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What Are FG-DVC and FG-BioMass Models?

The Functional-Group, Depolymerization, Vaporization,
Cross-linking (FG-DVC) model is a comprehensive code
for predicting yields and compositions of coal-pyrolysis
products (gas, tar, and char). The quantification of gas-
phase NO, precursors is also possible. The code is
particularly useful in modeling high heating rate
processes, where experimental data are difficult to
collect. Coal switching, blending, and co-firing of
biomass and coal are other applications. The model is
based on the fundamentals of coal chemistry and
physics. The model has recently been extended to
biomass (the FG-BioMass model) and to processes

involving large coal particles. For coals, the minimum
input is ultimate analysis, but more reliable results are
obtained if input files are generated on the basis of TG-
FTIR analysis available from Advanced Fuel Research.
(TG-FTIR = thermogravimetric analyzer combined with
Fourier transform infrared analysis of evolving
products.) In the case of biomass, we recommend
input files based on TG-FTIR data. The model is
available as a stand-alone version; it is also possible to
use it as a submodel for computational fluid dynamics
(CFD) codes.

* Diverse feedstocks:

¢ coal
¢ biomass
¢ waste materials (e.g., waste tires)

* The following information provided as a function
of extent of devolatilization (e.g., pyrolysis time):

Gas, tar, and char yields

Elemental composition of gas, tar, and char
Molecular weight distribution of tar
Information on coal softening and fluidity
Detailed speciation and quantification of
volatile products:
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For biomass, additionally:

formaldehyde

acetaldehyde

formic acid

acetic acid

methanol

phenol

acetone

_ levoglucosan

¢ Quantification of gas-phase pollutants

NO, and N,O precursors
(HCN and NHj3)
_ SO
* The effect of pressure taken into account

¢ Capability for integration with Computational
Fluid Dynamics (CFD) codes

¢ FLUENT

¢ PCGC-2 (pulverized coal
combustion/gasification - Brigham Young
University)
AIOLOS (University of Stuttgart)
MBED-1 (fixed beds - Brigham Young
University)
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¢ FBED-1 (fixed beds - Brigham Young ®* Model Input

University) * El tal i f | or bi
¢ MFIX (fluidized beds — U.S. Department of emental composition of coal or biomass
Energy) ¢ Pyrolysis temperature as a function of time
® Stand-alone versions available on multiple .
platforms ¢ In the case of biomass, some coals, and
i non-standard feedstocks, TG-FTIR
¢ PC (DOS, Windows) analysis (a thermogravimetric analyzer
¢ UND_( combined with Fourier transform infrared
¢ Macintosh (under development) analysis of evolving products) — available
e Customer support available from the model from Advanced Fuel Research, Inc.

developer, Advanced Fuel Research, Inc.
(includes TG-FTIR characterization of unusual

feedstocks)
Applications
® Coal-conversion processes: pyrolysis, gasification, ¢ Co-firing of biomass and coal
combustion, liquefaction ® Biomass conversion: pyrolysis, gasification, and
Coal switching combustion
Coal blending

Modeling Approach

The modeling approach used in so-called van Krevelen diagram (a plot of H/C versus O/C atomic ratios). The
FG-DVC is phenomenological in required three FG-DVC input files can be generated for any coal, as illustrated
nature. A suite of well- in Figure 1. Elemental composition data for an untested coal are plotted in the
characterized coals was selected van Krevelen diagram, and input parameters are interpolated from among
to form an FG-DVC database input parameters of the three nearest library coals (triangular interpolation).
(library coals), and pyrolysis In this way, elemental composition is the only input information that is needed
behavior of these coals was to run the FG-DVC code. For unusual feedstocks, custom input files can be
extensively studied using TG- created at AFR.

FTIR analysis, pyrolysis Field

lonization Mass Spectrometry 0.90

(FIMS), Gieseler fluidity, solvent

swelling and solvent extraction. Low-Rank
Based on this information, three 0.85 Coal
FG-DVC input files were created - oars
for each library coal: (1) kinetic 0.80

file; (2) composition file; and (3) Q )

polymer file. The first two files = 0.75

describe the kinetics of gas- o Library Coals
product evolution and the 0.70 |

amounts of precursor material for O Unknown Coal
each volatile species. A set of 0.65

independent, first-order reactions
with Gaussian activation-energy

High-Rank Coals

distributions is used for the kinetic 0.60

model. The polymer input file 0.00 0.05 0.10 0.15 0.20 0.25
contains information on the coal’s

swelling and fluid behavior. The O/C

library coals can be represented Figure 1. lllustration of an interpolation scheme used to create FG-DVC input

as a network of grid nodes in the files for a coal with an unknown pyrolysis behavior.



Model Validation

The FG-DVC model has been extensively validated
against experimental data, and more detailed
information on model validation can be found in The FG-
DVC Model Description and Validation fact sheet. For
the sake of illustration, results of blind model-prediction
tests are shown in Figure 2. An independent testing
program was carried out on behalf of Electric Power
Research Institute (EPRI), and the tests involved drop-
tube pyrolysis experiments performed at PowerGen. A
set of eight international coals was used, and AFR was

provided only with their proximate and ultimate
analyses in addition to the nominal pyrolysis
conditions (a linear temperature ramp at 2 x 10* K/s
from room temperature to 1613 K, followed by an
isothermal treatment at 1613 K for 150 milliseconds).
The dotted lines in Figure 2 indicate the approximate
range of uncertainty in experimental data, and solid
symbols represent the FG-DVC model predictions. It
can be seen that the agreement is good.
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Figure 2. Comparison of PowerGen drop-tube pyrolysis data with FG-DVC model predictions. Dotted lines indicate the
uncertainty limits of experimental data, and solid symbols represent model predictions.

The following FG-DVC/FG-BioMass fact sheets are

available:

®* The FG-DVC Model Description and Validation

® A List of Publications on the FG-DVC and FG-
BioMass Models

®  Ordering Information

Inquiries about the FG-DVC and FG-BioMass models
should be directed to:

Dr. Marek A. Wojtowicz

Vice-President, Clean Energy and Carbon Materials
Advanced Fuel Research, Inc.

East Hartford, CT 06108-3728, USA

tel. +1 (860) 528-9806 ext. 142, fax +1 (860) 528-0648
e-mail: marek@AFRinc.com

AFR’s web address: http://www.AFRinc.com.



The Users of the FG-DVC and FG-BioMass Models

A partial list of laboratories that have used the FG-DVC and FG-BioMass models:

US.A.

Name

ABB - Power Plant Laboratories

Riley Stoker Corporation

Babcock and Wilcox Co.

Foster Wheeler Development Corp.
Factory Mutual Research Corp.

BOC Group Technical Center

CRS Sirrine Engineers, Inc.

Bechtel Corp.

Department of Energy, NETL
Department of Energy, NETL

National Institute of Standards and Technology
National Renewable Energy Laboratory
FAA Technical Center

Brown University

Brigham Young University

Virginia Polytechnic Institute

Oregon State University

University of Utah

Overseas

Name

Institut Francais du Pétrole

AEA Technology

Delft University of Technology
DMT Gesellschaft

Insituto de Carboquimica
Instituto Nacionel Del Carbon
Reatech

Swedish National Testing and Research Institute
CSIRO

Institute of Coal Chemistry
Technical University of Denmark
Technische Universitat Graz
University of Stuttgart

Imperial College

University of Leeds

University of Newcastle

Monash University

University of Kyoto

Kyushu University

Hokkaido University

Tohoku University

Abo Akademi University

Ruhr Universitat

Universitat Karlsruhe

Bandung Institute of Technology

Swiss Federal Institute of Technology
Technical Universitv of Aachen

Location
Windsor, CT
Worcester, MA
Alliance, OH
Livingston, NJ
Norwood, MA
Murray Hill, NJ
Greenville, SC
San Francisco, CA
Morgantown, WV
Pittsburgh, PA
Gaithersburg, MD
Golden, CO
Atlantic City, NJ
Providence, RI
Provo, UT
Blacksburg, VA
Corvallis, OR

Salt Lake City, UT

Location

Rueil - Malmaison, France
Oxfordshire, UK
Delft, the Netherlands
Essen, Germany
Zaragoza, Spain
Oviedo, Spain
Roskilde, Denmark
Boras, Sweden
Sydney, Australia
Shanxi, China
Lyngby, Denmark
Graz, Austria
Stuttgart, Germany
London, UK

Leeds, UK
Callaghan, Australia
Mulgrove, Australia
Kyoto, Japan
Fukuoka, Japan
Sapporo, Japan
Sendai, Japan
Turku, Finland
Bochum, Germany
Karlsruhe, Germany
Bandung, Indonesia

Zurich, Switzerland
Aachen. Germanv
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available from Advanced Fuel Research, Inc. (AFR)

THE FG-DVC MODEL DESCRIPTION AND VALIDATION

Advanced Fuel Research, Inc. (AFR) has developed strong expertise in the area of coal and biomass
pyrolysis, in terms of both experimental research and pyrolysis modeling. An advanced coal-pyrolysis
model, the FG-DVC model, has been under continuous development at AFR since the early 1980's. In
what follows, the theoretical fundamentals of the FG-DVC model are discussed and selected examples of
model validation are given. The discussion is provided for a coal feedstock, but other materials, such as
biomass, solid wastes (e.g., scrap tires), can be treated in a similar fashion.

Statistical Network Models

The important processes in the early stages of pyrolysis are polymerization/depolymerization, cross-
linking and gas formation, and these early processes determine the basic structure of the products [1,2]. A
statistical network model can be used to describe the pyrolysis of coal because of the polymeric /
macromolecular nature of the feedstock. The geometrical structure of a polymer (whether it is chain-like
or highly cross-linked) controls how it reacts under otherwise identical chemical reactions. Statistical
models based on the geometrical structure are therefore required to predict the reactions of a polymer.
AFR has developed such statistical models to describe the thermal decomposition of coal.

Many recent studies have proposed that coal can be thought of as having a macromolecular network
structure to which concepts of cross-linked polymers can be applied [1-10]. These concepts have been
employed to understand and model such properties of coal as: i) the insolubility; ii) the equilibrium
swelling and penetration of solvents; iii) the viscoelastic properties; iv) similarities between the parent
coal and products of hydrogenolysis, or mild oxidation; v) cross-linking during char formation [11-12];
and vi) the formation of coal tar in pyrolysis [13-15]. With the success of these concepts in describing
coal properties, it is logical to extend macromolecular network concepts to completely describe the coal
thermal decomposition behavior. This has been done at AFR by applying statistical methods to predict
how the network behaves when subjected to thermally induced bond breaking, cross-linking, and mass
transport processes [16—21].

The general model developed at AFR to describe coal thermal decomposition is called the FG-DVC
model. It was described in several publications [19,20]. In developing the model, extensive experimental



work was done with synthetic polymers to allow the study of bond breaking and mass transport in a
chemically clean system [22-24]. The model combines two previously developed models, a functional
group (FG) model [15,25,26] and a depolymerization-vaporization-cross-linking (DVC) model [16-18,
22-24]. The DVC subroutine is employed to determine the amount and molecular weight of
macromolecular fragments, the lightest of which evolves as tar. The FG subroutine is used to describe the
gas evolution and the elemental and functional group compositions of the tar and char. Cross-linking in
the DVC subroutine is computed by assuming that this event is correlated with CO, and CH,4 evolutions
predicted in the FG subroutine. The yield of rapidly released CO, (which is related to coal rank and
weathering) is the factor that controls the thermosetting or thermoplastic behavior of coals. For coals
which exhibit thermoplastic behavior, the fluidity is limited by the cross-linking associated with the
evolution of methyl groups.

The DVC Model - A simple example of the DVC model is shown in Fig. 1. In this model, the parent coal
is represented as a two-dimensional network of monomers (condensed ring clusters) linked by strong and
weak bridges. The monomers are represented by circles with molecular weights shown in each circle.
The molecular weight distribution of the monomers is assumed to be Gaussian and is described by two
parameters, Ma,q (Mmean) and o (standard deviation). The monomers are linked to form unbranched
oligomers of length | by breakable and non-breakable bridges (shown as horizontal single or double lines,
respectively in Fig. 1a). m, crosslinks per gram are added (as vertical double lines in Fig. 1a) to connect
the oligomers of length I so that the molecular weight between crosslinks, M. corresponds to the value
reported in the literature [27] for coals of similar rank. The crosslinks form the branch points in the
macromolecule. Unconnected "guest” molecules (the extract yield) are obtained by choosing the value
of I.

The parameters M, |, Mayg, and o determine the molecular weight distribution of oligomers in the starting
coal molecule. A histogram showing the distribution created by randomly picking monomers to form
oligomers of length I, and randomly cross-linking them to achieve an average molecular weight between
cross-links, M, is presented at the right of Fig. 1a. The distribution is divided into a pyridine-soluble
portion below 3000 amu (light shading), and a pyridine-insoluble portion above 3000 amu (dark shading).

Figure 1b shows the molecule during pyrolysis. The rates for bridge breaking and cross-linking are
determined from the FG model. Some bridges have broken, other bridges have been converted to
unbreakable bridges by the abstraction of hydrogen to stabilize the free radicals, and new cross-links have
been formed. To determine the change of state of the computer molecules during a time step, the number
of cross-links formed is determined using the FG subroutine (see below), and passed to the DVC
subroutine. These cross-links are distributed randomly throughout the char, assuming that the cross-
linking probability is proportional to the molecular weight of the monomer. Then the DVC subroutine
breaks the appropriate number of bridging bonds and calculates the quantity of tar evolved for this time
step using the internal and external transport equations. The result is the coal molecule representation and
the molecular weight distributions shown in Fig. 1b. The lighter "tar molecules," which leave the particle
according to the transport equations, are cross hatched in Fig. 1b. A fraction of the donatable hydrogen is
used to stabilize the free radicals formed by bridge breaking, creating two new methyl groups per bridge
and the same fraction of breakable bridges is converted into (unbreakable) double bonds.

Figure 1c shows the final char, which is highly cross-linked with unbreakable bridges and has no
remaining donatable hydrogen. The histogram now shows only tar and pyridine insoluble fractions. The
extractables have been eliminated by tar formation and cross-linking. The output of the DVC subroutine
is the molecular weight distribution in the coal, its time dependent transformation during devolatilization,
and the evolution of tar determined by the transport of the lighter components.



The FG Model - The Functional Group (FG) model has been described in a number of publications
[15,26,28]. It permits the detailed prediction of the composition of volatile species (gas yield, tar yield,
and tar functional group and elemental composition) and of char (elemental and functional group
composition). The original version employed coal-independent rates for the decomposition of individual
functional groups in the coal and char to produce gas species. The approach was successful in predicting
the evolution profiles and amounts of the volatile products [20,29]. More recently, it was found that rank-
dependent Kinetic rates for bridge breaking and cross-linking were required to make accurate predictions
of coal fluidity, as discussed below and in Refs. [30] and [31].

Model Validation

The model predictions have been compared to experiments on the pyrolysis of a Pittsburgh Seam coal
[11,26,32,33], a North Dakota (Beulah, Zap) lignite [18,26], and the Argonne Premium coal samples
[29,30]. Comparisons of the predictions with experiments are presented below.

Product Distribution - The ability of the FG model to predict the product distribution is illustrated in
Fig. 2. The model predictions and experiments are described by Serio et al. [26]. There is excellent
agreement between the theory and data.

Extract Yields - Fig. 3 compares the FG-DVC predictions to the data of Fong et al. [33] on total volatile
yield and extract yield as a function of temperature in pyrolysis at 0.85 atm [34]. The experiments were
performed in a heated-grid apparatus at heating rates of approximately 500 °C/sec, with variable holding
times and rapid cool down. The predictions at the two higher temperatures (Figs. 3c and 3d) are in
excellent agreement with the data. There is a discrepancy between the prediction and the data at early
times for the two lower temperature cases (Figs. 3a and 3b). It is possible that the coal particles heat more
slowly than the nominal temperatures given by Fong et al.

Cross-link Density - To examine the effect of coal rank on cross-linking, the volumetric swelling ratios
(VSR) for North Dakota (Beulah, Zap) lignite, and Pittsburgh Seam bituminous coal were measured as a
function of temperature at a heating rate of 0.5°C/sec. The VSR can be related to the cross-link density
[11,27]. As discussed previously [18,20], under the assumption that the cross-linking reactions may also
release gas species, the VSR was correlated with the observed evolution of gas species during pyrolysis.
Correlations presented in references [18] and [20] show that, on a molar basis, the evolution of CO, from
the lignite and CH, from the bituminous coal appear to have similar effects on the VSR. Reactions which
form these gases leave behind free radicals which can be stabilized by cross-linking. The coals which
undergo early cross-linking are less fluid, produce less tar, and produce lower molecular weight tar
compared with coals which do not experience early cross-linking [16,17]. Assuming that one cross-link is
formed for each CO, or CH; evolved from the char, the FG-DVC model predictions are in good
agreement with the data, as discussed in references [18] and [20].

Molecular-Weight Distribution - A sensitive test of the model is the ability to predict the tar molecular
weight distribution and its variations with rank, pressure, and heating rate. Figures 4c and 4d show
experimental results for the Pittsburgh Seam bituminous coal and the Beulah Zap lignite pyrolyzed in the
field ionization mass spectrometer (FIMS) apparatus [35]. The data have been summed over 50 amu
intervals. While the Pittsburgh bituminous coal shows a peak intensity at about 400 amu, the lignite peak
is at 100 amu. The predicted average tar molecular weight distributions are in good agreement with FIMS
data, as shown in Fig. 4a and 4b. Since both tar distributions are from the same monomer distribution, the
enhanced drop-off in amplitude with increased molecular weight for the lignite, as compared with the
bituminous coal, must be due to early cross-linking and transport effects in the lignite.

Pressure Effects - The FG-DVC model can also predict the effect of pressure on the tar molecular weight
distribution and product yields, as described in reference [20]. Pressure enters the model through the




transport equations. The internal transport rate which is assumed to dominate, is inversely proportional to
the ambient pressure P,. The reduced transport rate reduces the evolution rate of the heavier molecules.
Therefore, the average molecular weight and the vaporization "cut-off" decrease with increasing pressure.
The model was able to successfully predict tar and char yield variations from pyrolysis experiments done
over a range of pressures from vacuum to ~100 atm [20].

Fluidity - A model for fluidity of coal has been developed based on a macromolecular network concept
which is part of the FG-DVC model [31]. The network model predicts the fraction of liquids and the
average molecular weight of the liquids under the combined effects of bridge breaking and cross-linking.
The empirical model for an inhomogeneous melt assumes the fluidity depends on the liquid fraction in the
melt, on the viscosity of the fluid, and on the temperature. Good agreement has been obtained with data
for four coals which cover five orders of magnitude in fluidity and several hundred degrees in
temperature. This agreement is obtained with fixed parameters in the empirical fluidity equations but
with adjustments of the bridge breaking and cross-linking rates which vary with the rank of the coal. The
first example of the application of the model to predict fluidity is shown in Fig. 5. The data are from
Oxley and Pitt [36], obtained by heating during an 11 minute period to constant temperatures of 400, 420,
and 440 °C. The agreement is excellent because the model predicts the increase and decrease in fluidity
due to bridge breaking and cross-linking, and fits data throughout two orders of magnitude change in
fluidity, and over a 40 °C change in temperature.

Yields of Volatile Products and their Dependence on Coal-Rank, Heating Rate,, and Pressure - A parity
plot of predicted versus measured atmospheric pressure tar yields is shown in Fig. 6, which has been
adapted from Zhao et al. [37]. A perfect agreement between model predictions and experimental data
corresponds to the diagonal line in the figure. It can be seen that all of the data indeed fall on or near the
diagonal. It should be emphasized that the experimental data shown in Fig. 6 come from a number of
independent investigations in which different experimental set-ups and conditions were used. In
particular, the pyrolysis heating rate varied over several orders of magnitude (1-1000 K/s). Other
examples of the good agreement between model predictions and experimental data are shown in Figs. 7-9.
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Figure 1. Representation of a coal molecule in the DVC simulation and corresponding molecular
weight distribution. In the molecule, the circles represent monomers (ring clusters and peripheral
groups). The molecular weight shown by the numbers is the molecular weight of the monomer
including the attached bridges. The single line bridges are breakable and can donate hydrogen.
The double line bridges are unbreakable and do not donate hydrogen. The molecular weight
distributions of the coal, tar, and chars are shown as histograms at the right. The histogram is
divided into tar and char with pyridine soluble and insoluble fractions.
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Figure 2. Pyrolysis results for North Dakota Lignite, Figure 4. Comparison of predicted (parts a-b) and
200 x 300 mesh, in the heated-tube reactor (HTR) at an measured (parts c-d) tar molecular weight distributions
equilibrium tube temperature of 800 °C. Solid lines in for lignite and bituminous coals. The experiments are
parts a-e are predictions of the Functional Group Model. performed by pyrolysis of coal samples in a FIMS
Solid lines in part f are predictions of the Time- apparatus. Intensities have been summed over 50 amu
Temperature Position Model. intervals.
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Figure 3. Comparison of FG-DVC model predictions (lines) with Figure 5. Comparison of the theory of fluidity for a high
the data of Fong et al., 1986 (symbols) for Pittsburgh Seam coal: rank coal at constant temperatures of (a) 400 °C, and (b)
(2) 813 K @ 470 K/s; (b) 858 K @ 446 K/s; (c) 992 K @ 514 K/s; 440 °C. The experiment is for a coal with a 30% volatile
and (d) 1018 K @ 640 K/s. P =0.85 atm. matter content, and theory is for Upper Freeport coal.
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