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Introduction

ince the 19" century, fossil fuels have been the
S major source of energy for our everyday energy
requirements. However, over the past few decades,
increasing energy needs from developed and developing
countries, depleting fossil fuels reserves and environmental
concerns over consumption of fossil fuels have necessi-
tated our society to look for renewable, sustainable and
environmental friendly sources of energy. Breakthroughs
in the fields of chemistry, biology, catalysis, biochemistry,
solar and wind energy technology, and fuel cell technology
have been reported to show great potential toward provid-
ing viable energy alternatives to fossil fuels. Governmental
funding agencies are currently putting in hundreds of
millions of dollars into various types of basic research
that promises to revolutionize the fields of renewable
energy. The fundamental challenge with all alternative
energy technologies is economics. These new break-
throughs have to be economically competitive with fuels
and energy obtained from existing fossil resources if they
are to have a world-wide societal impact. Unfortunately,
many of these new reported “scientific breakthroughs” do
not report on the economic impact of their discovery.
Furthermore, scientists trained in the fields of biology,
chemistry or physics do not have the technical training to
evaluate the economics of new technologies.

A method for quickly evaluating “novel energy producing
processes” is imperative for the rapid development of alter-
native energy technologies. Unfortunately many times, much
money and time is lost investing in technologies that are
bound to fail. Often times at the start of the project a good
engineer could tell if a project has the possibility of making
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economic sense. A method of estimating the economic
potential of a technology needs to be fast enough to provide
results within a few days or weeks. Fortunately, the chemical
engineering field has long recognized the importance of
being able to quickly evaluate the economics of a new
process or idea using conceptual process design which is a
subset of process design. Conceptual process design can
provide a systematic framework to rapidly evaluate new
technologies.'™ While a detailed process design can take
several engineers, several months to complete, a rapid
conceptual process design can be done with one engineer
working for several days.

Conceptual process design can also be used to guide future
research efforts and speed up development time of a technol-
ogy. Conceptual process design identifies the steps within a
process that are the most expensive providing insight into how
costs can be reduced and guiding where future research efforts
should be directed. In this perspective we will provide some
background on conceptual process design and give an example
of how it can be used to estimate the economics of a simple
process. While the focus of this Perspective is on using con-
ceptual process design for evaluating biomass conversion
technologies,4 this same approach can also be adopted for
other alternative energy projects. Conceptual process design is
critical for using our renewable energy resources as efficiently
as possible as well as reducing the development time for com-
mercializing new technologies. It is a highly underused tool in
the sciences which has led to the investment in technologies
that are not economically viable and the squandering of pri-
vate and public investments.

Unfortunately, process design does not receive funding
from most major US research agencies. Conceptual process
design has been viewed as a mature field that should primar-
ily be funded by industry. The reason for this is probably
that the petrochemical industry has matured and new petro-
chemical processes have not been built in the U.S in recent
years. However, with the increased focus on renewable
energy many new processes are being developed. For
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Figure 1. Accumulated cost/Influence of decisions vs. stage of process development.

(Adapted from Towler and Sinnott™).

example the Dept. of Energy Office of Biomass program is
currently supporting 29 integrated biorefinery projects at
pilot (12), demonstration (11), and commercial (4) scale to
make renewable transportation fuels from biomass.” These
new projects are causing the need for the rediscovery of con-
ceptual process design.’ If academics are not going to do
process design then it is likely that they will not be able to
invent any new technologies that will have a long term eco-
nomic impact. It is also highly unlikely that industry will
share their process design analysis to guide academic
research. Therefore, if we are to truly tackle the challenge of
replacing our fossil fuel resources then we need to clearly
understand the economics of the renewable energy alterna-
tive technologies.

Energy is a commodity that has low margins and high vol-
umes. Thus, an effective process design is necessary for the
process to be economically successful, making process
design even more important for the energy industry.” Today,
about 85 million barrels of crude oil are processed every day
in the world, with the largest refinery processing 1.24 mil-
lion barrels per day.®® Because of such high-production
rates, these industries take advantage of economy of scale in
ensuring the economic viability of the project. Hence, even a
small change in production efficiency results into large dif-
ferences in energy efficiency. In the current petroleum-based
industry, raw materials (crude oil) dominate the cost of pro-
duction. It is expected that as we move from the conven-
tional sources to renewable biomass sources, the cost of
processing will be more important than raw material costs.'®
Therefore, conceptual process design will be a critical tool
for developing cost-effective processes to solve the problem
of our “energy crisis”’. We believe that the field of process
design will be of growing importance in the future as we
continue to work toward reducing our dependence on fossil
fuels. We recommend that all the scientists working in the
area of renewable energy collaborate with engineers that
have conceptual process design experience that can help
guide the design of the future research efforts. Conceptual
process design is a powerful tool that can be used to guide
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scientific discoveries and help rapidly move them toward
commercial reality.

Conceptual Process Design

The design, construction and operation of any chemical
process is typically done in five different stages shown in
Figure 1."" In the first stage, the conceptual design stage, the
process flow sheet is drawn, and the major types of equip-
ment are decided upon. Most influential decisions are made
at this first stage, with very little money spent. The second
stage is the detailed design. In this stage most of the detailed
engineering work is done including the drawing of detailed
process and instrumentations, obtaining contractor estimates
for the equipment fabrication, the discussion of startup and
shutdown strategies, the optimization of process variables
and the drawing of the “best” possible flow sheet. At this
stage most of the engineering decisions are already made.
The costs start to increase as these detailed engineering
designs are completed and making changes to the process
becomes increasingly more expensive. The next two stages
are procurement of the equipment and construction of the
facility. These are the stages with the largest cash outflows
and the smallest flexibility in accommodating changes in the
design; here changes in the process are extremely costly.
The last stage is operation of the plant. A commonly
accepted rule of thumb'? is that $1 spent to improve the con-
ceptual design corresponds to a cost of $100 if the same
change was implemented at the detailed design stage, $1,000
after the process is constructed, and $10,000 after process
failure.

In practice, very few (<1%) of the new designs ever
become commercialized. Thus, there are hundreds of prelim-
inary design alternatives for every new process. The process-
ing costs associated with most alternatives differ by an order
of magnitude or more. Therefore, we can use shortcut calcu-
lations to screen most alternatives. The profitable designs
can then be assessed in terms of additional factors such as
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safety and environmental constraints, operational flexibility,
controllalbility,13 and overall economic optimization.

Conceptual design can also be used as a research tool in
planning and guiding laboratory experiments. It has been
argued that “sometimes the best way to plan an experiment is
to develop a design model”."* Laboratory chemists expend
significant effort on improving conversion with a “favorite”
solvent or with a “favorite” amount of solvent, which could
turn out to be not economical due to the high cost of solvent
separation. Integrating experiments with the conceptual
design can help avoid this situation by giving guidance of the
economical range of experimental parameters. Thus, doing
some basic conceptual design experiments could save sub-
stantial amount of chemist’s efforts, resources and time. Inte-
grating conceptual design early in the project can help speed
up development time by focusing the experimental work.

A process design problem can be solved using a variety of
different approaches.' In the hierarchical approach®* of con-
ceptual process design by Douglas, one decomposes a very
large and complex problem (e.g., a detailed design of a
renewable energy refinery) into a number of smaller problems
that are much simpler to handle.>*!° Typically, one may
decompose the conceptual process design into six hierarchical
levels as listed in Table 1. In this manner, the process design
proceeds with minimum added effort at each level and sys-
tematically eliminates poor designs without investing
unnecessary effort to obtain a complete solution. If the results
seem promising, then one proceeds to obtain the necessary in-
formation required by the next level of analysis, and add the
successive layer of detail to the design.

As shown in Table, the proposed approach starts with
Level-0 design where all the relevant information about the
process is obtained. This information ranges from obtaining
physicochemical data of the raw materials, to the market anal-
ysis of the feedstock and products. It is common to find that
the available data may not be enough or accurate at early
phases of the projects, especially for a biomass conversion
project. In such case the designer can begin the conceptual
design using the most optimistic scenarios of uncertain infor-
mation, and then revise the design with updated information.
At Level-1 the pivotal decision of whether to run the process
in batch or continuous mode is made, using information
obtained in Level-0, and that sets the framework for the de-
velopment of the pertinent class of process flow sheets, which
starts at Level-2. At Level-2 a box is drawn around the entire
process and only the input-output structure of process flows is
considered. This is the most basic flow sheet structure for the
process, but some of the most important decisions regarding
the raw materials and products are made at this level of
design. In Level-3 the reactor and the recycle streams are
added to the process description, allowing the quantification
of the associated costs. Most processes use one reactant in
excess or use an inert for reducing reactant concentration,
thus, this becomes an important level of process design.

In Level-4, one designs the separation system which
accounts for a large percentage of the total cost in a chemi-
cal process. Thus, decisions made at this level of design of-
ten determine the profitability of the project. In Level-5, heat
integration, one looks to conserve energy and reduce load on
utilities by integrating heat exchangers. The process flow
sheet obtained at the end of this stage can then be used for
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detailed engineering analysis and further optimization.'®"’

Often, at the same level, different process alternatives are
generated, we prefer to complete the design for the most
promising alternative, and then use it as a base-case design.
With the base-case as a reference we can examine a stream
of alternatives better and faster. This strategy corresponds to
the “depth-first” strategy suggested by Douglas,® and is
viewed as a more efficient approach than the alternative
“breadth-first” in shorting alternatives and selecting the
“best” design.

Throughout this analysis one uses engineering economics,
with progressively more detailed economic models, as a tool
to evaluate the process alternatives. At each level, when eco-
nomic potential becomes unfavorable, the designer must
understand the underlying causes (i.e., the engineering deci-
sions that lead to unfavorable designs), and look for alterna-
tives. For some design decisions there are heuristics or rules
of thumb available for guidance.3’”’18 Simple correlations
can be used to generate cost estimates for the equipment,
operations and utilities.>'""'® This simple yet powerful
approach enables the designers to quickly screen numerous
alternatives. The methodology is extremely useful in calcu-
lating order of magnitude cost estimates and developing an
effective process flow sheet, especially when it is supported
by modern computer-aided engineering tools, such as Aspen
Engineering Suite, which provides effective modeling of
processing units, estimation of physical properties, simula-
tion of the complete design and assessment of its economic
potential, after the various designs have been composed at
Levels-3, -4, and -5.

Example of Conceptual Process Design
Applied to Manufacture of Tridecane from
Aqueous Hemicellulose Stream

Brief description of the process

In this section, the authors will provide a brief illustration
of the hierarchical approachz’3 in conceptual process design,
described in the previous section, as it was applied in the
synthesis of a new process for generation of fuels from a
biorenewable raw material, i.e., the conversion of aqueous
hemicellulose into tridecane,'” a chemical that has found use
in jet/diesel blends.

The aqueous hemicellulose stream can be obtained as a
byproduct from wood processing industry20 and can be pro-
duced from lignocellulosic biomass via hot water extraction
or acid hydrolysis process.”'** The hemicellulose stream
consists of monomers and oligomers of xylose and other 5-
carbon sugars, whose composition depends on the severity of
hydrolysis conditions.”*** For this analysis, the hemicellu-
lose stream is considered as a mixture of monomers and
oligomers of xylose in water.

Figure 2 shows the chemistry involved in the conversion
of hemicellulose to tridecane. The first step in the process is
the dehydration of the xylose to furfural. Dilute HCI is used
as a catalyst for the dehydration reaction. In the process,
oligomers of xylose can also be hydrolyzed to xylose
monomers thereby reducing the requirement on the
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Table 1. A Hierarchical Approach to Conceptual Process Design

Level Decision(s) to be made/Information required

Output(s) to process

0 Input information
. The information about the reactions and catalysts*
. Availability of raw materials
. Product specification®
. Processing constraints*
. Potential related plant and site data™
. Physical properties of all components*
. Safety, toxicity and environmental
concerns involved in the process*
8. Cost data for by-products, equipment and utilities*
1 Batch vs. continuous*
Input-output structure*
1. Should we use a preprocess purification system
to purify raw materials?
. Remove or recycle a reversible by-product?
. Should we consider a gas recycle and purge stream?
. Should we discard some reactants?
. Number of product streams?
. Design variables and associated economic trade-offs?
ecycle structure*

~N NN A LN~

. Number of recycle streams?
. An excess of one reactant vs. stoichiometric amount.
. Number of gas compressors and associated costs?

(98]
NAR WD R WD

or required a diluent or heat carrier)
6. Whether to shift the equilibrium conversion and how?

. Number of reactors, any separation required between the reactors?

. Reactors operation (adiabatically, direct heating or cooling,

1. Location of process

2. The raw materials resources and purities
3. Process scale

4. Product composition specification

Operation mode
Overall mass balance of the whole process

Reaction system flowsheet

1. Costs of reactors (including heterogeneous catalysts)
Gas recycle system flow sheet

1. Costs of gas compressors

2. Electricity costs of compressors

7. Impacts of reactors and compressors costs on economic potential

4 Separation structure
Vapor recovery system™*
1. Do we need a vapor recovery system?
2. Location of vapor recovery system? (a. purge stream,
b. recycle stream and c. flash vapor stream)

3. Type of vapor recovery system? (a. condensation (cryogenic distillation),
b. absorption, c. adsorption, d. membrane and e. reaction system)

Liquid recovery system
1. What separation can be made by L-L split?
2. Methods to remove contaminating light ends,
and destination of the light ends?*
3. What separation can be made by distillation,
how we handle azeotropes in the recycle stream?*
4. Column sequencing of distillation system?*

Separation system flowsheet

1. Equipment and utilities costs of Vapor recovery system
2. Equipment and utilities costs of Liquid recovery system
3. Equipment and utilities costs of Solid recovery system

5. If distillation is infeasible, what methods should we use for separation?*

Solid recovery system
1. Do we need a solid recovery system?
2. Location of solid recovery system?

3. Type of solid recovery system? (a. crystallization, b. filtration,

c. centrifugation and e. sedimentation)
5 Heat generation & exchange network
Heat generation

1. What resource do we have (e.g. purge steam, residues of biomass)

to generate heat and how?
Heat exchange*

1. Minimum heating and minimum cooling, minimum no. of exchangers

and exchanger area required.

Heat generation & exchange flowsheet

1. Heat required or gained

2. Cooling required

3. Equipment costs of heat generation
and exchange network

*Adapted from Douglas, J.M., Conceptual Design of Chemical Processes, McGraw-Hill, 1998.

preceding hydrolysis step and offering further feedstock flex-
ibility. Dehydration of xylose in pure water results in low
selectivity’s due to undesired side reactions.>>%° Thus, the
dehydration is carried out in a biphasic reactor system which
uses tetrahydrofuran (THF) as an extractant to remove furfu-
ral from the aqueous phase. Addition of NaCl into the hemi-
cellulose stream enhances the partitioning of furfural into the
organic phase by ‘‘salting-out” the furfural.”” The second
step is aldol condensation, in which the furfural is reacted
with stoichiometric amounts of acetone in the presence of
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basic catalyst (NaOH) to produce a furfural-acetone dimer.
This is also a biphasic reaction with THF as a solvent, how-
ever unlike the first step, NaCl is not necessary. In the next
step, the dimer is hydrogenated over Ru/C catalyst, which
saturates the double bonds in the dimer. This stabilizes the
dimer and, thus, the hydrogenated dimer can then be sub-
jected to a higher-temperature hydrodeoxygenation. In the
hydrodeoxygenation step, Pt/SiO,-Al,O5 is used as a catalyst
to convert the hydrogenated dimer to tridecane by removing
oxygen in the form of water. In this step, some byproducts
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Figure 2. Reaction chemistry for the conversion of xylose oligomers into tridecane.

(Adapted from Xing et al.*®).

(mostly smaller alkanes or isoalkanes) are identified. These
byproducts are still desirable because they can also be
blended into jet or diesel fuel. Some light alkane byproducts
(e.g., CHy) are also formed which exit the reactor with
hydrogen in the vapor phase. If these byproducts are not
removed, they will progressively increase to unsustainably
large values in the hydrogen recycle loop, and eventually
cause process failure.

Hierarchical Conceptual Process Design

In this section, the application of the different levels of
the conceptual process design for the hemicellulose conver-
sion process will be illustrated with a few relevant examples
to biofuels industry, as an example of rapid assessment of al-
ternative energy producing options.

Level-o Analysis: Input Information

At Level-0, all the relevant information about the process is
collected as summarized in Table 1. This information is used
for determining the raw material and desired product purity,
production rate and selecting plant location. The greatest dis-
tinction between biofuels projects and traditional chemical
processes is raw materials. The dispersed nature of biomass
increase the cost of collecting and transporting the raw materi-
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als to the process location compared to raw materials in the
traditional chemical industry. From the conceptual design
standpoint, this difference leads to two design decisions (1) the
location of process, which is determined by availability and
costs of raw materials, and (2) the scale of process, which is
limited by the availability of biomass in certain biomass-cap-
tured geographic regions. As we increase the biomass capture
radius, the cost of collecting and transporting the biomass will
increase, and, hence, at a certain level, the increasing cost will
eliminate the benefits from the economies of scale. For the
hemicellulose conversion process, a plant site could be
selected near a pulp and paper process to take advantage of
cheap available raw materials or it could be viewed as an add-
on project for an existing biorefinery for which aqueous hemi-
cellulose streams are byproducts (e.g., cellulose conversion to
jet fuel via biofine process™>”). The plant scale for this pro-
cess will be selected based on the availability of hemicellulose,
acetone or hydrogen. Also, at this level, decisions about the
purities of raw materials need to be made. For example, what
is the cost of using hydrogen with different levels of CH4 and
CO impurities? The answer to this question, as most questions
asked in process design, can only be addressed by laboratory
data. However, asking questions like this, very early, guides
the experimental effort. The process designer clearly needs to
work with experimentalists to help answer these questions and
only long term data can truly answer questions of these types.
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Figure 3. Hierarchical levels of design for the process of conversion of aqueous hemicellulose stream to tridecane.

Selecting the medium for gasification (air or oxygen), produc-
tion of hydrogen on site/off site are some examples of Level-0
decisions in certain biofuels projects.

Level-1 Design: Batch vs. Continuous

At this level, the decision to be made is whether to design
a continuous or batch process. Continuous processes are usu-
ally desired for biofuel projects due to the high volume of
production. However, it is possible to have economic batch
processes for other biomass conversion projects, which target
the low-volume specialty chemicals. It is also possible to
have some batch operation steps in a continuous process
with intermediate storage tanks as buffers between batch/
semibatch and continuous processing units, and continuous
segments in an otherwise batch process. For the hemicellu-
lose conversion process the large volume of processed mate-
rials dictates the use of a continuous process.

Level 2 Design: Input-Output Structure

Figure 3A and 3B shows the input-output flow diagram for
the entire process. This input-output structure includes only
reactants, products, byproducts, purge stream, and does not
include the catalyst (NaOH and HCI), recycled solvent (THF),
or promoter (NaCl). One of the process variables considered
here is the feed composition, i.e., the concentration of hemi-
cellulose in aqueous stream. Increasing the concentration of
the hemicellulose reduces the total volumetric flow rate and
this in turn decreases the total capital and operating costs.

AIChE Journal September 2011 Vol. 57, No. 9

Published on behalf of the AIChE

However, the concentration can only increase up to a cer-
tain level beyond which the gain due to the reduction in
operating and capital costs is exceeded by the loss in prod-
uct yield in the biphasic dehydration reactor.

The economic evaluation of the process, using an estimate
of its economic potential, starts at this early stage. The pro-
cess economic potential at this level is primarily the differ-
ence between the revenues from the products and the raw
material costs. Some utility costs and capital costs are also
incorporated for pretreating the feedstock and waste disposal,
leading to the following estimate (Eq. 1) of the economic
potential for Level-2 design.

EP, (§> = product value + Byproduct value
yr

— Raw Material cost — Waste Disposal Fee

(1)

Table 2 provides the first economic assessment for the pro-
cess by computing the economic potential based on a product
selling price of $3.5/gal. The largest portion of the product
cost is due to acetone, despite the fact that consumption of ac-
etone is very low compared to the hemicellulose stream. Thus,
if acetone is replaced by another cheaper carbonyl compound
for aldol condensation®® or produced through different route
within the project, one can decrease the product cost further.
This observation suggests that significant cost reductions can
be achieved by replacing acetone with another carbonyl
compound. In conceptual process design, typically as we
increase the complexity and detail of process design the

DOI 10.1002/aic 2297



Table 2. Economic Analysis of the Hemicellulose Conversion Process of Production Capacity of 50 Mgal/yr at Different
Hierarchical Levels of Conceptual Process Design

Raw material costs per gallon of product

Amount required per gallon product Cost

Level 2: Input-output structure*
$/gal 6.60

Xylose 0.66 kg/gal 0.1 $/kg
Acetone 0.72 $/gal 1.03 kg/gal 0.7 $/kg
Hydrogen 0.41 $/gal 0.41 kg/gal 1 $/kg
Total raw material cost 1.79 $/gal
Product selling price 3.5 $/gal Capacity 50 Mgal/yr

Economic potential = 1.71 $/gal

Economic potential = 85.50 M$/yr
Installation cost Utilities

Level 3: Recycle structure

Dehydration reactor 2543 k$ Dehydration reactor 44024 k$/yr
Aldol condensation reactor 24012 k$
Hydrogenation reactor 5047 k$
Hydrodeoxygenation reactor 5106 k$
Compressor 1 559 k$ Compressor 1 74 k$/yr
Compressor 2 3798 k$ Compressor 2 766 k$/yr
Total installation cost 41065 k$ Total utilities cost 44864 k$/yr

Economic potential = 7.95 M$/yr
Sepatation units costs Utilities

Level 4: Separation structure**

Decanter 1 1937 k$ Decanter 1 0 k$/yr
Decanter 2 160 k$ Decanter 2 0 k$/yr
Decanter 3 87 k$ Decanter 3 1535 k$/yr
Flash 1049 k$ Flash 29171 k$/yr
Total separation cost 3233 k$ Total utilities cost 30706 k$/yr

Economic potential = —25.33 M$/yr

Level 5: Heat integration

Savings on utilities

Dehydration reactor 7189 k$/yr
Decanter 1 0 k$/yr
Decanter 2 0 k$/yr
Decanter 3 1535 k$/yr
Flash 29171 k$/yr
Total savings 37895 kS$/yr

Economic potential = 12.56 M$/yr

The costs for installed equipment and associated utility costs are calculated based on the correlations described by J.M. Douglas in Conceptual Design of Chem-

ical Processes, McGraw-Hill, 1998.
*Costs for HCI, NaCl, THF make-up streams are not included in the analysis.

**Separation system does not include cost for recovery of NaCl from the aqueous stream of decanter 1.

economic potential will decrease due to increase in capital
and operating costs.

In biofuels projects, the feed is available in diverse and
complex forms, while the products specifications are driven
by the market requirements. The designer needs to evaluate
the impact of the impurities on the reaction system. Usually,
it is expected that use of the practical raw materials will
bring more challenges than pure chemical reagents. Some-
times using the actual raw materials brings unexpected
advantages. For example, Xing et al.>' showed that use of
the actual raw materials leads to much less NaCl usage in
the process due to the heavy inorganic salts present in the
hemicellulose steam from a paper mill.

Level-3 Design: Recycle Structure

At Level-3 more details are added to the process by con-
sidering the reactor system and its associate costs and intro-
ducing recycle streams in the flow sheet. In cases of equilib-
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rium reactions, one would generally use one reactant in
excess to increase the conversion, with the excess reactants
recycled back from the product stream. With excess reactant,
the reactor heat duty increases, due to the increase in
throughput, leading to an increase in reactor capital and
operating costs. Furthermore, the design of the heat
exchanger system for the reactor becomes an important con-
sideration due to increased heat duties. Sometimes a diluent
is used to reduce the concentration of the reactant and help
remove the heat of reaction. Other times a heat carrier is
used to add heat to the reaction. In both cases, the diluent or
heat carrier has to be recycled back to the reactor, leading to
an increase in capital and operating costs of the subsequent
separation subsystem. By making the decisions listed in
Table 1, the block flow diagram for the hemicellulose
conversion process at Level-3 is generated, as shown in
Figure 3C. In this flow diagram the separation system block
assumes that there exist separations technologies that can
generate all the different liquid product streams shown in the
process of Figure 3C. Furthermore, it has been assumed that
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the various gaseous products (anything that has a boiling
point lower than propane) are removed as a single “gas
stream”. Given the fact that the separation systems at this
level have not been specified their cost is not included in the
computation of the economic potential.

For the hemicellulose conversion process, one important
design variable is the ratio of the organic (THF) to aqueous
phase-flow rate in the biphasic dehydration reactor. Experi-
mental results have indicated that as the ratio of THF to the
aqueous phase flow rate increases, the yield of furfural
increases. This increase however also leads to larger reactor
and higher capital and operating costs. Thus, a trade-off
exists for selecting the “optimal” ratio of THF to aqueous
phase flow rate. Such trade-offs are very common for bio-
fuels projects where selectivity is highly dependent on con-
centrations of reactants and catalysts. Another additional
design decision at this stage is how much excess hydrogen
should be used in the hydrogenation and hydrodeoxygenation
steps and how much gas should be recycled into the hydro-
treaters. This will increase the recycle cost of hydrogen
stream and the raw material costs. The reactors and com-
pressor can be sized and costed based on the flow rate and
residence time of the reactors, the gas-flow rates, and the reac-
tor pressure. The next step is to convert the capital costs into
annualized capital recovery costs, using the capital charge fac-
tor (CCF). The resulting economic potential for Level-3 is,
thus, calculated by Eq. 2, assuming a CCF of 0.25

EP; (§> = EP, — Annualized reactor(s) cost
yr

— Annualized compressor(s) cos  (2)

The capital costs for the reactor are calculated based on the
onsite costs by correlations presented in Douglas.®> The results
are shown in Table 2; the economic potential has decreased to
about $7.95 M/yr. The largest portion of the reactors’ capital
cost is associated with the aldol condensation reactor because of
its large residence time. The largest contributor to the operating
costs is the heating up of the dehydration reaction. This indicates
that future research efforts should be focused on decreasing the
size of the aldol condensation reactor.

Level-4 Design: Separation System

In Level-3 design, the separation system was represented
by an abstract block performing an ideal separation. At
Level-4 one designs the separation system in detail, which
can be divided into three types as shown in Table 2.

1. Vapor recovery system

The purpose of the vapor recovery system is to collect any
condensable products in gaseous streams and send them to the
liquid recovery system. Common vapor recovery systems
include condensation, absorption, adsorption, reaction or
membrane separation. The vapor recovery system can be put
in three different locations: on the gaseous purge stream, on
the recycle stream (before reactor), or before the gaseous
purge stream and the recycle stream. The selection of where to
put the vapor recovery system depends on what one is trying
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to accomplish in the process. In the hemicellulose conversion
process, there is no need to employ any vapor recovery system
as no valuable or harmful product is present in the purge
stream.

2. Liquid recovery system

The liquid recovery system should be structured in such a
way as to generate distinct liquid streams representing the
desired products and any recycles back to the reactor. Distil-
lation is the most common mode for the separation of liquid
components but one should consider first the use of a simple
liquid-liquid splitter, which requires simple equipment
(decanter) and consumes less energy compared to a distinct
distillation unit. With the knowledge of physical properties,
optimal distillation systems can be designed using different
strategies”’33 to obtain accurate estimations. If conventional
distillation is not feasible, extraction, adsorption, reaction,
crystallization or other form of distillation like vacuum,
azeotropic,”* extractive or reactive distillation®> unit can be
considered to carry out the desired liquid separations.

In the hemicellulose conversion process, the separation can
be carried out using decanters because of the biphasic reaction
scheme. In this preliminary analysis, a simplistic separation
system consisting of flash columns for the THF separation af-
ter the dehydration and hydrodeoxygenation reactors has been
assumed. However, it should be noted that a better design of a
separation system consisting of a train of distillation units
could be required to carry out the needed separations.

3. Solid recovery system

Units like crystallization, filtration, centrifugation, electro-
static precipitation and sedimentation are used for solid recov-
ery. In biofuels projects, like catalytic fast pyrolysis,*® the
solid recovery system can be crucial to the process.

In other biofuels projects like biomass gasification, the
separation of tars from the reactor or clean-up of syngas
introduce large costs and often define the feasibility of the
project.37 Thus, the design of the optimum separation system
is critical in the development of economically feasible bio-
fuels processes.

By making the decisions listed in Table 1 the flow sheet of
hemicellulose conversion process shown in Figure 3D is gener-
ated. The utility and capital costs required for the separations
are calculated and used to estimate the economic potential as
shown in Eq. 3. The economic potential for this level has been
reduced to $ —25.33 M/yr. In this preliminary analysis, the
cost of NaCl recovery from the aqueous stream has not been
accounted for and the recovery of acids from the waste aque-
ous stream has also not been considered. The largest contribu-
tors to the economic potential are the utilities cost due to the
flash column and the decanter 3. We may anticipate significant
cost savings from the possible energy integration of the reactor
and flash column. Consequently, the analysis proceeds to the
next level of design even though our process has a negative
economic potential at this level.

EP, < $> = EP3 — Annualized separation system cost 3)

v
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Level-5 Design: Heat Integration

Energy conservation is one of the important parts of pro-
cess design especially in the production of commodities like
fuels. A systematic method for heat integration is available
in the literature,>® and, thus, will not be discussed here in
detail. Heat integration can also be carried out using com-
mercial software (e.g., Aspen energy analyzer), while differ-
ent algorithms are discussed in the literature for optimal heat
integration process.”’40

In biofuels projects, heat integration is a must for design-
ing a cost efficient process. Typically, heat is recovered
from most exothermic reactions. In the case of the hemicel-
lulose conversion process, the heat required for the decanter
and the flash column is obtained by cooling the product
stream. The economic potential is calculated by Eq. 4 and
unlike the earlier stages of design, where the economic
potential was continuously decreasing, at this stage it
increases to $12.56 M/yr as a result of the extensive savings
in utilities achieved through energy integration.

$ . . .
EPs (—) = EP,4 + Energy savings through heat integration
yr

“
Summary

A six-level hierarchical approach to conceptual design is
summarized in Table 1 with the decisions to be made and the
outcomes to be expected at each level of the conceptual
design. This approach has been used to systematically develop
process flowsheets (Figure 3) for the hemicellulose conversion
process. The process is economically attractive and the single
most significant factor in its economic viability has been the
reduction of utilities costs due to energy integration. The aldol
condensation reactor is the unit with largest contribution to the
total capital cost, suggesting that future laboratory experiments
should focus on decreasing the reactor size.

Conclusion

The challenge with all renewable energy projects is one of
economics. Conceptual process design is a powerful
approach which can be used to generate and evaluate alter-
native designs for renewable energy projects. Conceptual
process design can also be used to guide laboratory experi-
ments so that research is focused and development time is
shortened. This method uses engineering economics and
chemical engineering heuristics to quickly screen process
alternatives. The fundamentals of this method can be applied
to any type of processes and it can play a pivotal role in
sorting out the attractive options of the energy challenges.
We recommend that all the scientists working in the area of
renewable energy collaborate with engineers that have
conceptual process design experience that can help guide the
design of the future research efforts.
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