PROCESS ENGINEERING OF BIOREFINERIES:
RECENT RESULTSAND NEW RESEARCH VISTAS

Prodromos Daoutidis W. Alex Marvin, Srinivas Rangarajan, and Anadries
Department of Chemical Engineering & Materials 8ci& University of Minnesota,
Minneapolis, MN 55455

Abstract

Biomass conversion is a renewable alternative mdyce fuels and chemicals. Development and
optimization of biorefineries involves process erwgiring challenges at various scales, ranging fham
chemistry of the conversion processes, to reactdmpaocess design and optimization, and to entepri
level economic and supply chain analysis. In thicle we discuss recent results in each of thegel$,
specifically, (a) complex thermochemical reactiogtwork analysis using an in-house software, (b)
process design and optimization for continuous petidn of chemicals (5-hydroxymethylfurfural)
from biomass, and (c) supply chain optimization@mass sourcing and facilities location in thelmi
western US. Set in this context, we further disauss research vistas at each level, and opporégniti
for advantages of integration of research taskssgamultiple levels.
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Introduction

Biomass conversion is a prospective “green” altérago  the potential value of applying systems engineetouds,
produce fuels and chemicals. Biorefineries, akin tosuch as synthesis, optimization, and modeling ia th
petroleum refineries, will convert a complex biomas development of biorefinery processes and supplynshia
feedstock in a series of chemical and physicalgssing both first and second generation refining. Process
steps to obtain the desired products. Althoughsynthesis from a broad spectrum of feedstocks, ymtsd
considerable emphasis has been given so far to trend chemistries, integration of multiple processes,
“upstream” conversion of biomass to intermediateretrofitting the petroleum refineries, and desigrsopply
platforms (sugars or syngas), progress in “dowastie chains featuring a decentralized network of fae#itall
conversion to chemicals and intermediates islagiging. require systems engineering solutions. Biorefinitigs,
Process Engineering is a mainstay in designppens up new avenues in process engineering; howeve
optimization, operation, and control of petroleumseveral challenges, and hence, opportunities emerge
refineries. Therefore, it is also envisioned toypéa key Process engineering, conventionally, encompasses
role in biorefining. Marquardt et al. (2010), foxaenple, computational tasks spanning multiple time and tleng
propose an integrated approach involving simultaseo scales:
product and process design to exploit the “richeunolar (a) Process chemistry - At this level, we are mdé&zd
structure of biorenewables”, instead of proceediig in elucidation of the chemical transformations takplace
gasification to C1 and subsequent synthesis. Tthisy  at the molecular level, and calculation of thermuaipic
argue, would involve, new chemistries (low-temparat and kinetic parameters, typically based on atomisti
liquid-phase), technologies (low-temperature sdfmra molecular simulations,
technologies), as well as “tailoring” new products.
another recent review, Kokossis et al. (2010) ersizka
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(b) Reactor design — The formulation of optimal products from initial reactants, and isomer andctiea
reactor configurations is the focus at this leugkegrating lumps. Network generation and analysis is goverbgd
kinetics, thermochemistry, and transport phenomena, user-input rules; hence, the term rule-based. Bgirigk,

(c) Process design & control — Given the proces&xhaustive, versatile and flexible, RING is appieain
chemistry and a desired product slate, we aredsted in  mechanistic analysis of complex reaction systemgetoa
an integrated design that incorporates all thesuafta qualitative insight into the dominant chemical
plant — reactors and separation units — to achithee transformations occurring in the system. Such aalyars,
desired production specifications while optimizing in conjunction with experimental and computatiodata,
economic/environmental criteria; this requires plaide  can help understand the system in considerationh&ve
simulators, optimization algorithms, tools for pess applied RING to study several complex systems; we

synthesis, and process control toolboxes, and discuss one such example below for illustration.
(d) Enterprise-level optimization and analysis -eTh " o e MO o manre "R oM
focus, here, is on multiple plants, either depehdenthe HoQXOLOH o HO\%; o ”°\C+2j\ o
same source of raw materials, or a single multppse Fructose o7 o
plant; optimization of supply and distribution nefi, oH o I\\'H’ 1\";
planning and scheduling, and enterprise-wide ecéryom ct o Mo ™ enoloaldebyde TN on
sustainability, uncertainty, and life cycle anadysire all "o~~g H0 \””<o/1\v/0H*> oAy
carried out at this level. | 25 “”h»"d“‘/'M“'““‘“
These four broad levels of hierarchy are also 'ea"“f;"’e"‘ Ho__ o | M
applicable in the case of engineering processes of w on o / >,,,/° e HO\‘/C\W 2
biorefineries. However, new challenges arise ah eafc Ho v ° Vi o °‘ Ho o'
these levels. In this article, we discuss thesdlaiges, o | "
presenting illustrative results on complex reactietwork N \/©>_\/OH
analysis, process design and optimization of chalsic T o e TS OHMF

from biomass, and supply chain optimization. WeHer
discuss emerging new directions of systems researc
across these scales.

ﬁigure 1: Pathwaysto HMF from Fructose. Shown in red
isthe literature-proposed pathway
Fructose dehydration to 5-hydroxymethylfurfural
(HMF) has received tremendous interest recenthabse

Process chemistry and reactor design HMF is a valuable chemical (see next section). Xgare
._the mechanisms of fructose dehydration, we inpt in
'SRING typical homogeneously catalyzed elementarpsste
for oxygenates— protonation (and its reverse step,
deprotonation) of C=C and -OH groups, dehydration,
hydride shifts, allylic rearrangement, and depratam to
form C=0O groups. We do not include steps such as
cracking because under the conditions of operation,

Biomass, with a carbon-to-oxygen ratio of 1:1,
significantly different from the composition of da oil;
new chemistries, involving a host of thermochemévadl
biochemical routes (Corma et al., 2007, Huber et al
2006), are essential to upgrade biomass, whichurim,
necessitates a thorough understanding of the wiagrl
mechanisms, and estimation of kinetics and L .
thermochemistry for kinetic and reactor models.nBass cracking is not observed. The generated networkaios,

. : ~ 1500 reactions. Shortest pathways to HMF from
conversion systems can, however, have complexiosact furanose form of fructose were identified and 4 in
networks. Elucidation of chemistry, therefore, riegsi

. . . Figure 1. The pathway in red was proposed by Aeitall.
computational tools for network generation and ysial (1990) on the basis of experimental observationghvh
The wide variety of chemistries also implies that e also satisfied by the two other pathways shiwthe
“reaction network generator” for analyzing biomass

: . figure (details in Rangarajan et al., 2011). Thiggests
conversion systems must be generic in terms oftope 9 ( ngara) -~ ) 9ge

s that further experimental/computational studies are
of chemistries it can handle.

We have developed, in our group, a ruIe-basedreqUIred to determine the correct pathway. Thisveda

. : . suggests the utility of RING as a tool to aid arcect

network generation and analysis tool called RINGijclv gge y .
) ) . . experimental and computational research.
makes extensive use of cheminformatics algorithamsi : “ L
. . Proceeding further from a “qualitative network
builds on concepts and capabilities of previously - " o, : .
X analysis” to a more “quantitative” analysis reqsirdhe

developed such tools (see Rangarajan et al., 2Gt0)a

) . L o incorporation  of thermochemistry and kinetics.
given system under investigation, the initial reat$ and Subsequently, reactor-level models can be buitrtwide
likely reaction rules are input into RING in therrio of a 9 Y,

X . ; o . optimal reactor designs that satisfy the requiramen
program written in a domain specific reaction laage. . : ; . -
- o discussed in the previous section. Predicting
The English-like syntax, which is taken from common . o .
. o thermochemistry ab initio for molecules such astivge is
chemistry parlance, makes this interface to RIN@rus

friendly. The generated network can be analyzegims computationally expensive making it almost impofesit

. v . ... evaluate thermodynamics for an entire reaction agtw
of identifying pathways and mechanisms to specific y



Group contributions for gas phase chemistry forlstoa

recognized as a “key substance between carbohyalnate

medium hydrocarbons and some oxygenates are aleailabmineral oil based chemistry” (Schiweck et al., 1p@mhd

in the literature for quick thermochemistry caldida;

as having “by far the highest industrial potentiai a

however, the availability and accuracy of groups tofructose based compound” (Perosa et al., 2007). In
encompass the whole spectrum of biomass-derivedarticular, HMF is the precursor of 2,5-furandiaalic
molecules is yet to be completely addressed. Kinetiacid (FDCA) a molecule that can be directly usedaas

parameters of

compounds also need to be estimated from experahentanalogs

reactions of these oxygen-containingeplacement for terephthalic acid in the productiin

of polyethylene terephthalate (PET) and

data and/ or computational analysis. In this cantex polybutylene terephthalate (PBT).

application of linear free-energy and scaling ielahips
for quick estimation of kinetics over a broad ramgfe
catalytic materials for certain chemistries, such kay
Ferrin et al. (2009) can be very valuable. Althougit
accurate, these estimates can provide a meansuiok g

HMF, produced by dehydration of fructose in aqueous
medium, rehydrates to produce several byproducts;
extraction of HMF from the reaction mixture is thwst
popular approach for preventing sequential reastimd,
thereby, improving HMF yield. The use of an extiagt

screening of mechanisms. Such an analysis would beolvent (e.g. methyl isobutyl ketone (MIBK)) andeth

particularly valuable when applied together withe th
network generation and analysis feature of RINGabse
the network can be generated and analyzed on 8is bia
the kinetics in a rule-based manner.

Biomass conversion, as discussed earlier, canvevol
multiple chemical steps in different reactors; teatevel
designs should look at all these reactors in aegiatted
manner because these reactors interact with edudr. ot
The choice of the series of chemical transformatitm
upgrade biomass then can be made on the basiacibre
level models of these reactor cascades. Thus veoriebf
interacting reactors that function as cascadesIving
multifunctional catalytic chemistries needs to Iptimized
rather than just a single reactor. Uncertainty iontass
production and distributed resources imply
distributed, yet well-connected, networks of snsalie
biorefineries may be required; reactors, therefoeed to

addition of suitable modifiers to both the orgamad dhe
aqueous phases have been proposed to this end (more
details in Torres et al., 2010). Based on this epgh, we
developed two continuous processes for the prooluatf

HMF. The first one (Torres et al., 2010) consideged
biphasic reactor coupled with a liquid-liquid extiar and

an evaporator. The second one was an alternatiwdiich

we claimed that HMF recovery can be improved if
reaction of fructose and separation of HMF takepla a
single unit, the extractive-reactor one (Torrealgt2011).

In both cases, the objective was to find the sofuti
that minimized the cost at which HMF has to be dold
balance raw material, energy, and capital costse Th
constraints of the optimization problem included sma

thatbalances, equilibrium relations, and other openatio

constraints. The result was a nonlinear program s&ho
solution was found using the GAMS interface witte th

be able to handle multiple feedstocks and operatsolver SNOPT. The solution of the optimization peoi

intermittently, operating at low temperatures, puegss,
and high conversion.

Process design of biomass conversion

for different extracting solvents, fructose prices, and
kinetic scenarios showed that the minimum HMF dest
higher than that of its oil-derived analogue, wfthctose
dominating the cost. These results suggested that
approaches different than solvent extraction in

Process design and optimization of biorefineries fo combination with lower fructose prices and morestve

biofuels production has been the focus of sevedtaliss.
For example, the National Research Council repdRQ,

2000) presents a study on the economics of producin

kinetics should be considered in order to furtleeiuce the
cost of HMF.

Similar studies were performed by Anex and

ethanol from wood chips and Karuppiah et al. (2008)oworkers (Patel et al., 2010 and Kazi et al., 20These

optimized the energy efficiency of a corn basectthianol

contributions respectively address the productibhiF

plant. On the other hand, design and optimizatién ofrom fructose and its subsequent conversion in®- 2,

biomass-to-chemicals  processes remain

relativelyiimethylfuran (DMF) and the production of dibutytlne

unexplored. Currently, 90% of the chemicals annuall (DBK, an important industrial solvent) from levtitracid.

produced in the United States (NRC, 2000) are nbthi
from fossil sources, and it is well establishedt thee
incorporation of processes to produce these lowel

Both processes were simulated using Aspen Plusttend
minimum selling price (now defined as the pricevaich
the net present value (NPV) becomes zero) weredfoun

high-value chemicals will be essential to ensure thThe results reported in these studies reinforcedidiea

economic feasibility of the future biorefinery. Théore,
the evaluation of the possible alternatives to poedthem
is a key step in the development of biorefineries.

Recent work from our group (Torres et al., 2010)

addressed this problem by focusing on the produabio
HMF. This choice is based on the fact that HMF beasn

that bio-based compounds are more expensive than th
petroleum derived counterparts mainly due to a high
feedstock price.

Similar approaches need to be applied to evaliete t
feasibility of processes for the production of athe
important bio-based chemicals. As a starting point,



processes to efficiently produce those identifigdDDE
as the top twelve of the future chemical industrged to
be identified. Several alternatives for the synthe§these
chemicals from biomass can be found in the liteeafgee
e.g. Corma et al., 2007). Different process flovestidor
their production can be proposed by translatingse¢he
laboratory scale reaction-separation methods iatgel
scale continuous processes.

One of the major challenges when evaluating thes
processes is the lack of reliable data or coraiati
spanning a wide set of conditions, on physical
thermochemical, and transport properties of thege b

based compounds. In addition, data regarding clemic
transformations is usually given by reporting the
conversion and selectivity at which certain produam be
obtained from certain feedstock. Elucidation of t
chemical pathways is a very active research aneiathie
use of simplified kinetics (in which intermediatese
neglected and by-products are lumped into singtadgor
“black box” models, is still very common.

From the process design point of view, due to #ut f
that biomass and oil have inherently different cloain
compositions, upgrading biomass involves a hostirof
operations that were not considered previouslycfoide

he

oil processing, and have now become relevant. As an

example, biomass is non volatile and thermally isers
making distillation, which dominates separationsodf
based products, unsuitable. Instead, lower temperat

alternatives such as solvent extraction and mengbran
. . 6%ov
separation need to be explored. Biomass such

lignocellulose is cheaper than other hydrocarbasrcss;
however, upgrading this feedstock may involve salver
deoxygenation and carbon-carbon bond formationsstep
thereby leading to a higher overall processing .cos
Process design focusing on integrating these ne
separation methods with new chemistries and readsor
therefore, essential. In addition, as most bio-hase
products are the intermediates of consecutive imraxt
processes in which reaction and separation arerautesd

in a single unit should be considered in order laim
them in high yields. The development of reliabled an

comprehensive models for these operations is am ope

task.

Finally, profit maximization and selling price
minimization have been the most commonly used biases
evaluate and compare different production routes
However, many of the processes to produce bio-otedmi
involve the use of organic solvents or energy igites
separations. Therefore, their viability will notlprdepend
on economic considerations but also on their sukdlity
and energy efficiency. Several environmental anergn
impact indicators have been proposed to evaluamidal
processes (see e.g. the WAR algorithm in Cabezas, et
1999). These indicators can be either used asl &otoank
optimal economic candidates or introduced as arskco
objective function in order to pursue a more arobi
multi-objective optimization approach. Introductioof

e

t

these indices at the process design level is nfajdor
that needs to be addressed.

Enterprise-level analysis

Large-scale biorefinery operation poses significant
challenges for biomass and biofuel logistics. It ds
computational challenge to determine how to effitlie
utilize biomass resources at the enterprise IBi@imass
resources, including grains, crop residues, wood,
municipal waste and landfill gas, have non-uniform
compositions, are geographically distributed and

. _seasonally available. Furthermore, in the facenafeutain

biofuel markets it is paramount that each entegpnske
smart supply chain decisions to mitigate risk, maze
profits and reduce environmental impact. Ideally,
enterprises would cooperatively install biorefiesriin a
region to efficiently utlize biomass and distribut
biofuels. In addition, information on optimal refiry
locations, overall sustainability of refining techogy, and
life cycle analysis is valuable to the governmeat f
imposing regulations as well as providing incergivEor
example, the current US biofuel blending mandates
enforced by the EPA require classifying renewaliel f
based on life cycle emission using the Argonne GREE
model of biofuel supply chain activities (US EPA)1D).
Optimization of the biomass-to-biofuel supply chaian
then be thought of as an idealization of the tmolustry
development, and is thus useful to local and nation
ernment to predict the effect of biofuel policy.

In a recent study (Marvin et al., 2011), we addrdss
the problem of determining the optimal supply ch&in
convert agricultural residues (barley, corn, oats @heat)
to ethanol for a region comprised of biomass predsic
and candidate biorefinery locations in a 9-statgore in

the Midwestern U.S. Agricultural residues are ataumdn

the Midwest (Perlack et al., 2005), making it ampartant
region for any lignocellulosic biomass study. The
objective function was to maximize the net presaitie
(NPV) of the entire supply chain with decision adnles
including biorefinery construction and capacity, dan
biomass harvest and logistics. NPV was calculated
assuming a plant lifetime of 20 years and discoatd of
10%. NPV is an important economic objective because
directly addresses the rate of return for profiekseg
enterprises. County-level biomass producers were
considered with annual harvest bounded by the attitn
residue availability in each of the 779 countiestloé
region. Unit biomass transportation cost was atfanoof
Google Maps highway transportation distances
candidate biorefinery sites. Candidate biorefinsiies
were chosen based on population and adequate highwa
infrastructure. One biorefinery technology that \oents
agricultural residues into ethanol via fermentation
(Humbird and Aden, 2009) was considered with mldtip
capacities available. Ethanol was sold on site with
logistical costs.

to



Mass balance constraints govern the logistical andignocellulosic biorefinery technologies, where rénes

biorefinery  construction (binary) variables.
optimization problem was then written as a mixegger
linear program (MILP) and solved using IBM ILOG
CPLEX. The optimal supply chain for the region li@wn

in Figure 2 for the base case economic and techiuab
parameters. It was optimum to construct biorefe®iin
65 of the 69 candidate biorefinery sites for altoggional
capacity of 4.7 billion gallons of ethanol annualyPV
was $7.07 billion with an internal rate of retufnl@.1%.
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Figure 2. Optimal supply chain for base case
parameters
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The huge uncertainty in operating costs and emissions a

commercial scale. Other recent optimization stutiage
started to account for multiple biorefinery techowés
(Schmidt et al., 2010, You et al., 2011, and Gt al.,
2011) and transportation options to determine 8idna
where they become competitive.

Discussion, conclusions, and future work

Successful design, development, and operation of
biorefineries  necessitates addressing key process
engineering challenges involved at various levels:

elucidation of the complex chemical processes wingl a
variety of chemistries, quantitative thermo-kinetmd
reactor-level models, novel reactor designs usimese
models, process design and optimization of key h&sn
derived chemicals based on economics and susthipabi
and enterprise-level analysis and optimization.

In addition to challenges and opportunities at each
level, biomass conversion offers significant patdntor
integrating multiple levels. The multiple thermoofieal
steps in biorefining can be coupled through kinetid
reaction coupling of oxygenates multifunctionalatgsis,
multi-catalytic-bed reactors, and multiple internented
reactors (Simonetti and Dumesic, 2009). Analysis
reactor-level models in such cases cannot prequaleess
chemistry. The coupling of these multiple reaction
cascades involves homogeneous and heterogeneous
chemistry of compounds in the solid, liquid, anchaa

of

A sensitivity analysis on the optimum revealed thatPhase, and involves chemistry of hydrophilic oxygen

the biofuel supply chain is sensitive to economid a
technological parameter changes. This was done

containing and hydrophobic hydrocarbon molecules in
ultiple reaction units. The design of such reactand

computing a new optimal supply chain after eachf®actor networks is r_10n-trivia| and profoundly at_kethe
parameter in the model was changed. For example, gipwnstream separation processes. Process designirdon

ethanol sale price decrease of 5% had a negligiffieet
on the supply chain and a 10% decrease resultethatier
installed biorefineries, but no biorefineries wémstalled

conjunction with rigorous reactor-level models wilk
able to address these issues better. The natuneceso
quantity of biomass and the local demand and supply

above a 15% ethanol price decrease. Ethanol prick€ls and chemicals, optimizing locations of plarteir

stabilization through government policy would thbe
quite useful for this single biorefinery technologypply
chain. In reality, the enterprises would have mpigti

capacities and product slate will determine whanaistry
and processes have to be adopted, and how theg aee
operated and controlled. Integration of procesfydesith

competing technologies and could change Operatinsnterprise-scale analysis and optimization enalbkes

conditions to give some flexibility to their suppdhain as
prices vary.

consideration of factors such as macroeconomidg;ypo
and infrastructure in determining the appropriate

The inclusion of multiple competing technologiesian téchnology for process development.

additional
framework will better approximate the diversity sei@

biomass feedstocks into this optimizaatio

Such integration requires adequate computational
software support. Such support does exist for ticadil

the biofuel industry, as well as provide valuable'€fineries (e.g. software tools such as ASPEN Plad8

information to the process design level. It is sioned
then that this enterprise-level analysis can ddtem

gPROMS). One option here is to augment the existing
tools with the databases and design/optimizatiarifod

minimum “black box” process parameters targets_(e_gprotocols as they are developed for biorefinerycpsses.

product slate, flexibility and yield) which must beet for

An alternative approach is to build from scratcmew

a biorefinery to be competitive. Furthermore, theoverarching framework that seamlessly allows for

enterprise-level analysis provides a best-caseasicefor
biorefinery technology profitability and environnteh
impact. These could be valuable insights in thee aafs

integration of several tools that can interact wihch
other and also with custom-built programs. A pdssib
approach to building such an infrastructure is lsng



extensible languages (Van Wyk and Heimdahl, 2006
framework, in such a case, would be a general-m&po
language (like Java or C++) extended with domain
specific syntax and semantics covering the fouelewf
process engineering.

Biomass conversion, thus, opens up several excitin
new vistas in process engineering. Challenges apaide
spectrum involving multiple length scales (from aten
kinetics to supply chains), areas and fields (fidramistry
to economics and computer science), with potefaiaan
integrated approach
concurrently.
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