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Abstract More than half of the bioethanol plants in

operation today use corn or grains as raw materials. The

downstream processing of mash after fermentation to

produce ethanol and distiller grains is an energy-demand-

ing process, which needs retrofitting for optimization. In

addition, the fluctuation in the ethanol and grain prices

affects the overall profitability of the plant. For this pur-

pose, a process simulation was performed in Aspen Plus�

based on an existing industrial plant located in Sweden.

The simulations were compared using different scenarios

including different concentrations of ethanol, using the

stillage for biogas production to produce steam instead of

distiller grains as a by-product, and altering the purity of

the ethanol produced. Using stillage for biogas production,

as well as utilizing the steam, reduced the overall energy

consumption by 40 % compared to the plant in operation.

The fluctuations in grain prices had a high impact on the

net present value (NPV), where grain prices greater than

349 USD/ton reached a zero NPV. After 20 years, the plant

in operation producing 41,600 tons ethanol/year can gen-

erate a profit of 78 million USD. Compared to the base

case, the less purified ethanol resulted in a lower NPV of 30

million USD.

Keywords Process design � Retrofitting analysis �
Ethanol � Aspen plus � Techno-economic analysis

Abbreviations

DDGS Dried distillers grains with soluble

TS Total solids

NPV Net present value

PBP Payback period

CCP Cumulative cash position

NFDS Non -fermentable dissolved solids

Introduction

The global depletion of oil and environmental concerns has

led to the search for renewable fuel sources. Today, several

forms of alternative energies exist of which, the contribu-

tion of biofuels ethanol, biodiesel, and biogas is significant.

Ethanol was introduced in the transportation sector in the

early 1900s in the United States from corn as a raw

material [1]. Similarly, ethanol production from sugarcane

was introduced in Brazil by the Brazilian Alcohol Program

systematized in 1975. In 2012, Brazil and the United States

together produced about 85 % of the total ethanol pro-

duction in the world, equivalent to 72.7 million cubic

meters [2, 3].

The majority of ethanol producing plants use food or

arable crops including sugarcane, corn, or grains [4]. The

choice of this raw material depends on the excess amount of

crops generated in the country. For instance, the sugarcane

production in Brazil exceeded 721 million tons in 2012,

leaving it as a potential substrate for producing ethanol [5].

Correspondingly, in Sweden, the wheat production was

about 2.3 million tons in 2012, leaving it as a potential

source for ethanol production [5]. In 2011, the overall

ethanol generation in Sweden was about 300 tons/day [6].

Ethanol production from food crops is a matured

technology and produced as follows depending on the raw
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material: for instance, corn or grains are ground either by

wet or dry milling, followed by the addition of enzymes

such as a-amylase and gluco-amylase to release the

sugars, and thereafter, the temperature of the fluid is

increased to liquefy the feed. Furthermore, the liquefied

feed is sent to the fermentor, where by the action of the

yeast, ethanol is obtained after fermentation. Unlike, corn

and grain, ethanol production from sugarcane is obtained

after steps such as extracting the sugarcane juices, fol-

lowed by the addition of sulfuric acid, lime, and thick-

eners, and the removal of impurities before it is

fermented. The fiber residue of the cane, after cane juices

have been extracted, called bagasse is sent to the boilers

for electricity production. The ethanol produced after

fermentation is sent to the distillation columns for

downstream processing and purification. The residue from

the distillation process, called as stillage contains organics

and proteins, is centrifuged, evaporated, and dried to

produce dried distillers grains with solubles (DDGS) as a

by-product. However, depending on the raw material,

milling type, etc., different by-products can be generated.

For instance, the wet milling of corn results in gluten feed

and gluten meal, which are used in the poultry industries;

corn oil and corn steep liquor are other valuable products

obtained apart from ethanol [1, 7–12].

Though this technology is commercialized, today many

plants face operational problems and need a retrofitting.

For instance, some plants are not equipped with a dehy-

dration column when designed or need to be retrofitted by

adding or removing a dehydrator. In addition, the evapo-

ration of the stillage is a high energy consuming process,

which demands the innovation of a better technology or

alternatives. Previously, some techno-economic studies

were proposed for sugarcane, grains, or corn [8–11, 13].

Quintero et al. [11] compared the ethanol production from

sugarcane and corn, based on Colombian conditions, and

evaluated the economic and environmental performance

for both the processes. In another study, ethanol production

from the corn dry milling process was evaluated using

SuperPro Designer, considering different costs for corn, [9]

while Sokhansanj et al. [13] studied the effect of the cost

on feedstock and supply logistics in the ethanol production.

The studies so far, however, do not consider any changes to

the plant, which could be a critical factor during the course

of time. The main novelty of this work is to study the

different retrofit options available for the first generation

ethanol production and the effect of economic sensitivities

on ethanol and grain prices.

In this work, an industrial ethanol plant using grains as

raw materials was simulated to study the techno-economic

perspective. Having this as the base simulation, several

retrofit scenarios were compared and the energy con-

sumption was studied including the effect of evaporators,

usage of a dehydration column to remove the excess

moisture, different yeast strains for ethanol production, and

sensitivity analyses were performed for the cost of ethanol,

grains, and DDGS, etc. The profitability indexes, invest-

ments, energy consumptions, technical variations between

the base simulations and the modified scenarios were

compared and analyzed.

Methods and modeling

Process description (base case)

The base simulation was performed with reference to the

data obtained from the ethanol plant in Norrköping

(Lantmännen Agroetanol AB, Sweden). All the equipment

was modeled using Aspen Plus� (version 8.4). Figure 1

shows the process flow sheet of the ethanol production

from grains. The grains were transported to the plant

using trucks and stored in a silo. From the stored silo, it

was transported through the conveyor belts for milling.

About 18.8 t/h grains with TS of 86.5 % were milled

using a dry mill process to obtain coarse flour, which

contains 66 % starch, 12 % proteins, and 22 % others.

Furthermore, the flour feed was sent to a slurry tank of

volume 40 m3, to be mixed with the incoming process

water and a-amylase. After that, the feed was sent to two

liquefaction tanks, which were operating at 73 and 88 �C

to dissolve as much as possible and initiate the conversion

of starch to its monomeric form, glucose. The retention

times for the liquefaction tanks were 2.2 and 2.1 h,

respectively. Once the liquefaction was complete, the feed

was cooled down to 33 �C, to facilitate the fermentation

process.

About 58.8 t/h cooled feed was pumped into the five

fermenters with a retention time of 2.78 days. In the fer-

mentation process, gluco-amylase is added before the mash

enters fermentor where yeast is present. The yeast converts

the newly released sugars into ethanol and carbon dioxide.

Approximately, 5.1 t/h carbon dioxide was released from

the fermentor, while 5.4 t/h ethanol was obtained after

fermentation. The fermented mash with the ethanol, the

residues such as proteins, other glucose based materials,

and other non-fermentable dissolved solids were sent to the

distillation column for the purification of ethanol. The

detailed information about the distillation column data is

provided in Table 1. In total, three distillation columns

were used, where the initial heat was supplied to the third

columns’ reboiler. Subsequently, the heat from the third

columns’ condenser was sent to heat the second columns

reboiler and it was continued for the first column. The feed

from the fermentors was split equally between the distil-

lation columns one and two, respectively, and the ethanol
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was purified between 45 and 50 %. The top from both the

distillation columns was sent to the third column, where the

ethanol was purified to about 91 %.

The residue remaining after the distillation process

called ‘‘stillage,’’ contains the leftovers such as proteins,

other glucose-based materials and other non-fermentable

dissolved solids (NFDS) that were sent to a decanter where

the solid wet cake contain about 32 % TS. The solid stream

was sent to the dryer for the production of DDGS. For the

thin stillage stream, about 19 % was recycled back to liq-

uefaction, and the remaining feed was sent to the evapo-

rator, which was a 5-stage evaporator operating between 80

and 85 �C. The concentrated thin stillage called syrup from

the evaporator were sent along with the solids from the

centrifugation for the production of DDGS. In addition, the

condensed water from the evaporators was collected and

recycled back to the first mixing tank, as processing water.

The dryers were operated at 115 �C and then pelletized to

produce DDGS. About 7.7 t/h DDGS was produced, which

contained 90 % TS. The DDGS is stored in silos, before it

is sold to the market.

The purified ethanol stream, resulting after the distilla-

tion process, contains excess water, which cannot be

removed due to azeotropic nature of ethanol/water mix-

tures. Therefore, a so-called pressure swing adsorption is

used to purify the ethanol according to the specification.

When the first dehydration column was in operation, the

feed was added from the bottom, where water is retained,

while purified ethanol can pass though the column filled

with a zeolite. About 70 % of the purified stream was sent to

the storage tank as a final product, while the other 30 % was

sent to the second dehydration column which is under

regeneration. This regeneration product called purge is

given back to the rectification column. About 5.2 t/h etha-

nol was produced as a final product, which was sold to the

market.

Retrofitting analysis

The current ethanol production methods result in fewer by-

products; moreover, utilizing the stillage after fermentation

can result in different by-products, which can improve the

overall economy of the process [14]. With reference to the

base case simulation, different retrofitting alternatives were

considered in the current flow sheet. Figure 2 shows the

block flow diagram for the different retrofits considered in

this study. The energy consumption, economical

Fig. 1 Process flow-sheet for the base case (red dashed line heat transformation between distillation columns, green dashed line ethanol recycle

flow, solid line Product ethanol flow) (color figure online)

Table 1 Conditions for the distillation columns used in the base case

Condition Distillation

column 1

Distillation

column 2

Distillation

column 3

Number of trays 25 25 31

Optimal feed tray 11 11 15

Pressure (atm) 0.3 0.7 2.6

Purity of ethanol in

distillate (%)

0.45 0.51 0.91
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investments, revised payback period, etc., were recalcu-

lated. The different retrofits were as follows:

• Retrofit 1: In the base case simulation, three distillation

columns were used followed by two dehydrator

columns to reach a final purity of 99.5 %. In this

retrofit, the dehydrator columns were replaced by a

fourth distillation column. The final purity of ethanol

was 93 %, and the ethanol was sold at a reduced cost of

775 USD/ton (http://www.alibaba.com).

• Retrofit 2: The concentration of ethanol obtained after

the fermentation in the base simulation was 10 %.

However, this concentration was increased to 17 %

ethanol (retrofit 2A), as there are certain commercial

strains of the baker’s yeast that can tolerate this

concentration. On the other hand, a 4 % ethanol

concentration strain (retrofit 2B) was considered to

check its effect on energy and economics. The different

concentrations of ethanol reflects the amount of water

usage in the process, thereby reducing or increasing the

effect on the distillation column and the overall size of

the equipment considered.

• Retrofit 3: Currently, the evaporators are used for the

stillage to produce DDGS, and process water is

recycled. However, in the developing countries, evap-

oration is often not used, as it is an energy-intensive

process. The stillage contains leftover organics, and

proteins, which can be used for the biogas production.

Biogas is a combination of methane and carbon

dioxide, formed due to the anaerobic digestion of

organics (stillage). In this retrofit, the stillage was used

to produce biogas, which can be used to produce steam

for the process. Even though the DDGS by-product

revenue is absent, the cost of the utilities would be

considerably low. For this purpose, the biogas process

was modeled according to Rajendran et al. [15, 16].

Energy and economics

Table 2 shows the list of assumptions made to carry out the

simulation in this study. All the equipment considered in

this study was made of stainless steel. The economic

analysis was carried out using Aspen Process Economic

Fig. 2 Block flow diagram

showing different retrofit

scenarios considered in this

study

392 Bioprocess Biosyst Eng (2015) 38:389–397

123

http://www.alibaba.com


Analyzer (8.4). The economic calculations were carried out

based on the pricing from the first quarter of 2013. The

ethanol is sold at a price of 875 USD/ton, before tax. All

the profitability indexes such as the capital investment, net

present value (NPV), payback period (PBP), revenue,

utilities, operational costs, cash-flow diagrams, and cost of

raw materials for all the different retrofits were performed

and analyzed according to Turton et al. [17]. Here, the PBP

refers to the recovery of the investment and working cap-

ital, after the operation of the plant.

The energy consumption calculations were performed

using the Aspen Process Energy Analyzer (8.4). The

energy consumption was summarized in terms of sections

in the process flow sheet. Here, the liquefaction section

includes the energy consumption for grinding the grains

and adding water and enzymes to the liquefaction tanks (1

and 2), where the reactor is heated to liquefy the feed. The

second section is the fermentation section, where the

energy consumption for cooling the feed as well as the

fermentation process is considered. The downstream pro-

cessing is divided into two sections, namely: evaporation

and drying as well as distillation and dehydration. In

evaporation and drying, the energy consumption for the

centrifugation, evaporation, and drying to produce the by-

product DDGS was taken into account. The distillation and

dehydration section includes the purification of ethanol

through distillation and molecular sieves to remove the

moisture until a final product is obtained.

Sensitivity analysis

A sensitivity analysis was carried out on the base case

simulation, by varying the annual processing capacity from

10 to 600 %. Here, 100 % refers to the base case with a

processing capacity of 150,400 tons of grains/year. The

sensitivity analysis was carried out to a processing capacity

between 15,000 and 902,000 tons/year. The investment

parameters such as capital investment, cash flow analysis,

NPV, PBP, operating cost, raw material cost, and utilities

cost were calculated for each of the processing capacities.

Varying the process capacity shows the effect of having a

divergence scale for the plant, suitable for different coun-

tries and the availability of raw materials. The fluctuation

in the cost of ethanol, grains and DDGS were the other

economic parameters, which affects the overall profitability

of the plant. For this purpose, from the preliminary

assumptions, the cost of ethanol, grains, and DDGS was

altered by ±50, ±100 USD/ton. The minimum selling

price of ethanol and DDGS, and the maximum cost of the

grains at which the NPV becomes zero were estimated.

Results and discussion

Retrofitting analysis on the ethanol production from grains

was performed using Aspen Plus. The energy calculations

were performed using Aspen Energy Analyzer, and the

economics of the plant was calculated based on Aspen

Process Economic Analyzer. The techno-economic per-

formance and the energy utilization studies were compared

for the different retrofits and sensitivities.

Base case

For the base case, the plant that is in operation today was

considered. All the unit operations were mass- and energy-

balanced based on the data obtained from Lantmännen

Agroetanol AB, Sweden. The fermentor to produce the

ethanol was modeled based on the NREL model [18, 19].

Table 3 shows the allocation of the energy consumption for

the different sections of the plant. In the distillation col-

umn, the heat was transformed between the condensers in

the third column, to the reboiler of the second column. This

heat integration reduced the amount of energy consumption

in the plant. However, about 40 % of the total energy

consumption of the plant was consumed for the down-

stream processing of the ethanol, which includes the dis-

tillation and dehydration processes. The annual ethanol

production and DDGS is equivalent to 41,600 and 61,600

tons, respectively. This ethanol production capacity is

equivalent to *40 % of the total ethanol production in

Sweden [6].

Table 2 List of assumptions considered while conducting this study

Type Assumption

Annual processing capacity 150,400 tons grains/year

Cost index 2013 1st quarter

Annual operating time 8,000 h

Depreciation method Straight line

Working capital 15 %

Tax rate 33 %

Interest rate 6 %

Lifetime of the plant 20 years

Salvage value 5 %

Electricity 0.067 USD/kWh

Water 0.5 USD/m3

Waste water treatment 0.1 USD/m3

Steam 0.01 USD/kg

Grains 300 USD/ton

Carbon dioxide 0.1 USD/kg

Ethanol cost 875 USD/ton

DDGS cost 370 USD/ton

a-Amylase 4.6 USD/kg

Gluco-amylase 5.3 USD/kg
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In terms of economics, the total capital investment

required for the plant was 69 million USD (Fig. 3). Arifeen

et al. [10] reported a capital investment of 48 million USD

for the capacity to produce 30,000 tons ethanol/year. The

results in the current study were in accordance with Arifeen

et al. and Lang et al. [10, 20], considering the inflation and

capacity. The products and the by-products due to the

fermentation of the grains include ethanol, carbon dioxide,

and DDGS, which resulted in the annual revenue of 63

million USD, while the operating costs were 56 million

USD, respectively. The investments and the working cap-

ital could be gained back in 13 years, and the NPV after

20 years of operation was 78 million USD. It is a positive

investment; however, the cumulative cash position (CCP),

i.e., capital investment to the NPV ratio was 1.13, sug-

gesting that it is not economically attractive to the fullest. It

would be interesting to compare the proposed retrofitting

scenarios to the existing scenario in the plant.

Sensitivity analysis for different processing capacities

With reference to the base case of the capacity of pro-

cessing 150,400 tons grains/year, a wide range of plant

capacities was considered, namely, from 10 % of the base

case to 600 % of the base. Figure 3 shows the cash flow

diagram and other economic parameters for the different

capacities considered in the sensitivity analysis. The results

suggest that reducing the plant capacity has adverse effects

on the plant profitability and that reducing the capacity less

than 75,200 tons/year, i.e., 25 % of the base case, is not

profitable. Increasing the plant capacity had an overall

positive effect on the economics; however, the PBP of the

plant remains around 11 years. It could be that increasing

the plant capacity also means a higher investment, which

could not be recovered for at least 10 years with the current

processing methods. For a plant processing 902,400 tons/

year, the NPV obtained after 20 years was 641 million

USD, while the capital investment was 258 million USD.

This resulted in a CCP of 2.48, which is 120 % higher than

the base case.

The cost of ethanol, grains, and DDGS is one of the

important factors, which affect the profitability of the plant.

A sensitivity analysis was carried out for different prices of

raw materials and products, suggesting how the market

fluctuation affects the economics of the plant. Figure 4

shows the NPV and PBP for different sensitivity analyses

carried out on the ethanol producing plant from the grains.

Compared to the selling price of ethanol and DDGS, the

Table 3 Overall energy consumption of the plant for different

retrofits

Energy (GW/year)

Base

case

Retrofit-

1

Retrofit-2

EC-4 %a
Retrofit-2

EC-17 %a
Retrofit-

3

Liquefaction 5.5 5.4 15.2 3.5 1.8

Fermentation 0.7 0.7 2.2 0.5 0.7

Evaporation

and drying

5.5 5.0 12.8 3.7 2.3b

Distillation

and

dehydration

7.7 10.1 13.3 6.1 7.2

Total energy

consumption

19.4 21.2 43.5 13.8 12.0

a Ethanol concentrations
b Anaerobic digestion

Fig. 3 Economic parameters such as cash flow diagram (a), NPV,

capital investment, operating cost (b), raw materials cost and PBP

(c) for different capacities of the plant
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purchase price of the grains affects the economics of the plant

adversely. Increasing the grains price to 350 USD/ton lowers

the NPV to less than ‘0,’ and the maximum price for the

grains for the NPV to have a positive NPV was 349 USD/ton.

Although the decreasing prices of ethanol and DDGS had a

negative effect on the NPV, reducing the product cost to less

than 100 USD/ton, respectively, for ethanol and DDGS from

the base case, still had a positive NPV. The minimum cost of

ethanol to be sold for a zero NPV was 702 USD/ton, whereas

for DDGS it was 250 USD/ton. A 59 % increase in the NPV

could be obtained by increasing the ethanol price from the

base case by 100 USD/ton.

Comparison of different retrofits

The base case was compared to different retrofits such as

removal of the dehydrator column to the distillation

column, different ethanol-tolerant yeast strains, utilization

of biogas to steam instead of producing DDGS, and fungal

bio-refinery of stillage to produce fish feed. Figure 5 shows

the different economic parameters for the retrofits consid-

ered in this study. In the past, some of the ethanol pro-

ducing industries did not produce a 99.5 % pure ethanol;

instead, they produced a lower grade, for instance 93 %.

For this purpose, one retrofit scenario was to consider

replacing the dehydrator with a distillation column. Com-

pared to the base case, adding a distillation column instead

of a dehydrator is a 30 % capital-intensive process. In

addition, the purity of the ethanol is lower, resulting in a

lower NPV of 30 million USD, compared to 78 million

USD in the base case. Thanks to the development in

chemical engineering, this resulted in an efficient pro-

cessing through dehydration, increasing the final purity of

the ethanol.

The common yeast strain used today in ethanol pro-

duction is baker’s yeast. However, there are certain other

strains, which can produce ethanol at higher or lower

concentrations. Two different ethanol concentrations were

considered, i.e., 4 and 17 % to test the sizing and energy

consumption of the plant. In principle, the water con-

sumption of the process was altered, resulting in the

varying sizes of the different unit operations in the process.

For the 4 % ethanol concentration, the sizing of the

equipment was increased by 1.5 times compared to the

base case, in terms of the direct cost for the equipment;

however, a high yeast-tolerant strain could reduce the

overall sizing by 10 %. Considering the energy consump-

tion, a 4 % ethanol strain consumes more than double the

energy compared to that of the base case. The NPV for 4 %

ethanol strain was 51 million USD, while for 17 % ethanol

tolerance, the NPV was 60 % higher compared to the base

case. In terms of the energy consumption, 4 % ethanol

tolerance could use 67 % more energy compared to that of

the base case, whilst 17 % ethanol tolerance case could use

4 % less energy.

Currently, in the plant, the stillage is sent to produce the

DDGS, which is used as an animal feed after evaporation

and drying. From the base case, we could identify that the

energy consumption for evaporation and drying of the

stillage was 5.5 GW h/year. This is an energy-intensive

process, and in retrofit scenario 3, we evaluated the out-

come if an anaerobic digester was used instead to produce

heat, which can be utilized for the process. The results

suggest that using the heat for the process is economically

attractive compared to the current scenario today. Barta

et al. [21] have utilized biogas from thin stillage in a sec-

ond generation ethanol production from soft-wood, and

showed that it was about a 12 % energy efficient process.

In this study, the energy consumption has gone down by

7.4 GWh, compared to the base case, which could be due

Fig. 4 Effect of different prices of ethanol (a), grains (b), and DDGS

(c) on profitability indexes
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to the processing of the stillage for evaporation and drying

to produce the DDGS. Nonetheless, the total product sales

went down by 8 million USD/year, as the by-product

DDGS was not produced.

Conclusion

Retrofitting analyses of first generation ethanol production

was modeled using Aspen Plus, and it was analyzed based

on techno-economic perspectives. The results suggest that

the purchase price of grains plays an important factor in the

profitability of the plant, while decreasing the ethanol to

less than 702 USD/ton is not profitable. The retrofitting

comparisons revealed that using the stillage for biogas

reduced the overall energy consumption by 39 % com-

pared to the base case. Reducing the plant size to less than

75,000 tons grains/year is not profitable, while increasing

the plant size more than 300,000 tons grain/year did not

decrease the PBP to less than 11 years.
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