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A new chemical process has been invented at Battelle Pacific Northwest

Laboratoriesfor converting alkanes to alcohols. This new chemistry has been

named the "Alkox Process." Pacific Northwest Laboratory(a)prepared a pre-

liminary economic analysis for converting cyclohexaneto cyclohexanol,which

may be one of the most attractive applicationsof the Alkox process. A proc-

ess flow scheme and a material balance were prepared to support rough equip-

ment sizing and costing. The results from the economic analysis are presented

in the non-proprietarysection of this report. The process details, including

the flow diagram and material balance, are contained in separate section of

this report that is proprietaryto Battelle.

A plant designed to produce 200 million pounds per year of cyclohexanol

via the Alkox process would have a payback period of about four years and a

before-tax discounted cash flow rate-of-returnof 22%, assuming a 20-yr plant

life. This preliminaryeconomic analysis is based on limited laboratory

information about the process. Since the Alkox process is at an early stage

of development, several importantprocess parameters are not yet well defined.

Selection of the key process parametersfor this study is described in the

proprietary section.

Process economicsmay be improved by reducing constraints of process

parameters. For example, improvingthe product yield or optimizing ratios of

reactantsmay further reduce equipment sizes and operatingcosts. Economic

attractivenesswould also improvewith more efficient heat recovery.

There are also process uncertaintiesthat could significantlyreduce the

economic attractivenessof this process. For example, the main reactor has

not been developed, designed, or demonstrated. Also, this study is based on

ideal vapor-liquidequilibriumbehavior for distillationin the absence of

(a) Operated for the U.S. Department of Energy by Battelle Memorial
Institute under Contract DE-AC06-76RLO1830.
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other information. However, the presence of azeotropes or other non-ideal

behavior is strongly suspected,which would make process distillationsmore

difficult and expensive than estimated for this analysis.
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1.0 _INTRODUCTION

A new chemical process for converting alkanes to alcohols has been

invented at Battelle, Pacific Northwest Laboratories. Initial laboratory

results indicate a potential for significant industrial impact on alkane

oxidation by improving process yields and subsequent reductions in energy

consumption. This new alkane oxidation process has been named the "Alkox

Process."

The purpose of this report is to present a preliminary economic analysis

of the process. This economic analysis conducted by Pacific Northwest Labora-

tory is based on a rough material balance and approximate sizing of major

equipment to determine required investment and operating costs for an

industrial-scaleunit.

Potential commercial uses for the Alkox Process include production of

oxygenates for fuels and production of chemical feedstocks for other proc-

esses. For example, the Clean Air Act of Iggo mandates future use of oxygen-

ates in gasoline. The Alkox Process could be used to produce butanol for fuel

blending or isobutanol for manufactureof methyl-tertiarybutyl ether (MTBE),

which is becoming an importantoctane booster in gasoline.

The results of this study are organized into a two-section report. The

first section, which is non-proprietary,contains the results of this economic

analysis. The second section, which is proprietary to Battelle, contains

detailed technical informationrelating to the Alkox technology and the basis

for the results presented in this report.

I.I DIRECT OXIDATION

Laboratory-scaledemonstrationsof a new route to convert alkanes to

alcohols have been conducted for converting methane to methanol, butane to

butanol, and cyclohexane to cyclohexanol. Initial laboratory results indicate

that this process is much more efficient than conventional alkane oxidation.

In addition, the reaction occurs at room temperature and atmospheric pressure.

The chemistry of this reaction is described in proprietarydocuments and in

the proprietary section of this report.
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In the past, direct oxidation of an alkane to the correspondingalcohol

has been very difficult because the alcohol is usually more reactive than the

alkane in an oxidizing environment. The alcohol that is produced quickly

reacts further to unwanted byproducts. Therefore, traditional oxidation steps

are expensive and energy intensivedue to oxidation processes that are ineffi-

cient and are operated at low conversion. For methanol, the traditional route

is to convert methane to synthesis gas via partial combustion. The synthesis

gas is converted into methanol in a separate step. These reactions require

high temperature and high pressure.

Conventionaldirect oxidation of cyclohexane to cyclohexanol is con-

ducted at temperaturesabove 140"C and I00 psig in the presence of an aldehyde

or ketone initiator and a soluble metal catalyst (McKetta and Cunningham

1977). The reaction conversion is very low--typically in the range of 6 to

9%--in order to maximize the overall yield of desired ketone-alcohol (KA)

product mixture.

1.2 CYCLOHEXANE OXIDATION

The economic evaluation presented here focuses on the case of converting

cyclohexaneto cyclohexanol. Cyclohexanolis used primarily as a chemical

feedstock for the production of adipic acid. Adipic acid is combined with

hexamethylenediamine to produce the monomer base for nylon fiber and plas-

tics. More than 90% of the adipic acid produced is used to manufacture nylon

(McKetta and Cunningham 1977). Cyclohexane is also used for producing capro-

lactam,which is used to produce nylon 6. About 90% of the cyclohexane pro-

duced is used to make either nylon 66 or nylon 6 (Chemical& Enqineering News

1986).

The oxidation of cyclohexane to cyclohexanol was chosen for

consideration because

• The cyclohexanol product is used to produce a high value-added
product, not just a fuel blending component.

• Preliminarylaboratory experiments indicate that Alkox process
yields are greater for cyclohexanolthan for yields of methanol or
butanol. In addition, oxidation to butanol has the disadvantage
that the process is not specific for production of butanol isomers.
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2.0 CONCLUSIONSAND RECOMMENDATIONS

A plant designed to produce 200 million pounds per year of cyclohexanol

via the Alkox Process would have a payback period of about four years and a

before-tax discounted cash flow rate-of-returnof 22% assuming a 20-yr plant

life. This preliminary economic analysis is based on limited laboratory

information about the process. Since the Alkox process is at an early stage

of development, several important process parameters are not yet well defined.

Selection of the key process parameters for this study is discussed in the

proprietary section of this report.

Areas where further development may improve the economics include

• improving the ratios of reactants to cyclohexane. The laboratory
reactions are carried out in very dilute solution. This analysis
is based on a more optimistic scenario. However, determining the
limits of concentrationsfor reactantsmay further reduce equipment
sizes and operating costs.

• improving heat recovery of the process by optimizing process
conditions. Steam heating costs make up about 70% of the total
manufacturing cost. Reducing heat requirementsby 20% with
improved heat recovery may boost the rate-of-returnto about 40%.

• defining and improving of the main reactor design. The cost of the
main reactor is the most significant item in the capital cost
estimate.

• improving the yield of cyclohexanol in the main reaction.

• reducing constraints of other key process parameters and consider-
ing alternative process steps, which are both discussed in the
proprietary section.

The economics of this process may be different if adipic acid production

rather than cyclohexanolproduction is evaluated, lt is possible that com-

bining the Alkox Process with the nitric acid oxidation process for producing

adipic acid would result in increased overall efficiency.

There are also technical uncertainties,which could significantlyreduce

the economic attractivenessof this process. For example,
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• the concept for the design of the main reactor has not been demon-
strated. Simple scale-up of the laboratory reactor system would be
expensive. This study is based on a different reactor concept, which
has not been developed, designed, or demonstrated.

• the economic analysis is based on ideal vapor-liquid equilibrium
behavior in the absence of other information. The thermodynamic
properties of the components used in the reaction are not well
known. However, the presence of azeotropes or other non-ideal
behavior is strongly suspected, which could make process
separations more difficult and expensive than estimated for this
analysis.

Further development work should include verifying and optimizing

required process parameters to support a more accurate estimate of the
economic attractiveness of this process. The design of the main reactor

should be defined, and the technical feasibility of the reactor design should

be demonstrated. Vapor-liquid equilibrium and liquid-liquid solubility data

for the system components should be collected for determining optimum process

separation steps. In addition, alternative process flow schemes should be

considered for improving the economics. _"
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3.0 ECONOMICANALYSIS

This section summarizes the preliminaryeconomic analysis of a process

to convert cyclohexaneto cyclohexanolusing the Alkox chemistry. The capital

investment and operating costs of an industrial-scaleplant were estimated

using approximateplant costing techniques.

3.1 PLANT CAPACITY

This economic analysis is based on a plant production capacity of

200 million pounds of cyclohexanolper year. This capacity was chosen for

comparisonwith conventionalcyclohexane oxidationprocesses. Generally,

adipic acid production via conventionalcyclohexaneoxidation is attractive

for large-scalemanufactureof greater than 100 million pounds per year

(McKettaand Cunningham 1977).

Results from the material balance and equipment-sizingcalculationscon-

ducted for this study indicate that 200 millions pounds per year may be

approachingthe largest scale practical for a single-trainplant. At this

plant capacity,the equipment required for some of the separation steps

approach the maximum practical size without having to separate the flow into

two parallel processing steps. Therefore, this economic analysis should take

full advantage of economies of scale.

The operating factor selected for this study is 0.9. This operating

factor was selected to provide for reasonable down-timefor both scheduled

maintenance and unscheduled shut-downs.

3.2 INVESTMENTCOST

Table 3.1 shows the estimatedcapital investment cost. The on-plot

capital investmentwas estimated by determining sizes for individual items of

major process equipment, such as vessels, diszillationcolumns, heat

exchangers,and pumps. An equipment list includingsizes of major equipment

is included in the proprietary section. The equipment costs were multiplied
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TABLE 3.1. Capital Investment Estimate(a)

Plant Capacity,million pounds/year 200
Operating Factor 0.9

$ Million

On-plot equipment 87
Off-plot facilities 22

TOTAL Approximately110

(a) The investmentcost is based on average 1991
U.S. dollars.

by installationfactors and inflationfactors to determine the 1991 capital

investmentcost of the on-plot facilities (Guthrie 1969; Hall et al. 1982;

Perry 1984; Farrar 1991).

Off-plot facilities were estimated to cost about 25% of the on-plot

facilities. The off-plot facilities include such items as the control room,

storage tanks, other buildingsand support facilities. For example, the plant

requires utilities such as steam and electricity,which would be supplied by

installingnew facilities or adding capacity to existing facilities. Off-plot

costs are highly variable and site-specific. The 25_ factor is probably ade-

quate for the case where the plant is built in an existing petrochemicalcom-

plex, but may be too low if the plant were a stand-alonefacility.

3.3 MANUFACTURING COSTS

Table 3.2 shows the manufacturing costs for the Alkox cyclohexanol

plant. The feed and product values are the same as reported in a recent issue

of the Chemical Marketing Reporter.

The bases for utility costs are shown in Table 3.3. Utility costs are

site-specific. Cost variations are due to differences in how the particular

utility is supplied. For example, a refinery cogenerationplant may be able

to supply electricity at less cost than buying electricityfrom the grid of

the local power company. Steam costs depend on the cost of fuel used in steam
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TABLE 3.2. ManufacturingCosts

$/Ib Cyclohexanol $ Million/Year

CyclohexaneFeedstock Cost 0.15 30.25
(@ 1.16/gallon)

Utilities
Electricity O.0098 1.95
Steam O.505 100.93
Cooling Water <0.0001 0.02

Operating Labor 0.0036 0.72
SupervisoryLabor O.0006 O.11

• Maintenance O.0165 3.3
Taxes and Insurance 0.0165 3.3
Overhead Expenses O.0155 3.1

TOTAL 0.72 144

TABLE 3.3. Utilities Cost

Electricity,cents per kW-hour 6
Steam, $ per 1000 pounds 12
Cooling Water, cents per 1000 gallons 10

generation, as well as the capital cost of new or incrementalfacilities

required. For this study, we attemptedto select likely "average"values for

utility costs.

We have not included any costs for chemicals, solvents,or catalyst.

The process will use air for oxidationand will not require purchased oxygen.

The other components in the system will be completely recoveredand recycled.

The operatinglabor cost is based on employing three operators per

shift. Two operatorswould be stationed in the control room and one operator

would be assigned in the plant. This is a typical arrangement for a fairly

large, complex plant.

The remainingmanufacturingcosts were estimated using ratios typical

• for chemical processing facilities. Supervisorylabor costs were estimated

to be about 15% of the operating labor cost. Maintenance costs were based on

3% of the capital investment. Property taxes and insurancecosts were also

based on 3% of the capital investment. Overhead expenses were estimated to be

about 75% of the total labor and maintenance cost. The total manufacturing

3.3
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cost shown in Table 3.2 does not include costs for royalties, financing, or

research and development. These additional costs could increase the manufac-

turing costs considerably.

3.4 MARKET ANALYSIS

Table 3.4 summarizesthe overall economics of producing cyclohexanolvia

the Alkox process based on the process flow scheme and parameters selected.

This analysis is on a before-tax basis, except for property taxes. This proc-

ess would have a pay-back period of about four years. A discounted cash flow

analysis of this project yields a 22% rate of return assuming a 20-yr plant

life. This result was not compared with current technology due to the early

stage of development of the Alkox process.

lt is possible that the economic attractivenessof this process for

cyclohexaneoxidation could be improved if the basis for analysis were changed

to includenitric acid oxidation of cyclohexanolto adipic acid. Most cyclo-

hexanol produced is converted to adipic acid. Combining the two processesmay

result in a higher overall efficiency than if the two processeswere treated

separately. For example, the processes could be integrated to improve heat

recovery.

TABLE 3.4. Overall Cyclohexane Oxidation Economics via Alkox

$110 Million
Total Fixed Investment Cost $/Ib Cyclohexanol $ Million/Year

CyclohexanolProduct Value 0.85 170
Total ManufacturingCost (0.72) (144)

Net Income 0.13 26
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