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Abstract Cost reduction on cellulase enzyme usage has

been the central effort in the commercialization of fuel

ethanol production from lignocellulose biomass. Therefore,

establishing an accurate evaluation method on cellulase

enzyme cost is crucially important to support the health

development of the future biorefinery industry. Currently,

the cellulase cost evaluation methods were complicated

and various controversial or even conflict results were

presented. To give a reliable evaluation on this important

topic, a rigorous analysis based on the Aspen Plus flow-

sheet simulation in the commercial scale ethanol plant was

proposed in this study. The minimum ethanol selling price

(MESP) was used as the indicator to show the impacts of

varying enzyme supply modes, enzyme prices, process

parameters, as well as enzyme loading on the enzyme cost.

The results reveal that the enzyme cost drives the cellulosic

ethanol price below the minimum profit point when the

enzyme is purchased from the current industrial enzyme

market. An innovative production of cellulase enzyme such

as on-site enzyme production should be explored and tested

in the industrial scale to yield an economically sound

enzyme supply for the future cellulosic ethanol production.

Keywords Cost evaluation � Cellulase � Ethanol �
Lignocellulose � Aspen Plus modeling

Introduction

High cost of cellulase enzyme is one of the major barriers

for commercialization of bioethanol production from lig-

nocellulose biomass [1, 2]. Currently, the cellulase cost

evaluation methods were complicated and various contro-

versial or even conflict results were presented [3]. Some

claimed that the cellulase enzyme cost was only varied

from $0.1 to $0.4/gal of ethanol, supporting that the current

technology was already economically sound [4–6]. On the

other hand, others pointed out that the cellulase enzyme

cost was still as high as up $0.69/gal ethanol [7] or even

$1.47/gal ethanol [1] by quoting the current market prices

of cellulase products in detergent, textile and animal feed

industries [8]. Such as high cellulase cost certainly gave a

negative evaluation on the feasibility of commercial cel-

lulosic ethanol production using the available cellulase

technology.

On the other hand, on-site or near-site production of

cellulase enzyme is proposed as a promising way to the

significant reduction of enzyme cost below $0.3/gal etha-

nol, because of its simplified purification and logistics, as

well as the potential cheap carbon source utilization from

lignocellulose material [9]. Hong et al. [10] compared the

two enzyme production methods and found that the on-site

mode reduced up to 30 % of the cellulase enzyme cost

compared to the off-site mode. Takimura et al. [11] found

that up to 70 % reduction of cellulase cost was achieved

using the on-site produced enzyme than that using the

purchased enzyme.

Due to the importance of cellulase enzyme cost evalu-

ation, it is definitely necessary to make the evaluation on

the uniform platform. In this study, the Aspen Plus model

developed by NREL [12] on the scale of daily 2000 tons of

dry corn stover capacity was selected for evaluating the
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minimum ethanol selling price (MESP) under the varying

enzyme supply modes, enzyme prices, process parameters,

as well as enzyme loading. The analysis of cellulase

enzyme cost on overall cellulosic ethanol and impact of the

commercialization were discussed based on the calculation.

Materials and methods

Process model

The process model used in this study is based on the design

report about process design and economics for biochemical

conversion of lignocellulosic biomass to ethanol which

issued by NREL in 2011 [12]. The process simulation is

developed using Aspen Plus software (AspenTech Co.,

Cambridge, MA, USA) by NREL with the changes on

cellulase enzyme supply mode. The physical property data

and the process parameters of the Aspen Plus process

model from the NREL report [13]. The plant size is 2000

metric tons dry corn stover each day with an 8410 oper-

ating hours per year. Figure 1 shows the schematic flow-

sheet of cellulose ethanol production, in which the corn

stover is pre-processed and delivered for dilute sulfuric

acid pretreatment. The hydrolysis is carried out using on-

site produced or purchased enzymes. The monosaccharides

(both glucose and xylose) obtained are converted to etha-

nol. The fermentation broth is distillated and then purified

to 99.5 % (v/v) by the molecular sieve column. The liquid

is treated by anaerobic and aerobic digestions and then the

treated water is recycled. The solid residue, biogas and the

digestion sludge are combusted to generate steam for

electricity generation and process heating.

The Aspen Plus model of the ethanol production from

corn stover is shown in Fig. 2, including nine areas of

feedstock handing, pretreatment and conditioning, enzy-

matic hydrolysis and fermentation, cellulase enzyme

production, product purification, wastewater treatment,

residue combustion, storage, and utilities system. Figure 2a

shows that the process design with the cellulase enzyme is

provided by the on-site production unit in the process

flowsheet. Figure 2b shows the same as Fig. 2a, except the

cellulase enzyme is provided by purchasing from the out-

side industrial enzyme makers instead of the production

inside this process flowsheet; therefore, only eight areas are

included in Fig. 2b with no enzyme production unit. The

area A100 is the feed handling, in which the corn stover is

temporarily stored, crushed and dust removed by a uniform-

format feedstock supply system. The area A200 is pre-

treatment and conditioning, in which the feedstock is trea-

ted by dilute acid at high temperature for a short time at

30 % solids content. The area A300 is enzymatic hydrolysis

and fermentation, in which the corn stover is completely

hydrolyzed by the cellulase enzyme provided by either the

on-site produced cellulase enzyme or the purchased cellu-

lase enzyme, and then co-fermented by Zymomonas mobi-

lis. The cellulase enzyme dosage in this study is set to

20 mg protein/g cellulose, same to the NREL report [12]

unless mentioned elsewhere. The area A400 is cellulase

enzyme supply unit, in which the enzyme is produced by

Trichoderma reesei in the process flowsheet in Fig. 2a, or

provided by purchasing from the outside markers. The area

A500 is product recovery, in which the ethanol fermenta-

tion broth is purified into the 99.5 % fuel ethanol product by

solid–liquid separation, distillation and molecular sieve

adsorption. The area A600 is wastewater treatment, in

which the process wastewater is treated by anaerobic and

aerobic digestion, and then recycled. The area A700 is

storage unit for chemicals consumed and produced in the

process. The area A800 is residues’ combustion, in which

the solid residue and biogas are combusted to produce high-

pressure steam for process and heat electricity generation.

The area A900 is utilities, in which the cooling water,

chilled water, process water and power are provided.
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Fig. 1 Conceptual diagram of cellulosic ethanol production process from corn stover feedstock
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Economic evaluation method

The material and energy balance data from the Aspen Plus

simulation are used to assist in determining the number and

size of equipment and chemical usage. 2007 is used as the

reference year and all the costs were adjusted to 2007 using

Eq. (1). The number and size of equipment items, the

equipment quotes, the installation factors, the chemical

cost, the employee salaries and cost index are directly

cited from the original document on economic calculation

model ‘‘Economic model to accompany the 2011 NREL

Biochem design report’’ available in http://www.nrel.gov/

extranet/biorefinery/aspen_models/downloads/DW1102A/

DW1102A.xlsm, in which the capital costs were adjusted

using the plant cost index from Chemical Engineering

magazine to a common basis year of 2007, the chemical
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Fig. 2 Flowchart of cellulosic ethanol production process from corn stover feedstock on Aspen Plus platform. a Using the on-site produced

cellulase enzyme; b using the purchased cellulase enzyme
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costs were cited from the industrial inorganic chemical

index based on SRI Consulting, the employee salaries were

calculated using the labor indices by the United States

Department of Labor Bureau of Labor Statistics [12].

Cost ¼ base costð Þ 2007 cost index

base year index

� �
ð1Þ

Equipment cost, warehouse cost, site development cost,

additional piping cost, and indirect costs which include

prorateable costs, field expenses, project contingency, etc.

make up the total capital investment (TCI). Variable

operating costs are only occurring in the process of pro-

duction; it includes the cost of raw materials, waste treat-

ment cost and by-products credits. Fixed operating costs

are normally occurring in the whole production process.

These costs include labor and all kinds of other costs. Once

TCI, variable and fixed operating costs are determined, a

discounted cash flow rate of return analysis to determine

the minimum ethanol selling price (MESP, $/gal) required

to obtain a net present value of zero for a 10 % internal rate

of return after taxes. The assumptive parameters used in the

discounted cash flow analysis are also followed the NREL

model [12].

Results and discussion

Impact of enzyme supply mode on the enzyme cost

and MESP

Cellulase enzyme can be supplied by either purchased from

enzyme makers, or on-site production. When the enzyme is

purchased for the use of the proposed cellulosic ethanol

plant, five different cellulase prices are cited from the

industrial enzyme market and the published reports. For

uniform citation of enzyme quality from different makers

and sources, the price per kg enzyme protein ($/kg protein)

is used as the indicator.

Enzyme case 1

Assume that the cellulase enzyme protein with the same

value to soy protein, the cheapest protein on the market [1]:

$1.25/kg protein (2011$).

Enzyme case 2

Assume that the cellulase enzyme protein is purchased

under the price estimated by Kazi et al. [7]: $507 per metric

ton of the enzyme broth containing 10 % proteins, equiv-

alent to $5.07/kg (2007$).

Enzyme case 3

Assume that the cellulase enzyme is purchased from

Novozymes with the claimed enzyme cost of $0.50/gal

ethanol (http://novozymes.com/en/news/news-archive/Pages/

45713.aspx). In the proposed process [12], the ethanol pro-

duction is 21,672.41 kg/h and the enzyme usage is 579 kg

protein/h, which are equivalent to 7256.35 gal ethanol/h

(21,672.41 kg/h is divided by the ethanol density 0.789, then

transformed to gal). The enzyme protein price is equivalent

to 7256.35 9 0.50/579 = $6.27/kg (2010$).

Enzyme case 4

Assume that the cellulase enzyme protein is purchased

under the price estimated by Klein-Marcuschamer et al. [1]

on the fungal cellulase production: $10.14/kg (2007$).

Enzyme case 5

Assume that the cellulase enzyme is Youtell #6 purchased

from Chinese enzyme market at 13 Chinese Yuan (RMB)/

kg enzyme with the protein content of 9 % [14], equivalent

to 13/6.2 (the present exchange rate of dollar to RMB)/

0.09 = $23.30/kg (2013$).

The cases study of cellulase enzymes are conducted on

Aspen Plus model and Microsoft Excel to give the enzyme

cost for producing one gallon of ethanol and the minimum

ethanol selling price (MESP) from the proposed plant as

shown in Table 1.

Table 1 shows when the enzyme purchase method is

used, the enzyme price is crucially important to the MESP

and even drives the MESP from cost effective to a non-

competitive situation at all. Currently, the ethanol price is

averaged $2.31/gal from 2005 until 2014 on the industrial

fuel market (http://www.tradingeconomics.com/commod

ity/ethanol). Therefore, when the enzyme costs are in

enzyme case 1 ($1.25/kg protein), case 2 ($5.07/kg pro-

tein), and case 3 ($6.27/kg protein), the overall fuel ethanol

costs indicated by MESP for the proposed plant are

$1.89/gal, $2.20/gal, and $2.24/gal, respectively. In these

three cases, the ethanol cost is below the average market

price, thus the commercialization feasibility exists. When

the enzyme costs are in enzyme case 4 ($10.14/kg protein)

and case 5 ($23.30/kg protein), the MESPs are $2.61/gal

and $3.46/gal, respectively, indicating a negative profit for

the proposed plant, thus the commercialization feasibility

is lost.

At the lowest cellulase price in enzyme case 1 (same to

soybean protein), the enzyme cost is $0.09/gal ethanol and

the MESP is only $1.89/gal ethanol, but this case has little

possibility because the protein from microbial fermentation
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certainly is more expensive than the cheapest soybean

protein. On the other extreme, the highest cellulase price in

enzyme case 5 is a made-in-China product purchased from

the industrial enzyme market with the open price tag. The

enzyme cost is as much as $1.65/gal and the MESP is up to

$3.46/gal, accounting for 48 % of the total ethanol cost.

The price is approximately the same with that of textile and

animal feed cellulases. This may reflect the most realistic

case of the current enzyme cost when the enzyme is pur-

chased from the market, although it may contain certain

profit margin between the selling price and the real pro-

duction cost.

Enzyme case 6 represents the on-site enzyme production

cost cited from the NREL design [12] using filamentous

fungus as fermenting strain and glucose as the primary

carbon source. As shown in Table 1, the enzyme cost is

only $4.24/kg protein and $0.34/gal ethanol, and the MESP

is $2.15/gal. The cost is close to the purchase enzyme case

2 and below the average fuel ethanol price on the market

($2.31/gal), indicating a great promising way for effective

supply of cellulase enzymes in the future. Although the

total installed equipment cost increases, the on-site mode

provides obvious advantages of no fungus cell removal

(cells die in the anaerobic ethanol fermentation), enzyme

concentrating and purifying steps, as well as logistic

transportation and storage [15]. However, these advantages

still require the validation of industrial-scale operations.

Enzyme cost under different process parameters

Enzyme cost is highly dependent on the process technology

level such as hydrolysis yield, fermentation productivity,

and overall ethanol yield [2]. In this analysis, five process

cases are summarized based on the previous designs or

publications, then the enzyme cost and the MESP are

calculated on the Aspen Plus model for the proposed plant.

The base case (process case 1) is the NREL design [12], in

which 90 % of cellulose is converted to glucose with the

cellulase dosage of 20 mg protein/g cellulose at 20 %

solids content, and the fermenting microorganism Z.

mobilis converts 95 % of glucose, 85 % of xylose, and

85 % of arabinose to ethanol:

Process case 1

2011 NREL design as described above [12].

Process case 2

Process case 1 with no arabinose conversion to ethanol,

based on the fermenting strain Z. mobilis with relatively

poor utilization of arabinose [16].

Process case 3

Process case 2 with 40 % of xylose conversion to ethanol,

instead of 85 %, based on the fact that available strains for

xylose utilization commonly are moderate around 40 % of

conversion efficiency, instead of 85 % [17].

Process case 4

Process case 2 with 0 % of xylose conversion to ethanol,

representing the processes using ethanol fermenting strains

without xylose utilization capacity [18].

Process case 5

Process case 4 with 85 % of cellulose conversion to glu-

cose, 90 % of glucose conversion to ethanol, based on the

most conventional biorefinery processes with moderate

conversion yield [19].

Table 2 shows the changes of cellulase enzyme cost and

MESP with varied processing parameters when the cellu-

lase is provided by on-site and purchase. With the declin-

ing overall ethanol yield from process case 1–5, the

cellulase enzyme cost and the corresponding MESP at both

enzyme supply methods increase sharply. When the

enzyme is provided by on-site production, the enzyme cost

increases from $0.34/gal ethanol to $0.56/gal ethanol from

Table 1 Impact of the cellulase enzyme supply modes on MESP

Purchased mode On-site modea

Enzyme case 1 Enzyme case 2 Enzyme case 3 Enzyme case 4 Enzyme case 5 Enzyme case 6

Enzyme unit price ($/kg protein) 1.25 5.07 6.27 10.14 23.30 4.24c

Enzyme cost ($/gal ethanol) 0.09 0.40 0.44 0.81 1.66 0.34

Feedstock cost ($/gal ethanol) 0.74 0.74 0.74 0.74 0.74 0.74

Conversion cost ($/gal ethanol) 1.06 1.06 1.06 1.06 1.06 1.07

MESP ($/gal ethanol)b 1.89 2.20 2.24 2.61 3.46 2.15

a The on-site production cost of the cellulase enzyme used in NREL design [12]
b MESP is the summary of the three items, enzyme cost, feedstock cost, and conversion cost
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process case 1 to 5, and the corresponding MESP increases

from the $2.15 to $3.38/gal. Compared to the average

market price of fuel ethanol ($2.31/gal), the profit switch

point turns to be negative from process case 3 ($2.61/gal),

in which the xylose conversion to ethanol is reduced to

40 %. When the enzyme is provided by purchase under

enzyme case 5 in which the enzyme is purchased from

industrial market with open price tag ($23.30/kg protein),

all the process cases are in negative profit, indicating the

awesome situation of the enzyme cost: even the most

optimistic process case could not meet the profit point on

industrial plant, if the cellulase enzyme is purchased from

the current industrial enzyme market at the open price.

The results indicate that even under the same enzyme

dosage, the low process performance leads to the reduced

ethanol production, then inevitably increased enzyme cost

per ton of ethanol product. An innovative way of cellulase

enzyme supply different from the conventional purchase

way should be explored and tested in the industrial scale to

yield an economically sound enzyme supply for the future

cellulosic ethanol industry.

Impact of enzyme loading on the enzyme cost

and MESP

In theory, the cellulase is not consumed in the hydrolysis

process of biomass. However, over time cellulase may

become inactivated by denatured or irreversibly combina-

tion with solid particles, especially when the presence of

lignin [20]. The cellulase enzyme loading is very high in

current cellulosic ethanol production process. If the

enzyme loading can be reduced, the cost of enzyme will

reduce naturally. The cellulase enzyme loading can be

decreased by cellulase recycle using, improving cellulase

performance or improving the hydrolysis condition [9].

With the continuous improvement of pretreatment tech-

nologies and enzyme preparations, the enzyme amount

consumed in hydrolysis process will be decreased. Assume

that cellulosic ethanol production at a high conversion rate

of saccharification and fermentation process (process case

1), MESP and enzyme cost are calculated using different

cellulase enzyme loading, as shown in Table 3.

Table 3 shows that cellulose ethanol and enzyme cost

linear decrease when cellulase enzyme loading reduced

from 35 to 5 mg/g cellulose. Compared to the average

market selling price ($2.13/gal) in recent years, when on-

site production enzyme loading more than 30 mg/g cellu-

lose, and purchased enzyme loading more than 10 mg/g

cellulose, the cellulose ethanol will have not market com-

petitiveness. When on-site production enzyme loading as

low as 5 mg/g cellulose (case 1), MESP reduced to

$1.89/gal, and cellulase enzyme cost is $0.08/gal ethanol.

When purchased enzyme is consumed only 5 mg/g cellu-

lose during ethanol production, MESP is $2.21/gal, and

enzyme cost is $0.41/gal ethanol. However, amylase, one

of the enzymes that degrading corn starch for fermentation,

costs only $0.02–0.04/gal ethanol [21]. By comparison,

cellulase enzyme cost is very high. Enzyme loading still

needs to be further reduced as much as possible.

When on-site enzyme production mode is used, ethanol

conversion cost increases slightly because the on-site pro-

duction of enzyme leads to the cost increase on wastewater

treatment and utility cost. When purchased enzyme mode

is used, ethanol conversion cost does not change as long as

Table 2 Impact of the varying process parameters on the enzyme cost and MESP

Process case 1 Process case 2 Process case 3 Process case 4 Process case 5

Cellulose to glucose (%) 90 90 90 90 85

Glucose to ethanol (%) 95 95 95 95 90

Xylose to ethanol (%) 85 85 40 0 0

Arabinose to ethanol (%) 85 0 0 0 0

Ethanol yield (gal/ton dry CS) 87.08 83.66 70.22 58.31 52.91

Ethanol production (million gal/year) 61.0 58.6 49.2 40.8 37.1

On-site enzyme production at the cost of the enzyme case 6

Enzyme cost ($/gal ethanol) 0.34 0.35 0.42 0.51 0.56

Feedstock cost ($/gal ethanol) 0.74 0.77 0.92 1.11 1.22

Conversion cost ($/gal ethanol) 1.07 1.10 1.27 1.50 1.60

MESP ($/gal ethanol) 2.15 2.23 2.61 3.12 3.38

Purchased enzyme at the price of the enzyme case 5

Enzyme cost ($/gal ethanol) 1.66 1.72 2.05 2.47 2.71

Feedstock cost ($/gal ethanol) 0.74 0.77 0.92 1.11 1.22

Conversion cost ($/gal ethanol) 1.06 1.11 1.32 1.59 1.76

MESP ($/galethanol) 3.46 3.60 4.29 5.17 5.69
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the same enzyme dosage is used, although the overall

MESP changes significantly because of the enzyme prices

change when different enzyme production mode and

enzymes from different makers are used.

Conclusion

The dosage of enzyme and the ethanol yield are the main

factors affecting the enzyme cost. Based on actual pur-

chased price of cellulase enzyme in industrial enzyme

market and the conventional ethanol yield, enzyme cost is

up to $2.71/gal ethanol, accounting for 48 % of the MESP.

On-site enzyme production can significantly reduce

enzyme cost, providing a promising option for the large-

scale cellulose ethanol production. Reducing the enzyme

loading is also an important way to decrease the cellulose

ethanol cost. The enzyme cost for commercial-scale cel-

lulosic ethanol is still expensive and the cost reduction

strategies announced in the previous reports are still wait-

ing for the industrial data verification.
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