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Abstract

An Aspen Plus™ modeling platform was developed to evaluate the per-
formance of the conversion process of degermed defibered corn (DDC) to
ethanolin 15-and 40-million gallons per year (MGPY) dry mill ethanol plants.
Upstream corn milling equipment in conventional dry mill ethanol plants
was replaced with germ and fiber separation equipment. DDC with higher
starch content was fed to the existing saccharification and fermentation units,
resulting in higher ethanol productivity than with regular corn. The results
of the DDC models were compared with those of conventional dry mill etha-
nol process models. A simple financial analysis that included capital and
operating costs, revenues, earnings, and return on investment was created to
evaluate each model comparatively. Case studies were performed on 15- and
40-MGPY base case models with two DDC process designs and DDC with a
mechanical oil extraction process.

Index Entries: Dry mill; degermed defibered corn; ethanol; modeling;
economics.

Introduction

Annual ethanol production in North America was more than 2.7 bil-
lion gallons at the end of 2002 and was expected to grow by 32% in 2003, to
3.56 billion gallons (1). Corn is the major feedstock for ethanol. Two pro-
cesses are currently used to manufacture ethanol from corn: dry- and wet-
milling processes. In the dry-milling process, whole corn is hammer milled
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to the required size followed by liquification, saccharification, fermenta-
tion, and downstream separations. The dry-milling process typically yields
ethanol, CO,, and dried distillers grains and solubles (DDGS). In the wet-
milling process, corn is steeped for 30-50 h at 120-130°F in dilute sulfur
dioxide solution followed by germ, bran, and gluten separations. The result-
ing starch stream is fermented to ethanol. The wet-milling process typically
yields corn oil, germ meal, gluten meal, gluten feed, condensed fermented
extractives, starch, and/or ethanol.

Dry mills are less capital intensive but produce less valued byprod-
ucts than wet mills. Conversely, profitability in the current wet-milling
industry isenhanced by the revenues generated by byproducts. The overall
economics of ethanol production in dry mills is expected to improve by
designing new plants or modifying existing plants to generate value-added
byproducts. Removal of the germ and fiber fractions from the corn enhances
the starch concentration in the degermed defibered corn (DDC) and results
in higher ethanol productivities during fermentation (2).

Fermentations with DDC increased the ethanol concentration by
11% vs whole corn (2). Several process designs and technologies, such as
“Quick Germ” and “Quick Fiber” separations, developed by the University
of Illinois, are emerging to fractionate corn into DDC, germ, and fiber (3,4).
Several studies have focused on improving dry mill profitability by germ-
tiber separation (4-6).

The objective of the present study was to develop an Aspen Plus—
based modeling platform to evaluate competing DDC technologies, iden-
tify critical cost factors, and provide research directions based on overall
process economics. For simplicity, only new corn-and DDC-based dry mill
plants were considered. Case studies were performed using feedback from
industrial partners, and financial summaries were created to evaluate each
model comparatively.

Model Development
Base Case Models

For the base case, 15- and 40-million gallons per year (MGPY) (based
on anhydrous ethanol) dry mill models developed by Frank Taylor and
colleagues at Eastern Regional Research Center, ARS-USDA (Wyndmoor,
PA) were updated in consultation with Delta-T Corporation (DTC),
Williamsburg, VA and several industrial collaborators. The production of
denatured ethanol (94.9% ethanol) for Base Case 15 and Base Case 40
(MGPY) models were 16.1 and 42.2 MGPY, respectively. The models
included process flows and parameters, capital costs, raw materials, utili-
ties and fixed costs, and byproducts revenues. The feedstock consisted of
corn with 73 wt% starch on a dry basis. Ethanol concentration in the beer
was 10 wt%. Protein concentration in the DDGS was 28 wt%.

As shown in Fig. 1, the unit operations included in the process model
are dry milling, cooking-liquification, saccharification, fermentation, dis-
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Table 1

Design Basis for Base Case Model
Parameter Value
Starch to glucose efficiency 98%
Glucose to ethanol efficiency 93%
Beer concentration 10% by wt.
Centrifuge efficiency 78%
Wet cake solids 35%
Syrup solids 40%
DDGS moisture 10%
Operating hours 8400 h/yr
Denaturant in product 4.76%
Thermal oxidizer Included
Boiler efficiency 82%

tillation, molecular sieve separation, stillage concentration, and DDGS
separation. Utilities used by the process include steam, gas, electricity,
chilled/cool water, and cooling tower water.

Steam was generated on-site using a gas-fired boiler. The cost for
cooling tower water is assumed to be zero owing to the availability of
on-site cooling tower water. Steam cost was transferred to natural gas cost
in the boiler with 82% efficiency. Centrifuge efficiency was 78% and wet
cake solid content was 35% based on DTC feedback. The design basis for the
base case model is provided in Table 1.

DDC Models

Upstream corn-milling equipment in 15- and 40-MGPY base case
models was replaced with the germ and fiber separation equipment shown
in Fig. 2. The unit operations included in the integrated process were corn
cleaning, germ and fiber separation, germ and fiber drying, cooking-
liquification, saccharification, fermentation, distillation, molecular sieve
separation, stillage concentration, and DDGS separation. DDC with higher
starch content was fed to the existing saccharification and fermentation
units, resulting in higher ethanol productivity than with regular corn.
The mass flow rates of mash were made comparable to the base case model
by adjusting the water balance in the model. DDC streams generated by
two technologies—(1) Frazier Barnes Associates and CTI Technology (FB)
based on a 1993 patent (7), and (2) DTC—were used for the analysis. The
DTC-DDC 15 (MGPY) model generated DDC, fiber, and germ with 79, 68,
and 40 wt% starch (dry basis), respectively. Beer ethanol concentration was
10.7 wt%. The FB-DDC 15 and 40 (MGPY) designs generated DDC, fiber,
and germ with 86, 25, and 25 wt% starch (dry basis), respectively. Beer
ethanol concentration was 10.8 wt%. Additionally, the centrifuge efficiency
was reduced to 75%, and wet cake solid content was reduced to 35% based
on DTC feedback.
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Table 2
Market-Sensitive Assumptions
Unit Price/unit
Ethanol Gal $1.24
Corn Bu $2.38
Gas MMBtu $5.00
Electricity kWh $0.05
DDGS US ton $95.25
Hi-DDGS US ton $110.00
Corn germ US ton $131.00
Corn fiber US ton $60.00
Corn oil US ton $520.00
De-oiled germ US ton $110.00
o-Amylase Ib $1.50
Glucoamylase Ib $1.50
Yeast Ib $2.50

DDC Model With Oil Extraction

As a special case, the FB-DDC 40 model was expanded to include a
mechanical oil expeller block. The efficiency of the mechanical expeller was
assumed to be 63%. The remaining oil was retained in the de-oiled germ
stream without actually enhancing its value.

Economic Models

The mass and energy balance results generated by the base case and
DDC models were exported to a separate spreadsheet to evaluate the
process economics. Equipment and utilities costs were updated by DTC.
A straight-line annual depreciation for 10 yr of project life was assumed.
No salvage value was considered at the end of the project life. The price of
ethanol, corn, and other market-sensitive assumptions are provided in
Table 2. These prices were reviewed and updated by industrial collabora-
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tors. The DDC-DDGS, also known as Hi-DDGS, from DDC process is priced
at $110/t owing to the expected increase in protein content. Germ value is
set at $131/t based on current oil price and processing costs. Germ value
was updated by MBI based on feedback from Frazier-Barnes Associates.
Fixed operating costs were updated by the industrial partners listed under
Acknowledgments.

Results and Discussion

Ethanol Production

With the DTC-DDC 15 design, annual production rate was enhanced
from 16.1 to 17.7 MGPY of denatured ethanol. The FB-DDC 15 design
increased the production rate from 16.1 to 17.9 MGPY, and the FB-DDC 40
design increased the production rate from 42.2 to 47.1 MGPY. Germ and
fiber separation from corn resulted in a DDC stream higher in starch con-
tent than corn. Even at comparable solid loadings, DDC mash had a higher
starch concentration and a lower fiber concentration than corn mash.
The net result was an increase in ethanol productivity (Ib of ethanol/cu ft-h)
in DDC fermentations compared to the base case.

Ethanol and DDGS Yields

The base case ethanol yield was 2.74 dry gal/bu and DDGS yield was
18.1 Ib/bu for both the 15- and 40-MGPY plants. With the DTC-DDC 15,
overall ethanol yield dropped to 2.1 dry gal/bu. Ethanol production
increased by 10% over the base case. However, corn utilization increased
by 44%, resulting in lower overall yields. DDGS yield was 11 Ib/bu of corn.
With the FB-DDC 15 and 40, overall ethanol yield 2.63 dry gal/bu and
DDGS yield was 10 1b/bu. Ethanol production increased by 11% over the
base case and corn utilization increased by 13.6% over the base case. Starch
losses in germ and fiber streams owing to separation inefficiencies in DDC
plants resulted in a lower yield of ethanol per bushel of corn. Net DDC-
DDGS yields (Ib/bu) were lower owing to the removal of fiber and germ
components from corn. However, proteins were concentrated in the DDC
stream, and the protein content of DDC-DDGS was higher, at 35%, com-
pared with 26% in corn-based DDGS.

Germ and Fiber Yields

The DTC-DDC 15 model generated 4.7 Ib of corn germ/bu and 9.6 1b
of fiber /bu. Based on Frazier Barnes germ and fiber separation efficiencies,
the FB-DTC 15 and 40 models generated 5.36 1b of germ /bu and 3.56 Ib of
tiber/bu.

Utilities

The base case plants utilized electricity at 1 kWh/dry gal and natural

gasat0.035 MMBtu/dry gal. With added energy loads in the DDC process,
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electricity usage increased to 1.1 kWh/dry gal, and the gas usage increased
to 0.036 MMBtu/dry gal. For the oil recovery equipment, incremental costs
were added as electricity costs at 0.336 kWh/dry gal of ethanol.

Capital and Fixed Costs

The total capital was $29.8 million for Base Case 15 and $52 million for
Base Case 40 models, representing $1.85/gal and $1.23/gal, respectively.
The total capital was estimated at $35.8 million for both DDC 15 models.
For the FB-DDC 40 model, the estimated capital was $59 million, with an
additional $3.2 million for oil recovery. Labor and other fixed costs were
updated using feedback from industrial collaborators.

Financial Summaries

The economic performances of the various models considered for the
study were compared using return on investment (ROI) financial analysis
as shown in Table 3.

Base Case 15

Total operating costs excluding byproduct credits were $23 million/ yr.
Revenue from sales was estimated at $19.96 million/yr from ethanol and
$4.8 million/yr from DDGS. The earnings before interest and income tax
(EBIT) was $1.7 million/yr, and the earnings before interest, income tax,
depreciation, and amortization (EBITDA) was $4.35 million/yr.

Base Case 40

Total operating costs excluding byproduct credits were $56 million/yr.
Revenue from sales was estimated at $52.36 million/yr from ethanol and
$12.58 million/yr from DDGS. The EBIT was $9 million/yr and the EBITDA
was $13.73 million/yr.Improved economy of scale leading to lower capital,
labor, and depreciation per gallon of ethanol enhanced the overall economy
of the 40-MGPY plant.

DTC-DDC 15

Total operating costs excluding byproduct credits were $30.9 million/yr.
Revenue from sales was estimated at $21.90 million/yr from ethanol,
$4.85 million/yr from DDGS, $2.48 million/yr from dry germ, and
$2.30 million/yr from dry fiber. The EBIT was $578,351 /yr and the EBITDA
was $3.77 million/yr. Low ethanol yields resulted in higher corn demand
and costs. The overall increase in operational costs overshadowed improve-
ments in ethanol productivity and product revenues. Net drop in EBIT and
added cost of DDC separation equipment resulted in unattractive returns
compared to the Base Case 15 model.

FB-DDC 15

Total operating costs excluding byproduct credits were $26.3 million/yr.
Revenue from sales was estimated at $22.25 million/yr from ethanol,
$3.6 million/yr from DDGS, $1.9 million/yr from dry germ, and $0.6 mil-
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Fig. 3. Capital cost per gallon of ethanol: P1 = FB-DDC 40 with oil, P2 = FB-DDC 40,
P3 = Base Case 40, P4 = FB-DDC 15, P5 = DTC-DDC 15, P6 = Base Case 15.

lion/yr from dry fiber. The EBIT was $2.1 million/yr and the EBITDA was
$5.3 million/yr. Improvement in germ-fiber separation efficiency signifi-
cantly enhanced FB-DDC 15 economics over the DTC-DDC 15 model.

FB-DDC 40

Total operating costs excluding byproduct credits were $64.2 million/yr.
Revenue from sales was estimated at $58.4 million/yr from ethanol,
$9.3 million/yr from DDGS, $6.0 million/yr from dry germ, and $1.8 mil-
lion/yr from dry fiber. The EBIT was $11.2 million/yr and the EBITDA was
$16.7 million/yr.

FB-DDC 40 With Oil

Total operating costs excluding byproduct credits were $65.4 million/yr.
Revenue from sales was estimated at $58.4 million/yr from ethanol,
$9.3 million/yr from DDGS, $4.2 million/yr from de-oiled germ, $3.8 mil-
lion/yr from oil, and $1.8 million/yr from dry fiber. The EBIT was
$12.1 million/yr and the EBITDA was $17.9 million/yr.

FB-DDC 40 models benefited from improvements in germ-fiber sepa-
ration efficiency, economy of scale and value-added byproducts over the
base case and the DTC-DDC model.

As shown in Fig. 3, the capital cost/gal of ethanol depended on the
plant size. The base case plants required $1.85/gal and $1.23/gal at the
15- and 40-MGPY scales, respectively. The DTC and FB-DDC 15 plants
required capital at $2/gal. The FB-DDC 40 model required marginally
higher capital than the base case. Oil recovery increased the capital inten-
sity by $0.09/gal over the base case.

As shown in Fig. 4, the economy of scale affects the production cost of
ethanol. Ethanol production costs (including byproduct revenues) were
$1.13/gal for the Base Case 15 model and $1.03 for the Base Case 40 model.

Applied Biochemistry and Biotechnology Vol. 120, 2005
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Fig. 4. Production cost per gallon of ethanol: P1 = FB-DDC 40 with oil, P2 = FB-DDC 40,
P3 = Base Case 40, P4 = FB-DDC 15, P5 = DTC-DDC 15, P6 = Base Case 15.
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Fig. 5. Byproduct revenue contribution to total sales: P1 = FB-DDC 40 with oil,
P2 = FB-DDC 40, P3 = Base Case 40, P4 = FB-DDC 15, P5 = DTC-DDC 15, P6 = Base
Case 15.

By-Product Value
% of Total Sales

The DTC-DDC 15 model projected an increase of $0.07/gal over the base
case. Owing to the improvement in separation efficiencies and reduced
starch losses in germ and fiber streams, the FB-DDC 15 model predicted a
reduction of $0.01/gal over the base case. The FB-DDC 40 model lowered
the production costs by $0.03/gal, and the FB-DDC 40 with oil model
reduced the cost by $0.05/gal over the base case.

The revenue contribution from byproducts was significantin the DTC-
DDC 15 model as shown in Fig. 5. Byproducts accounted for 30.5% of the
total sales compared with 19.4% in the Base Case 15 model. The FB-DDC 15

Applied Biochemistry and Biotechnology Vol. 120, 2005
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Fig.6.ROI: P1 =FB-DDC 40 with oil, P2 = FB-DDC 40, P3 = Base Case 40, P4 = FB-DDC
15, P5 = DTC-DDC 15, P6 = Base Case 15.

and 40 models showed a marginal increase over the base case. However,
oil recovery increased the byproduct revenue by 5.3% over the base case.

RO, defined as the ratio of EBIT over total capital, for each case is
compared in Fig. 6. The DTC-DDC 15 model was less attractive (ROI =
1.62%) than the Base Case 15 model (ROI = 5.75%). The FB-DDC 15 model
marginally improved the ROl over the base case. However, at the 40-MGPY
scale, the FB-DDC 40 models showed a 1.74% (without oil) and 2.23% (with
oil) increase in ROI over the base case.

Sensitivity Analysis

The effect of market-sensitive parameters on the overall performance
of each model is shown in Table 4. Current economic models (case 1) were
based on the assumptions in Table 2. For case 2, the prices were changed to
$1.18/gal of ethanol, $85/t of DDGS, $100/t of DDC-DDGS, and $2.2/bu of
corn torepresentaspecific industrial condition. Individual ROIs decreased
for all the cases, as shown in Table 4. However, the overall trend in ROI was
not affected. Case 3 is an extension of case 1 with the germ value dropped
to $80/t. The sensitivity of the DDC models to changes in germ value is
evidently illustrated. As shown in Table 4, the production costs of ethanol
increased and ROIs decreased for all DDC models with the exception of the
oil recovery case.

Based on this study, we have identified several internal and external
cost factors influencing the overall performance of DDC plants. External
factors included market prices of corn, DDGS, ethanol, and other byprod-
ucts. Lower corn prices and higher ethanol, corn oil, de-oiled germ, DDC-
DDGS, and fiber prices would favor DDC plants over existing ethanol
plants. Internal cost factors were influenced by plantscale, germ-fiber sepa-

Applied Biochemistry and Biotechnology Vol. 120, 2005
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ration efficiency, and starch losses in the DDC processes. Higher-scale
operation and improvements in process design leading to lower starch
losses in germ and fiber streams will enhance DDC process economics over
existing ethanol plants.

Conclusion

An Aspen Plus modeling platform was developed to evaluate the
performance of DDC to ethanol conversion in 15- and 40-MGPY dry mill
ethanol plants. Financial summaries were generated to compare the eco-
nomics of corn- and DDC-based dry mill ethanol plants. Case studies were
performed using different DDC process designs and feedback from indus-
trial partners. Germ-fiber separation efficiency, starch loss in germ-fiber
streams, and market values of the byproducts were established as critical
factors affecting the overall economics of the DDC process. Additionally,
the economies of scale and oil recovery at 40-MGPY capacity were estab-
lished as important factors enhancing the profitability of DDC plants over
conventional dry mill ethanol plants. Future research in this area should
focus on improving equipment design for efficient germ-fiber separation
and reduced capital requirement; enhancing oil recovery from germ; and
developing value-added products from corn fiber, de-oiled germ,and DDGS.
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