP), more

ethyl acetate would be recovered from the liquid phase and less from

the gas phase. However, an oxygen-rich gas stream would require

additional safety measures. To compare the DSP performance when

dry air or pure oxygen is supplied to the fermenter, the recovery pro-

cesses were modified to recover ethyl acetate when pure oxygen is

used upstream (Cases 1, 2a, and 2b were modified to Cases 3, 4a, and

4b, respectively) while keeping the same production capacity and O2

supply per kg of liquid broth. As less exhaust gas is available when

only oxygen is supplied upstream, the amount of ethyl acetate

stripped by this gas is much smaller. Due to the much larger ethyl ace-

tate concentration in the gas phase compared to the liquid phase, the

needed gas flow rate is only slightly reduced (35,600 kg/h), while the

required liquid flow rate is significantly increased (110,500 kg/h).

Key performance indicators for these processes are summarized

in Table 6. The comparison with Table 5 suggests that supplying pure

oxygen to the fermenter instead of dry air does not bring real bene-

fits. In Case 1, the initial separation of ethyl acetate from the gas feed

F IGURE 8 Sensitivity analysis: Influence of the achievable product concentration in the fermentation on the downstream processing
performance of Case 2b. Markers are simulated cases, with the open marker being the base case.
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is significantly more expensive than the initial separation from the liq-

uid feed stream. In Case 3, a large relative increase in the recovery

costs from the liquid phase (due to the larger flow rates) is compen-

sated by a small relative decrease in recovery costs from the gas

phase. On the contrary, in Cases 2a and 2b, the costs of the initial

separation of ethyl acetate from the gas phase are not as dominant as

in Case 1. Thus, a slight relative decrease in these costs in Cases 4a

and 4b cannot compensate for a large relative increase in the costs of

the initial separation of ethyl acetate from the liquid feed. More

details about the process design and performance are available in the

Supporting Information S1.

4 | CONCLUSION

The newly developed downstream processes were proven to

efficiently recover ethyl acetate after the aerobic fermentation

process. The initial separation of volatile products from the liquid

broth may be performed using a hybrid combination of gas strip-

ping and vacuum evaporation. This approach may allow recycling of

the remaining liquid broth with the microorganisms upstream. The

initial separation of ethyl acetate from the fermenter's off-gas may

be performed using high-pressure cooling with less expensive

chilled water or low-temperature atmospheric cooling with more

expensive refrigeration. Following the initial recovery steps, an

advanced A-DWC was demonstrated to efficiently separate high-

purity ethyl acetate product from water and ethanol. Finally, the

total ethyl acetate purification process was proven to be more

cost-effective (total recovery costs of 0.61 $/kg compared to 1.09

$/kg) and less energy-intensive (total energy requirements of 2.20–

2.40 kWthh/kg compared to 9.98 kWthh/kg) when refrigeration is

used for the initial separation from the gas feed stream. Thus, the

results of this original study suggest that vapor ethyl acetate should

be recovered directly from the atmospheric off-gas using low-

temperature condensation. Moreover, even though more expensive,

lower-temperature condensation (refrigeration temperature of about

�70�C compared to �50�C) is more favorable due to the higher ethyl

acetate recovery (99% compared to 92%).

Moreover, the downstream processing in case only pure oxygen

is supplied to the fermenter instead of dry air is more expensive due

to the slightly lower gas feed and much larger liquid feed. This

increase is especially significant if refrigeration is used for the recov-

ery of ethyl acetate from the gas phase due to the smaller contribu-

tion of these costs in the total recovery costs.
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TABLE 6 Key performance indicators
of the designed ethyl acetate recovery
processes (oxygen supply to the
fermenter).

Case 3 Case 4a Case 4b

Ethyl acetate recovery (%) 99.4 93.3 98.7

Economic indicators

CAPEX (k$) 17,404 11,903 12,643

OPEX (k$/year) 9098 5381 5668

OPEX ($/kg) 0.914 0.574 0.573

TAC (k$/year) 10,839 6571 6932

TAC ($/kg) 1.089 0.701 0.700

Sustainability metrics

Thermal energy requirements (kWthh/kg) 3.491 1.128 1.069

Electrical energy requirements (kWeh/kg) 2.464 0.943 1.003

Primary energy requirements (kWthh/kg) 9.652 3.485 3.576

CO2 emissions (kgCO2
=kg)a 0.506/1.629 0.351/0.781 0.176/0.634

Water consumption (m3
w/kg) 1.067 0.202 0.144

Water loss (m3
w/kg) 0.077 0.015 0.011

Material intensity (kgwaste/kg) 0 0 0

Pollutant emissions (kgpollutant/kg) 0 0 0

Toxic emissions (kgtoxic material/kg) 0 0 0

Abbreviations: CAPEX, capital costs; OPEX, operational expenses; TAC, total annual costs.
aGreen/gray electricity usage.
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is a graphical representation of DWC and thermodynamically equiva-

lent sequence of distillation columns, no numerical data is associated

with it. Furthermore, additional details about the thermodynamic

property models, validation of the obtained results, and the designs of

the recovery processes when pure oxygen is used instead of air

(Cases 3, 4a, and 4b) are also included in the Supporting

Information S1.
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