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a  b  s  t  r  a  c  t

The  thermochemical  research  platform  at the  National  Bioenergy  Center,  National  Renewable  Energy  Lab-
oratory  (NREL)  is primarily  focused  on  conversion  of biomass  to transportation  fuels  using  non-biological
techniques.  Research  is conducted  in  three  general  areas  relating  to fuels  synthesis  via  thermochemical
conversion  by  gasification:

(1) Biomass  gasification  fundamentals;  chemistry  and  mechanisms  of tar  formation
(2)  Catalytic  tar  reforming  and  syngas  cleaning
(3)  Syngas  conversion  to mixed  alcohols

In  addition,  the platform  supports  activities  in  both  technoeconomic  analysis  (TEA)  and  life cycle  assess-
ment  (LCA)  of  thermochemical  conversion  processes.  Results  from  the  TEA  and  LCA  are  used  to inform
and guide  laboratory  research  for alternative  biomass-to-fuels  strategies.  Detailed  process  models  are
developed using  the  best  available  material  and  energy  balance  information  and  unit  operations  mod-
els  created  at  NREL  and  elsewhere.  These  models  are  used  to identify  cost  drivers  which  then  form  the
basis for  research  programs  aimed  at reducing  costs  and  improving  process  efficiency  while  maintaining
sustainability  and  an  overall  net  reduction  in  greenhouse  gases.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

One of the major thermochemical conversion routes for man-
ufacture of transportation fuels from biomass that is being
researched at National Renewable Energy Laboratory (NREL) con-
sists of biomass gasification to create raw syngas followed by
catalytic gas cleaning/conditioning to produce clean syngas suit-
able for downstream catalytic fuel synthesis [1–6]. Fig. 1 is a
schematic of this process. The syngas cleanup step accounts for
a significant portion of the cost of the production of fuels [7];
accordingly research is being conducted to increase the reliabil-
ity and performance of the catalysts used in this step. Efforts are
also underway to improve gasification to reduce the amount of tars
in the raw syngas in order to reduce the demands on the cleanup
step. Fuel synthesis, currently focused on ethanol, is then conducted
with cleaned syngas and proprietary fuel synthesis catalysts. The
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following sections discuss research being conducted at NREL in
gasification, syngas cleanup and synthesis of mixed alcohols.

1.1. Gasification research

Biomass gasification research is focused on applications of low-
temperature atmospheric pressure fluid bed and entrained-flow
reactor technologies using both steam and recycle gas as the fluidiz-
ing/transport medium. The work is carried out over a broad scale
ranging from laboratory microreactors through bench scale sys-
tems up to NREL’s 20 kg/h thermochemical process development
unit (TCPDU); a schematic of the TCPDU is shown in Fig. 2.

The TCPDU is very flexible, and can be used for studies of both
gasification and pyrolysis in either the fluidized bed or entrained-
flow mode of operation. To complement pilot studies conducted in
the TCPDU, research on gasification fundamentals is conducted in
the following general areas: chemical kinetics and mechanisms of
gasification, heat and mass transport in reactors, and the chemical
and physical changes occurring in biomass during gasification and
the impact upon product evolution.
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Fig. 1. A schematic of the conversion of biomass to biofuels through gasification and fuel synthesis.

1.2. Tar reforming catalyst development and syngas cleaning

Research on syngas cleaning has focused on the development
of a novel nickel alumina based fluidizable tar reforming cata-
lyst promoted with magnesium and potassium. This catalyst has
been shown to be very effective in destroying tars and benzene via
reforming (>99%) while also reforming methane (>90%) in a high-
sulfur environment with all species reforming to produce more
syngas. Performance of this catalyst has been verified at labora-
tory through pilot scales. This syngas cleaning approach eliminates
the need for a downstream methane reformer while improving
biomass carbon use. A companion strategy is the development of
high-temperature sulfur sorbents at NREL as a way to reduce or
eliminate deactivation of the reforming catalyst from exposure to
hydrogen sulfide, which is generated during biomass gasification.
A novel manganese-based sorbent that reduces H2S from 1000 to
1 ppmv in simulated syngas at 700 ◦C has been developed and has
been tested successfully on biomass-derived syngas in the TCPDU.
These NREL developed sorbents work in the high moisture envi-
ronment associated with indirect steam gasification at operating
temperatures to 700 ◦C. Downstream reforming is viable at 700 ◦C
though better performance is achieved by reheating the syngas to
reforming temperatures ≥800 ◦C. While fluidized bed tar reforming
without H2S removal is efficient at temperatures ≥800 ◦C, sorbent
use more than doubles actual reforming time before regeneration is
required. Technoeconomic analysis using pilot scale generated data
is underway to determine which approach is more cost effective.

1.3. Syngas conversion to mixed alcohols

Fuel synthesis research is currently focused on improving metal
sulfide catalysts, which can convert syngas to ethanol in a sin-
gle reactor. Catalysts are being developed that are more selective
for ethanol synthesis and more productive per loaded volume.
Reaction products are being analyzed in detail for distillation prop-
erties and chemical composition so that the complexities of the
crude alcohol product and fuel properties of the finished prod-
uct can be understood. Catalysts are being tested in ‘clean’ and
TCPDU-derived syngas to determine the sensitivity of the catalyst
to poisons and to validate the level of syngas cleanup necessary
for commercial operation. Mechanisms of mixed alcohol synthesis
and associated kinetics are being developed to further improve our
predictive process models, and catalyst lifetime and deactivation
studies are being conducted to improve the current understand-
ing of protection and regeneration protocols. Additional research
is being conducted with several industrial partners, with emphasis
on validating the performance of development stage and com-
mercial ready mixed alcohol catalysts. All activities interface with
NREL’s technoeconomic analysis (TEA’s) team, and provide data
that improves and/or validates performance and cost projections.
Future work will investigate synthesis of fuels with an emphasis
on high-density infrastructure-compatible materials – specifically
hydrocarbons in the naptha, diesel, and jet boiling ranges.

In the following narrative, NREL’s thermochemical conver-
sion research comprising improvements in indirect gasification to

Fig. 2. NREL’s thermochemical process development unit (TCPDU).
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Fig. 3. Representative molecular species showing evolution of tars during pyrolysis. (A) At low temperatures (500–600 ◦C) primary pyrolysis products are formed. (B and C)
These  products crack at intermediate temperatures (600–700 ◦C) to smaller molecules. (D) PAHs are formed at higher temperatures (700–900 ◦C).

reduce tar formation, tar reforming catalyst development, syngas
cleaning, and catalytic ethanol synthesis is outlined in more detail.

2. Formation of biomass-derived gasification tars

Tars, defined as condensable organic molecules (C6 and greater),
are pervasive in syngas from biomass gasification because the pro-
cess is usually conducted at moderate temperatures (700–900 ◦C)
where complete cracking of the tars is not possible. These tar com-
pounds deactivate fuels synthesis catalysts, clog transfer lines and
damage compressors creating the need for a cleanup step after gasi-
fication to remove tars as well as methane and other hydrocarbon
contaminants. However, this is often expensive due to the high cost
of effective catalysts. Modifying the gasification step to produce
less tar can help reduce the demands on the reforming catalysts,
improving performance and cost of this step.

The tars formed at typical gasification temperatures are
primarily polycyclic aromatic hydrocarbons (PAHs – benzene,
naphthalene, phenanthrene, anthracene, etc.) as well as some
methylated aromatics [8–11]. These compounds are problematic
for two reasons; (1) they are very stable, refractory, and difficult to
crack further and (2) they can be precursors for coke formation on
catalyst surfaces. As a result, NREL has focused on understanding
the chemistry of tar formation with the objective of finding ways
to reduce the formation of PAHs during the gasification step. This
approach additionally reduces the catalyst tar reforming load. As
discussed below, the unique mechanisms for the formation of these
molecules provides an opportunity to adjust gasifier conditions so
as to reduce their concentrations.

2.1. Characterization of tars

The tars formed during biomass pyrolysis include a wide range
of molecular species; formation of these compounds during gasi-
fication has a strong dependency on the gasifier temperature.
Evans and Milne [11] measured the products from the pyrolysis of
biomass in hot helium using a Molecular Beam Mass Spectrometer
(MBMS), and showed clear trends in the types of species that were
formed as a function of the temperature of the helium. As the tem-
perature was increased from 500 ◦C to 900 ◦C, the primary pyrolysis
products first cracked, and eventually formed PAHs at high tem-
peratures. These observations have been confirmed with MBMS
measurements from a laminar entrained flow reactor (LEFR)[8]
and pilot scale fluidized bed reactor [9,10].  In all of these stud-
ies, multivariate analysis was used to identify correlated groups of
intermediates in this transformation to PAHs. Fig. 3 shows trends

in the evolution of representative products as a function of tem-
perature. At the lower temperatures primary pyrolysis products of
the individual components of biomass (lignin, cellulose and hemi-
cellulose) are observed. These molecules have a significant amount
of oxygen and many have high molecular weights. As the tempera-
ture is increased, these products are cracked, the molecular weight
decreases and the amount of oxygen in the products decreases.
These cracking reactions also result in the formation of the use-
ful syngas components (CO and H2). Eventually, small hydrocarbon
molecules and radicals recombine to form PAHs through mecha-
nisms that have been demonstrated in hydrocarbon combustion
chemistry; these PAHs are prevalent in the tars that are observed
during biomass gasification. It is reasonable to expect that similar
trends in tar formation will occur as a function of residence time
at gasification temperatures (700–900 ◦C). At the earliest times the
primary pyrolysis products evolve from the biomass, these prod-
ucts are cracked and then as time progresses small hydrocarbons
and radicals recombine to form PAHs.

The mechanisms of tar formation and destruction are of crit-
ical importance in determining the concentrations of PAHs in
the syngas. Tar cracking reactions are dominated by unimolecu-
lar decomposition mechanisms. Model compound studies [12,13]
have shown that these bond breaking, rearrangement and elimina-
tion reactions often involve the loss of CO and hydrogen. At higher
temperatures, many of these reactions result in the formation of
small hydrocarbons or radicals. Often the radicals are resonance
stabilized such as propargyl radical (C3H3

•) and cyclopentadienyl
radical (C5H5

•). Since they are stable, they build up at high tem-
peratures and react with other molecules to form PAHs. Thus, the
formation of PAHs is dominated by bimolecular and termolecular
reactions. Because of the prevailing mechanism, the rate constants
for the cracking reactions are independent of concentration, while
the reactions that lead to the formation of PAHs are strongly depen-
dent upon the concentration of the tars. As a result, in the regions
within a gasifier where tars and tar cracking products build up there
is a greater potential for PAH formation. If tars can be quickly dis-
persed into the product stream within the gasifier reactions can be
directed away from PAH formation.

2.2. Biomass structure and PAH formation

The structure of plant material potentially plays an important
role in the rates of release of products from biomass and the for-
mation of PAHs due to transport limitations. At a practical level, this
was recently demonstrated at NREL with experiments that measure
the products from gasification with spherical particles of wood of
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Fig. 4. Results from the gasification of oak spheres at 800 ◦C. (A) Evolution of carbon monoxide as a function of sphere diameter. (B) The formation of total PAHs from spheres
with  different diameters as measured with an MBMS.  Experimental standard deviations are shown in (B).

varying sizes [14]. Fig. 4a shows a plot of the devolatilization time,
that is, the time needed for all volatiles to escape from the heated
wood particle as a function of the particle diameter. Given the range
of sizes investigated, two modes could be observed. For large diam-
eters, the devolatilization time scales with the particle diameter
squared, indicating internal heat and mass transfer limitations. This
behavior transitions toward a linear variation with diameter for
smaller particles, as external heat and mass transfer become the
limiting factors [15]. These experiments also showed for a given
amount of wood a decreased yield of syngas with increased sphere
size, and a slight increase in the formation of PAHs at gasifica-
tion temperatures (Fig. 4b). These observations are consistent with
other literature results [15–17].

The results of these studies suggest that minimizing mass and
heat transport effects by reducing the biomass particle size is
desirable for improving gasification efficiency and reducing tar
production. Typically, woody feedstocks are delivered to biomass
processing facilities as chips with dimensions on the order of sev-
eral centimeters. Further reduction in size requires mechanical
energy and increases the overall cost of the process. Thus, the pro-
cess cost savings of using smaller particles needs to be weighed
against the size reduction costs. In any event, this dependence
of yield upon particle size is a clear indication of heat and mass
transfer restrictions placed upon the gasification process. An under-
standing of transport restrictions imposed by the architecture of
plant cell walls can help lead to process improvements.

Mass transport is restricted by the tissue and cellular structure in
plant matter. Vascular bundles that transport water, minerals and
organic material throughout plants provide a greater conductance
along the grain, while transverse conductance is more difficult. The
cells that make up the vascular tissue are elongated with the dimen-
sions of the inner lumen of the cell in the range of 10–100 !m in
the dimensions transverse to the growth axis and 100 s of !m along
the growth axis of the plant. The sclerenchyma cells that provide
mechanical support have similar dimensions, but are not as elon-
gated. Cell senescence of these tissues leads to a loss of organelles
and other protein material inside the cell resulting in an empty
cell lumen. Thus, in dead plant cells the dense cell walls or the pits
(1–10 !m)  in these walls generally limit mass transport in biomass.

It is hypothesized that this cellular mass transport restric-
tion coupled with the tar chemistry discussed above can lead to

enhanced tar formation during biomass gasification. It has been
demonstrated with microscopy that during gasification and pyroly-
sis the overall plant tissue architecture remains intact. At pyrolysis
temperatures (<600 ◦C) the cell walls tend to thin as material is
volatilized. In order to be useful these volatilized products must
escape from the cell lumen through pits or ruptures in the cell walls
created during pyrolysis [16]. Microscopic imaging has shown that
if the vapors do not escape, they can condense into tar microspheres
inside the charred cells. Fig. 5 shows a light microscopic image of
a pyrolyzed plant cell with trapped microspheres and Fig. 6 shows
a schematic of this process. These tar microspheres can eventu-
ally react further to form char and thus contribute to lower carbon
efficiency for the process. Under gasification conditions, the high
concentration of pyrolysis products entrapped in the cell lumen can
also lead to the formation of PAHs, since formation of these species

Fig. 5. TEM image showing the formation of tar microspheres after the pyrolysis of
poplar.
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Fig. 6. A model showing the pyrolysis of plant cells. The plant walls thin as material is volatilized. The vapors can be trapped in the lumen of the plant cells.

is favored by high concentrations. Thus, build up of pyrolysis vapors
in the lumen of cells during gasification could lead to increased PAH
formation relative to the situation in which these vapors success-
fully escaped the biomass particle into the reactor. This observation
potentially provides and explanation for why larger particles tend
to produce more PAHs.

Mass transfer restrictions occurring in the plant cell walls
themselves may  also contribute to enhanced PAH formation dur-
ing gasification. A simple calculation based upon bulk density of
biomass (∼0.5 g cm−1) and the void volume of the lumen (∼80%)
shows that the density of material in the plant cell walls is approxi-
mately 2 g cm−3. Thus, diffusion of materials through or out of these
walls will be difficult. When rapidly heated it is well known that
biomass becomes plastic and as a result, gases evolved in the plant
cell wall during gasification can form bubbles [8].  These bubbles
contain pyrolysis vapors and may  also provide an opportunity for
the buildup of the concentration of species that lead to the forma-
tion of PAHs. Practical biomass particle size reduction would be
ineffective for reducing this type of mass transport because plant
cell walls are too small, 1–10 !m,  and grinding particles to sizes
smaller than this dimension would be prohibitively expensive.

2.3. Fluid dynamics in a fluidized bed and PAH formation

While intra-particle phenomena impact the nature of the com-
pounds released from the biomass particles, the ultimate fate of
these species is dictated by the flow dynamics inside the gasifi-
cation reactor. As mentioned before, PAH formation is a relatively
slow process and mostly proceeds through temperature-sensitive,
endothermic bimolecular reactions [17]. It is therefore favored by
longer residence times inside the hot reactor environment [8],  and
locally high concentrations of precursors such as small hydrocar-
bon species and single-ring aromatics. As a result, several important
factors at the reactor scale will affect the ultimate tar yield in the
raw syngas, including gas phase residence time distribution and
mixing characteristics for both the solid and the gas phases. Those
factors are directly linked to the large-scale hydrodynamic struc-
tures inside the reactor. Fluidization of a bed of solid particles such
as olivine sand results in pockets of low particle volume fraction,
or bubbles, which expand and grow as they rise through the bed.
While these bubbles greatly contribute to solid mixing by recircu-
lating the particles, they also introduce some local inhomogeneities
that can affect the amount of tar formed. For example, recent exper-
imental and numerical studies of fluidization have shown that the
bubbling pattern strongly depends on the fluidization intensity,
with fewer and smaller bubbles observed at low inlet gas velocities
[18–20]. This behavior is illustrated in Fig. 7 using computational
fluid dynamics. More details on the Lagrange–Euler approach used
in the simulations can be found in [20].

Interestingly, it was  found using CFD that the bubbling intensity
directly correlates with the width of the gas residence time distri-
bution (RTD) function [20]. Fig. 8 shows that for inlet gas velocities
close to the minimum fluidization velocity, the RTD, centered on
the bulk residence time, remains quite narrow, thereby mimick-
ing a plug flow reactor. However, as the velocity is increased, gas
entrapped in a bubble will be carried quickly through the bed with
little contact with the surrounding solids, while primary biomass
devolatilization products evolved from the biomass particles may
remain trapped inside denser, hot parts of the bed up to nearly
four times the bulk residence time, providing ample time for the
primary products to decompose and recombine to form PAHs.

This suggests that due to the bubbling process inherent to
gas–solid fluidization, a non-homogeneous gas mixture will exit
the bed, which may  impact PAH levels. Solids segregation also
poses a challenge. The differences in size and density between the
biomass particles, up to a few inches long and relatively light, and
the fluidizing sand, much heavier with a diameter of the order of a
few hundred microns, are notable. Even if the biomass is injected
at the bottom of the reactor, it may  rise and float on top of the
bed, thereby reducing significantly the heat transfer to the parti-
cles, widening the range of conditions experienced by the gasifying
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biomass, and lowering the products residence time inside the reac-
tor. Additional work is under way to quantify the contribution of
the flow dynamics to product composition using numerical tools.

3. Tar reforming catalyst development

Catalytic reforming of the hydrocarbon contaminants in raw
syngas to additional carbon monoxide and hydrogen results in
higher carbon utilization of the biomass feedstock and a higher
carbon efficiency. This requires that the catalyst be able to reform
recalcitrant tars, olefins and methane, which can make up to 20 vol%
(dry basis) of syngas generated by low temperature steam gasifica-
tion of biomass. Catalytic conditioning of biomass-derived syngas
by steam reforming has been studied on catalysts developed at
NREL [21–24] and elsewhere [27–29].  Supported nickel-based cat-
alysts with various promoters have been the most widely studied
class of materials and generally show good initial activity, but
are susceptible to deactivation from contaminants in raw syngas
such as hydrogen sulfide, ammonia, hydrogen chloride, tars, and
other trace contaminants. These impurities require removal, usu-
ally through catalytic conditioning, in order to produce a quality
syngas for end-use synthesis of liquid fuels such as ethanol and
hydrocarbon fuels. The syngas conditioning component of the over-
all biomass to fuels process being developed at NREL is based on
a fluidizable reforming catalyst that can handle conditions that
will be experienced in recirculating reactors without appreciable
attrition. This NREL-developed material has been evaluated for
reforming performance with both biomass derived and model syn-
gas and in fixed bed and recirculating reactor configurations with
the goal of identifying the best catalyst composition and reactor
type for a pilot scale process demonstration in 2012. General results
from testing of this catalyst are discussed below.

4. Experimental

4.1. Tar reforming catalyst preparation

The attrition resistant catalyst used in this work is the most
active composition developed to date at NREL for reforming tars
and methane in raw biomass-derived syngas. A mechanically sta-
ble support material consisting of alpha alumina particles of 90%
purity and 100–250 !m particle size was used to prepare a 75 kg

Table 1
Oak-derived and model syngas reactant compositions used in pilot and laboratory
scale catalyst testing.

Species Actual syngas (vol%) Model syngas (vol%)

H2 27.13 30.00
CH4 14.60 15.00
CO  33.65 30.00
CO2 18.36 18.50
C2H2 0.49
C2H4 4.62 6.42
C3H6 0.12
C3H8 0.95
1-C4H4 0.07
Benzene 0.002357 0.075

Total 100.00 100.00

batch of Ni-based catalyst. Catalyst composition, modeled on com-
mercial naphtha reforming catalysts, contained 2.4 wt%  Mg,  6.0 wt%
Ni and 3.9 wt% K. An aqueous mixture of nickel (Ni), potassium
(K) and magnesium (Mg) nitrate salts (99% Ni (NO3)2·6H2O, Mg
(NO3)2·6H2O (Alfa Aesar), and 99% KNO3 (Aldrich) was added to the
support particles via incipient wetness. The wet  solids were dried
and calcined at 650 ◦C in air in a rotary continuous feed calciner
to decompose the metal salts into the corresponding metal oxides.
MgO  and K2O remain as oxides on the surface. Nickel oxides are
reduced to catalytic metal species on the support surface in hydro-
gen at 850 ◦C prior to reforming. An earlier variant of this catalyst
comprising 6.1 wt% Ni, 3.9 wt%  MgO, and 4.6 wt% K2O was  used to
assess reforming performance of ethylene as a tar surrogate in a
fixed-bed microactivity test system (MATS).

4.2. Bench-scale tar reforming and regeneration

The MATS reactor was designed and constructed at NREL to
rapidly test catalyst reforming activity. This system was used to
assess tar reforming activity and catalyst self regeneration via a
series of experiments that explored the effect of hydrogen sul-
fide concentration first on ethylene only as a tar surrogate then
on methane conversion in model syngas. The MATS system [22]
is an automated reactor capable of conducting multiple sequential
reactions with a fixed catalyst bed (0.1–2 g). Varied syngas com-
positions, simulating the pilot scale biomass derived syngas (see
Table 1), are mixed via a mass flow controlled manifold and deliv-
ered to the reactor. Steam was delivered from water supplied to an
ultrasonic nozzle located above the catalyst bed. All process data
were recorded by an OPTO 22 data acquisition system. Dried prod-
uct gas was sampled every 4 min  by an on-line Varian micro gas
chromatograph that quantified helium (used as tracer gas), hydro-
gen, oxygen, nitrogen, methane, carbon monoxide, carbon dioxide,
ethylene, ethane, benzene and acetylene. Product gas flow rates
were calculated based on helium flow rate to the system and its
concentration in the product gas. Carbon balances were calculated
based on the flow rates and concentration of the gas components.
In all MATS catalyst tests carbon closed within 99–101%.

4.3. Reforming and regeneration using biomass-derived syngas

Testing of reforming catalysts with raw biomass-derived syn-
gas was carried out using a reaction system designated as SMARTS
(Slipstream Micro Activity Reactor Test Stand). SMARTS was
designed to operate on either a slipstream of syngas from the
TCPDU or from bottled gases to evaluate small quantities (1–10 g)
of reforming catalysts, sulfur sorbents, and regeneration protocols
at temperatures up to 1200 ◦C. Gas temperatures were measured
by thermocouples inserted into the reactor through fittings at the
inlet and outlet and positioned to be near the bed on the inlet side
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Fig. 9. MATS reforming catalyst performance testing with model syngas (Table 1),
0.5 g of Ni-based catalyst (6.1 wt% Ni, 3.9 wt% MgO, 4.6 wt% K2O), pure ethylene,
0.8 g/min of steam, GHSV of 90,000 h−1, and H2S added at 1, 5, 20, 50, and 100 ppmv.
Steady state ethylene conversion without H2S was  >99% using these reforming con-
ditions.

and in the empty tube on the outlet side. The catalyst was sup-
ported on a double layer of fine mesh stainless steel screen in each
reactor with a thin layer of quartz wool on top of the catalyst bed;
reactors were operated in down flow mode. Analysis of permanent
and light hydrocarbon gases was performed using a combination
of gas chromatography, infrared spectroscopy (for CO, CO2, CH4),
and thermal conductivity (for H2).

Syngas from the TCPDU typically contains entrained char parti-
cles and high molecular-weight tar with a dew point around 450 ◦C.
All process lines must be heated to above the dew point to prevent
blockages from the gradual accumulation of tar and char particles.
Heated vessels containing sintered-metal filters (nominal pore size
of 2 !m)  were used to remove most of the entrained char TCPDU
slipstream.

The syngas was generated in the TCPDU using oak pellets as the
biomass feedstock. The TCPDU was operated in the “entrained flow”
mode where biomass was fed directly into the thermal cracker,
bypassing the fluidized bed; a typical syngas composition is shown
in Table 1. For some tests methane was added to the slipstream
to increase its concentration in the gas to about 6 vol% to match
more closely the concentration at the reformer inlet when recycle
gases are sent to the reformer. Twenty sccm of argon was  added
as a tracer to the syngas between the TCPDU take off point and the
SMARTS to accommodate estimating the total volumetric gas flow.

5. Results and discussion

5.1. Effect of H2S on ethylene reforming

Ethylene is a refractory tar surrogate and was used to assess
the impact of hydrogen sulfide levels on both catalyst reforming
activity and the extent of activity recovery by regeneration. Fig. 9
shows MATS performance testing of 0.5 g of catalyst with an earlier
version of reforming catalyst (6.1 wt% Ni, 4.6 wt% K2O, 3.9 wt%  MgO
on Al2O3) at 850 ◦C, with pure ethylene, 0.8 g/min of steam, GHSV
of 90,000 h−1, and H2S added at 1, 5, 20, 50, and 100 ppmv. Süd
Chemie’s C11NK reforming catalyst was evaluated for comparison.

Initial ethylene conversion was greater than 95% with conver-
sions dropping rapidly as H2S was added to the ethylene feed;
steady-state reforming in H2S was found to be a function of H2S
concentration. When only H2S was removed from the feed gas,
each catalyst self-regenerated to provide ethylene conversions of
80% or greater though regeneration time varied depending on H2S
concentration.

Fig. 10. Reforming performance with methane in model syngas in the MATS system.

Sulfur is known to selectively adsorb and form metal sulfides
on many materials. The deactivation of Ni catalysts through sulfur
poisoning has been studied by many groups [25–27] and has been
attributed to the formation of nickel sulfides (NixSy). Both this work
on nickel/alumina (Ni/Al2O3)-type catalysts exposed to H2S and
that of other authors indicate that a nickel sulfide (or, in general,
a metal sulfide) can be regenerated with steam to form H2S and
a metal oxide [28–31] followed by reduction in H2 to recover the
reduced metal as shown in Eqs. (1)–(3).

Ni + H2S ↔ Ni–S + H2 (1)

Ni–S + H2O ↔ NiO + H2S (2)

NiO + H2 ↔ Ni + H2O (3)

This preliminary work with ethylene reforming has been repro-
duced with model syngas containing methane, which is more
recalcitrant to crack than ethylene, as the tracking species for
reforming efficiency. These results also demonstrate both the
impact of H2S on reforming rate and the ability of this catalyst to
self regenerate in a process stream containing steam and model
syngas components. Subsequent work has focused on regenerat-
ing deactivated catalysts with varied syngas components (steam,
CO, CH4, CO2, H2) to guide pilot-scale reforming and regeneration
experiments in the TCPDU with raw syngas.

5.2. Methane and tar reforming with regeneration; model syngas

As shown in Table 1, methane is present in significant quan-
tity in syngas derived by indirect steam gasification of biomass.
Accordingly, to maintain good carbon efficiency it is imperative that
methane reforming activity of the tar reforming catalyst be as high
as possible. In addition, it is expected that contaminants in biomass-
derived syngas will deactivate the reforming catalyst necessitating
periodic regeneration. To test for these factors methane reform-
ing with a packed bed catalyst coupled with regeneration in model
syngas was studied in the MATS system. Fig. 10 shows these results
and plots the initial methane conversions obtained during each of
the consecutive reforming/regeneration cycles. For these experi-
ments a reaction cycle comprised reforming at 900 ◦C, 119,000 h−1,
and steam-to-carbon ratio of 7.5. Reforming was conducted for
40 min with 53 ppmv of H2S added 10 min  into the reforming cycle.
Regeneration was conducted for 60 min  at 850 ◦C with the same
steam content and a GHSV of 114,000 h−1. Reduction conditions
were 850 ◦C for 30 min in 28% H2 in inert. As can be seen, excellent
methane reforming activity was  maintained and the catalyst recov-
ered essentially to its initial activity level after each regeneration
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Fig. 11. Comparison of reforming/reaction cycles model syngas spiked with H2S and
tars in a recirculating regenerating system.

cycle was completed. Further work has shown that the regener-
ation and reduction steps can be combined using a combination
of steam and hydrogen at 850 ◦C. This approach is currently being
explored by evaluating the use of tail gas from the mixed alcohol
synthesis step for regeneration.

Commercial-scale regeneration of catalysts within a fluidized
bed reactor (such as those for fluid catalytic cracking processes)
can be achieved using a recirculating/regenerating design in which
the catalyst is continuously regenerated through use of separate
reaction and regeneration zones. The rationale for this approach
is that regeneration is both faster and more complete for short
exposure times to reactant gases, in which sulfur interaction with
the active nickel catalyst could be limited to surface reactions as
opposed to bulk phase formations that could occur during longer
periods of exposure. This hypothesis is also supported by recent
work with 75 kg of a similar Ni-K-Mg/Al2O3 catalyst (manufac-
tured by NREL) using recirculating/regenerating conditions in an
industrial, pilot scale system in which steady-state tar and methane
reforming activity were maintained (>90% conversion) in the pres-
ence of up to 160 ppmv H2S. This system was  operated under
dry reforming conditions (approximately 3% steam) and at short
catalyst/syngas contact times (minutes). Fig. 11 shows reforming
results obtained with model syngas at 880 ◦C, syngas with 80 ppmv
H2S and 890 ◦C, syngas with 160 ppmv H2S and 925 ◦C, and syn-
gas containing surrogate tar species at a loading of 32,000 mg/nM3,
reforming temperature of 925 ◦C, and 160 ppmv H2S. These condi-
tions were chosen to quickly assess the impact of multiple process
changes (H2S and tar content, reforming temperature) on methane
conversion.

Steady state methane conversion for all test conditions was >90%
at process temperatures ranging from 880 to 925 ◦C, H2S content of
80–160 ppm, and a model tar content of 32,000 mg/nM3. Increas-
ing the reforming temperature from 880 to 910 ◦C maintained >90%
methane conversion in the presence of tar and H2S. These results
demonstrate that recirculating/regenerating reforming operations
are able to effectively maintain high, steady-state catalyst activ-
ity for tar and methane reforming in the presence of H2S at levels
representative of actual biomass-derived syngas and support the
process model of combined tar and methane reforming in one step.

5.3. Reforming and regeneration using biomass-derived syngas

The NREL tar reforming catalyst has also been tested in the
SMARTS reaction system using syngas derived by indirect gasi-
fication of oak in steam at 850 ◦C. Reaction conditions evaluated
included: (1) reforming at 900 ◦C with periodic regeneration
and; (2) reforming at 950 ◦C with no regeneration. The reac-
tion/regeneration protocol consisted of five cycles of reforming for

10 min  followed by staged regeneration in steam and hydrogen
according to the following procedure:

• 4 min: 8.7 vol% H2, 65 vol% H2O balance N2
• 4 min: 65 vol% H2O balance N2
• 2 min: 50 vol% H2 balance N2

Fresh catalyst showed nearly complete (∼100%) conversion of
methane when first brought on line. After reforming for 10 min, the
catalyst was  regenerated for 10 min  and then a second reforming
period started immediately. The five reaction/regeneration cycles
comprised a total operating time of approximately 100 min  at
900 ◦C. A slow decline in recovered activity after each regenera-
tion cycle was noted, but at the end of the 5th regeneration cycle
the initial activity for methane conversion was  still approximately
96%, indicating that very good reforming activity was  being main-
tained by periodic regeneration. These results should be considered
preliminary as much longer runtimes are required to determine the
activity of the equilibrium catalyst.

A final set of experiments were conducted at 950 ◦C. Again, fresh
catalyst activity was nearly 100% conversion for methane. The ini-
tial activity decreased rapidly when first exposed to syngas from
the TCPDU, but at the higher temperature used in these runs, the
catalyst activity reached a steady level and thereafter decreased
very slowly; methane conversion was still greater than 91% after
7 h of continuous operation with no regeneration. These results
suggest that the rate of catalyst poisoning by the biomass-derived
syngas can be partially alleviated by operation at higher tempera-
tures. Additional work is now in progress to optimize the need for
regeneration vs. longer run times at higher temperatures.

6. Catalytic mixed alcohol synthesis

Mixed alcohol synthesis from syngas has been studied for sev-
eral decades, and many catalysts that are capable of this chemistry
have been discovered. Details of these catalysts can be found in
recent reviews by Spivey and Egbebi and Subramani and Gang-
wal [32,33]. Biomass to ethanol process designs were considered
by NREL several years ago, and an economic analysis suggested
that the performance of mixed alcohol catalysts must be improved
to ensure ethanol production at competitive prices [7,34]. After
exhaustive literature reviews and discussions with process model-
ers, NREL chose to study and improve metal sulfide type catalysts.
This choice was made for several reasons:

1. These catalysts already show competitive performance and
require less improvement overall,

2. The metal sulfides are especially tolerant of syngas impurities
and actually benefit from H2S, which is ubiquitous in biomass
derived syngas,

3. The cost of these materials, while high, is much lower than other
alternatives like supported rhodium,

4. Alkali promoted sulfides have inherently low selectivities to
methane, and

5. These materials have the potential for near term commercializa-
tion, including scaled synthesis and operation in proven reactor
systems.

To understand and to improve the metal sulfide catalysts, NREL
designed a number of bench and pilot scale differential and inte-
gral reactors for performance testing. These units allow testing at
pressures up to 140 bar and temperatures up to 500 ◦C with custom
blends of syngas or reformed gas from the TCPDU. In the 18 months
since commissioning, the systems have provided nearly 10,000 h of
catalyst testing, including long catalyst runs (>1000 h continuous
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Fig. 12. Performance of NREL-formulated potassium-cobalt-molybdenum sulfide
catalysts at 325 ◦C, 6000 NTPL/kg-cat/h gas flow, pCO = pH2 = 700 psi. All catalysts
contain identical ratios/loadings of Mo,  Co, and S. Catalysts ‘A’ and ‘B’ contain potas-
sium in ratios of 1:1 and 0.7:1 K:Mo, respectively. Data shown for (a) alcohol
productivity and (b) CO2-free carbon selectivity (fraction of carbon incorporated
in  a product to carbon incorporated in all products).

operation), collection of kinetic data, and screening of several in-
house and industrial catalyst formulations. Additionally, NREL has
used its biomass catalyst characterization lab to determine funda-
mental relationships between catalyst preparation strategies and
the performances of the finished materials. Fig. 12 shows perfor-
mance results from several catalysts with identical metal sulfide
compositions, but prepared in different ways using insights from
the aforementioned fundamental research. The details of these fun-
damental tests and catalyst preparations are currently proprietary,
but will be released in a number of publications to be submitted
to the literature in coming months. Fig. 12 suggests that a metal
sulfide catalyst can have widely variable performance depending
on the methods used to prepare it. Some preparation techniques
lead to improved activity, some lead to improved selectivity, and
still others lead to improvements in both areas. All but two of the
catalysts (catalysts 1 and 3) in Fig. 12 represent an improvement in
performance to the best industrial catalyst known to NREL. Details
of the economics of a biomass to ethanol plant using this indus-
trial catalyst are provided in an extensive report recently released
by NREL [35]. Assuming scalability of NREL’s catalyst formulations,
these improvements suggest that a sufficiently active and selective
mixed alcohol catalyst is on the horizon.

A general theme of mixed alcohol catalysis research at NREL
is that all work is done with commercialization in mind. Exotic

or challenging synthesis techniques, reactor geometries, process
conditions, catalyst metals, or activation/regeneration procedures
are not used. All efforts are made to envision use of catalysts
at very large scale, including considerations of production, load-
ing, operation, and decommissioning. NREL is also mindful of the
market-readiness of the finished fuels the catalysts might make,
and strives to develop catalysts that produce ‘drop-in’ products
where possible. As examples, the following studies are underway,
some near completion, all of which will appear in the literature
soon:

• Reaction product liquids are being tested for major and minor
components including sulfur species that result from catalyst
deactivation. Minor components are being evaluated as suitable
or unsuitable for fuel use to determine the levels of product fin-
ishing that might be required in a commercial facility. The nature
and fate of sulfur through distillation is being evaluated as well,
to determine if additional sulfur removal is necessary to produce
a saleable fuel.

• Catalyst preparation strategies are being developed that decrease
the number and/or complexity of synthesis steps. The aim of these
studies is to decrease or eliminate the need for special equipment
for producing these catalysts (i.e. not already in use by catalyst
manufacturers), to improve quality and repeatability of catalyst
syntheses, and to reduce the overall cost of synthesis.

• Data is collected within industrially-relevant operating ranges,
such as moderate space velocities, temperatures, and pressures.
This has the added benefit of providing more robust TEA analysis,
as ‘unproven’ process equipment need not be modeled.

In coming years NREL will shift focus to production of hydrocar-
bon fuels from syngas, such as improved methods for synthesizing
gasoline, diesel, or jet from syngas or syngas intermediates like
methanol. As presently, NREL will keep a research strategy that is
rooted in fundamentals but designed to push near-term commer-
cialization of developed technologies.

7. Conclusions

NREL’s program for thermochemical conversion of biomass is
multi-faceted and encompasses diverse routes to transportation
fuels and intermediates. Production of ethanol from cellulosic
biomass via gasification and catalytic fuels synthesis has received
significant development over the past several years, with syn-
gas cleaning being an important research area in this project. To
that end, NREL researchers have developed a novel tar and light
hydrocarbon reforming catalyst that is robust and can be used
in a recirculating/regenerating reactor configuration. This catalyst
has demonstrated excellent tar and methane conversion efficiency
on both model and biomass-derived syngas streams. Fundamental
research into tar mitigation or elimination during biomass gasifi-
cation is promising and may  be used to reduce tar loads on the
reformer catalyst. Research in catalytic conversion of syngas to
mixed alcohols is ongoing, with steady improvements in cata-
lyst performance and an ever-increasing understanding of catalyst
function. The integrated process described here to thermochemi-
cally convert biomass to transportation fuels is scheduled for pilot
scale demonstration at NREL in 2012.
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