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ABSTRACT

We present preliminary energy balances, based on a simplified calculation approach, for the
production of Fischer-Tropsch (FT) liquids from biomass, coal, and natural gas. We make
comparisons to results published by others in the case of coal and natural gas feedstocks in process
configurations designed to maximize production of F-T liquids. With biomass feedstocks, we
present results for two process configurations using an atmospheric-pressure indirectly-heated
gasifier. In one case, production of F-T liquids is maximized. In the other case, F-T liquids are
produced via one-pass of the synthesis gas through the F-T reactor, with unconverted syngas used
to co-produce electricity in a gas turbine combined cycle. Additionally, we compare the energy
efficiencies of "once-through" process configurations for five different biomass gasifier designs:
indirectly-heated (two low-pressure designs), oxygen-blown (high-pressure), and air-blown (high-
pressure and low-pressure).

1. INTRODUCTION

Fischer-Tropsch conversion involves the synthesis of hydrocarbons from carbon monoxide
(CO) and hydrogen (H;) over iron or cobalt catalysts. The CO and H; feed gas can be produced
from a variety of carbon-containing feedstocks, for example by gasification of biomass or coal.

Fischer-Tropsch conversion was first used commercially in the 1930s, when Germany started
producing F-T liquids from coal to fuel vehicles. A coal-to-fuels program has been operating in
South Africa since the early 1950s. There is renewed interest globally today in F-T synthesis to
produce liquids from remote natural gas that has little or no value because of its distance from
markets (Fouda, 1998). Of particular interest is the production of middle distillate with an
unusually high cetane number and with little or no sulfur or aromatics. Such a fuel can be blended
with conventional diesel fuels to meet increasingly strict vehicle fuel specifications designed to
reduce tailpipe emissions. Recent commercial efforts in "gas-to-liquids" (GTL) technology
development include those at Exxon, Rentech, Sasol, Shell, and Syntroleum (Knott, 1997;
Parkinson, 1997; Rentech, 1999). Because a large percentage of the world's gas fields are relatively
small (Anonymous, 1998), one segment of the industry developing F-T synthesis processes is
focussed on smaller-scale facilities (Knott, 1997; Tijm et al., 1997; Rentech, 1999). Technological
developments in this sector of the industry might be especially relevant to F-T synthesis using
biomass as a feedstock.

We present energy balances using a simplified calculation approach for the production of F-T
liquids from biomass, coal, and natural gas. We compare our results to other published results in the
case of coal and natural gas feedstocks.



An important recent technological development in commercial F-T conversion is "liquid-phase"
synthesis. In a liquid phase reactor, the feed gas is bubbled through a heavy oil (e.g., the waxy
fraction of F-T liquids) in which catalyst particles are suspended. The vigorous mixing, the
intimate gas-catalyst contact, and the uniform temperature distribution enable conversion of feed
gas to F-T liquids in a single pass of about 80%, as measured by fraction of CO converted (Bechtel
Group, 1990). This compares to less than 40% conversion with traditional fixed-bed F-T reactors,
such as those used in the Shell Malaysia plant and in South Africa. Considerable recycling is
required with fixed-bed reactors to achieve high overall yield. The higher gas throughput capacity
per unit volume with liquid-phase synthesis reduces capital costs compared to a fixed-bed reactor,
and catalyst consumption per unit of product is reduced dramatically (Jager, 1997). Liquid-phase
reactors are now commercially available for F-T synthesis (Jager, 1997), and are being developed
for synthesis of methanol and dimethylether (Tijm et al., 1997).

2.2. F-T conversion of coal

The main difference between a process for producing F-T liquids from coal compared to
production from natural gas is in the syngas production step. The reforming step is replaced by a
pressurized oxygen-blown gasifier when using coal. The resulting syngas (after gas cooling and
cleaning) consists almost entirely of CO and H,. Depending on the gasifier design, the H»/CO ratio
in the syngas can be too low for F-T synthesis. The ratio is adjusted using the shift reaction, either
in a shift reactor upstream of the F-T synthesis step, or by direct injection of steam into the F-T
reactor, wherein the shift reaction occurs along with the F-T synthesis reactions.

2.3. F-T conversion of biomass

The process for converting biomass into F-T liquids (Fig. 2) is similar in many respects to that
for coal conversion. However, some methane and other light hydrocarbons are found in the product
gas from most biomass gasifiers, so a hydrocarbon reforming step is needed after gasification to
maximize conversion to
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can be used in the
gasification step. This
provides the possibility of using indirectly-heated gasifiers, which produce a gas undiluted by inert
nitrogen without the use of costly oxygen. [Indirectly-heated gasifiers under development include
the Brightstar Synfuels Company (BSC) design (Menville, 1998), the Battelle Columbus
Laboratory (BCL) design (Anson et al., 1999), the Thermochem design (MTCI, 1990), and the
DMT design (Chughtai and Kubiak, 1998).] Air-blown gasification can also be used, though this
requires larger downstream vessel sizes to handle the nitrogen-diluted syngas. Oxygen-blown
gasification avoids nitrogen dilution, but the reduced vessel and piping costs must be evaluated
against the added costs for oxygen supply.

A simpler process design involves "once-through" F-T synthesis, wherein the reforming step is

eliminated, and the syngas passes only

Figure 2. Simplified diagram for Fischer-Tropsch liquids production from biomass.
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Table 1. Energy balances for F-T liquids production from coal
and from natural gas.

Feedstock = Coal Natural Gas
Bechtel' | Calcs.” | Bechtel | Caics.”
Gasifier " Reformer
mass % H; 2.33 - 3.20
N, 1.0 - 65.4
CO 90.5 - 242
CO; 5.88 - 2.70
CH, 0.013 - 0
H0 0.30 - 4.60
KQgas/KGree 1.69 - 6.74
Glgas/ Glrees 0.80 - 0.847
Process energy demands (GJ/GJseeq)
Electr. (GJe/GJrecs) 0.009° { 0.0634' not 0.0547
Butane (GJ/GJeeq) 0.0296 - | 0.00356 -
Products (GJ/GJeed)"
Electr. (GJo/GJieeq) 0 { 0.00151 not | 0.0860
LPG (Cy-Cy) 0.016 0 0.0156 0
Naphtha (Cs-Cg)
Kerosene (Cro-Cu2) 02741 ogo8 | 9299| gss3
Diesel (Cy3-C1s) 0.298 0.337
Fraction of feedstock HHV converted to
Net electricity -0.009 | -0.0619 | 0.00473 0.032
Net hydrocarbons 0.559 0.608 0.558 0.553
Overall Eff. 0.550 0.546 0.563 0.585

a. Based on Choi, et al. (1993) using a Shell gasifier with Illinois #6
coal. See also Bechtel (1991-1994).

b. Our calculations, with gasifier performance as for Bechtel and
«=0.92 for F-T synthesis.

¢. Based on Choi, et al. (1996). Reforming is primarily by partial
oxidation, but the reformate is supplemented by reformate from a
separate, smaller steam reformer to increase the sythesis feed-gas
H,:CO ratio.

d. Our calculations, assuming air-blown partial oxidation reformate
composition from A.D. Little (1994), and 6=0.92 for synthesis.

€. Bechtel study assumed use of steam-driven air separation unit, so
process electricity requirement is relatively low.

f. Process electricity demands (GJ/GJe.q) include 0.00437 for
hydrogen separation using PSA, 0.055 for cryogenic oxygen
production, and 0.004 for other uses.

g. Process electricity demands (GJ/GJ.q) are 0.0457 for
compressors, 0.0057 for H, separation with PSA, 0.003 for other.

h. Assumed higher heating values (MJ/kg): C;-C,, 50.0; Cs-Cs, 48.50;
C|0'C|1,47.94; C]}‘CIS, 47.66; C|94, 47.50; Cs‘Cu, 48.36.

The elimination of recycle loops compared
to the "full recycle" configuration reduces
investment costs for the synthesis and
refining steps. Also, CO; removal is not
needed if a high-a synthesis step is used in
combination with hydrocracking. In such
a configuration, only liquid-phase material
will go to the hydrocracker and all gases
will be directed to the combined cycle.

3. PRELIMINARY ENERGY
BALANCES
3.1. Calculation method

We estimate mass and energy balances
for each major piece of process equipment
as follows. For coal and biomass
gasifiers, we adapt from the literature the
mass and energy balances for different
gasifier designs, as detailed in the notes to
subsequent tables. Given the preliminary
nature of the calculations in this paper, we
have not sought to verify quoted gasifier
performance. With one exception, we
assume all reformers are steam reformers,
with a fraction of the feed gas to the
reformer diverted to a burner to provide
heat to drive the endothermic reactions.
The fraction of feed gas diverted varies
with hydrocarbon content of the gas being
reformed, and is based on work by
Katofsky (1993). For the conversion of
natural gas, we assume air-blown partial
oxidation reforming, with performance
based on A.D. Little (1994). Reforming
converts all hydrocarbons to CO and H,.
The F-T synthesis step is modeled

assuming that a single pass of synthesis gas through the reactor results in 80% mass conversion of
the [CO + Hy] in the feed gas. Hydrocarbons constitute between 24% and 44% of the mass of
converted [CO + H,], depending on the starting H,:CO ratio. The balance of the converted [CO +
H;] forms H,0 and/or CO,. The carbon-numbser distribution of the hydrocarbon products is given
by a Schulz-Flory distribution. The F-T synthesis step assumes an « value between 0.92 and 0.95,
and the product distribution from the hydrocracker is based on published empirical results. The
hydrogen requirement for the hydrocracker is estimated based on discussions with industry experts.
Hydrogen for the hydrocracker is assumed to be recovered from mixed gases using pressure swing
adsorption (PSA). When a gas turbine is included in the overall process, the efficiency of
converting fuel gases to electricity is assumed to be 50% on a higher heating value basis,
representing a modern gas turbine/steam turbine combined cycle. Process steam demands are



Table 2. Calculated energy balances for F-
T liquids from biomass with indirectly-
heated gasifier, F-T reactor «=0.95, and
with hydrocracker.

Process Full Once-
Design < Recycle througl_
Gasifier performance*
mass % H» 3.58
CcO 35.8
CH, 10.2
CO; 39.3
CoH, 1.33
H0 5.52
N, 429
kGgas/KGreed 0.932
Glgas/Gliee 0.727

Process electricity demand

GJe/GJieed | 0.0373° | 0.0251°
Products (GJ/GJied)
Electr. (GJe/GJreea) 0.0373 0.197
LPG (Cs-Cs) 0 0
Naphtha (Cs-Cs) 0.125 0.067
Kerosene (C44-C12) 0.246 0.132
Diesel (C13-Cis) 0.123 0.0658
Waxes (Cip.) 0 0
Fraction of feedstock HHV converted to
Net electricity 0 0.172
Net hydrocarbons 0.494 0.265
Overall HHV eff. 0.494 0.437
Effective eff.” — 0.521

a. Gasifier performance from Menville (1998),

with input biomass moisture content of 40%.

b. Process electricity demands (GJJ/GJg) are
0.0220 for compressors, 0.0118 for PSA-H,
separation, and 0.0036 for other uses.

c. Process electricity demands (GJ/GJ.q) are
0.0194 for compressors, 0.0021 for PSA-H,
separation, and 0.0036 for other uses. '

d. Effective efficiency equals higher heating
value of net hydrocarbons divided by HHV
of biomass charged to hydrocarbon
production. The latter is the total biomass

input less the biomass that would be required

for a stand-alone BIG/GTCC to generate the
same amount of net electricity as generated
at the F-T facility. Assuming a stand-alone
generating efficiency of 35% (HHV), the
Effective efficiency = NH/[1 - (NE/0.35)],
where NH = net hydrocarbon fraction and
NE = net electricity fraction.

assumed to be met by waste heat recovery, e.g., from
reformer furnace flue gases, F-T synthesis cooling flows,
product streams, etc. Process electricity demands are
estimated for the main compressors (assuming single-stage
adiabatic efficiency of 80%, maximum single-stage pressure
ratio of 3:1, and multiple stages with intercooling for larger
overall pressure ratios); for oxygen production (assuming
480 kWh/tonne O,); for PSA [based on Katofsy (1993)],
and for the balance of demands (assuming the same kWh
per unit of feedstock energy as given by Williams er al.
(1995) for methanol production from the same feedstock).

3.2. Energy balances for coal and natural gas

Table 1 compares our estimates of overall process
energy efficiency for F-T liquids production from fossil
fuels with results published by others based on detailed
process modeling. In all cases the process designs
incorporate recycle loops to increase F-T liquids production.
The overall efficiency for converting natural gas is higher
than for converting coal, as expected. Our calculated
efficiency with natural gas is higher than reported by
Bechtel (Table 1), but is slightly lower than indicated in a
study by Gray and Tomlinson (1997). Our coal conversion
efficiency agrees reasonably well with Bechtel's result
(Table 1), but is somewhat lower than indicated by Gray
and Tomlinson. In any case, both of our calculated
efficiencies are within one or two percentage points of other
published results, providing some confidence in our
simplified calculation approach.

3.3. Energy balances for biomass

Table 2 shows results of our calculations for biomass
conversion using an indirectly-heated gasifier design.
Results in the first column are for a "full recycle" process
configuration, which maximizes F-T liquids production but
generates no exportable electricity. (Just enough electricity
is generated using diverted fuel gas to meet the process
electricity demand.) The overall efficiency of producing F-
T liquids in this case is about 49%. This is a few points
lower than our calculated result for coal (Table 1), due

primarily to the lower cold-gas efficiency for biomass gasification (73% versus 80% for coal) and
the greater energy demand for reforming hydrocarbons in the biomass-gasifier product gas before

F-T synthesis.

The second set of results in Table 2 is for a "once-through" configuration. The "once-through"
biomass conversion case has an overall efficiency (counting both electricity and F-T liquids as
products) about six percentage points lower than the "full recycle" case because a significant
amount of syngas is converted to electricity rather than to F-T liquids, and the efficiency of



Table 3. Calculated energy balances for "once-through” co-production of F-T converting syngas to
liquids and electricity from biomass for different gasifier designs. Alpha =0.95 TN
for the synthesis reaction, and hydrocracking is used to produce final products. electricity is lower than that

Gasifier Indirect | Indirect | Oxygen | Airlow P | Airhigh P for conversion to F-T
Design < (8sC)® | (8CL) (e1)° | (TPS)’ (Bioflow)" liquids. Interestingly,
Gasifier efficiency (HHV gas output/HHV biomass input) :
GIfGha ] 0727] 0767 07811  0700] o700 however, the effective
Fraction of biomass HHV converted to efficiency of producing F-T
Net elediricity 0172 0183 ] 0038 0.082 0142 |  liquids in the "once-through"
Net hydrocarbons 0.265 0231 | 0473 0318 0.264 .
Overall HAV of. 0.437 0414 | 0511 0.400 saoe] configuration is about the
Effective eff.t 0.521 0484 | 0.530 0.415 0445 | same (actually slightly

a. Gasifier performance for the Brightstar Synfuels Company design, as reported by higher) than the efficiency of
Menvilie (1998) with 40% feed biomass moisture. " " 2

b. Gasifier performance as reported by Consonni and Larson (1996) with 15% feed ﬂ?e full re‘.:yde cz.lse' The
biomass moisture content. BCL = Battelle Columbus Laboratory design; TPS = TPS high effectlye efficiency
Studsvik design; Bioflow = Fosterwheeler’s Bioflow design. achieved with the simpler

¢. Gasifier performance as reported by Katofsky (1993) with 10% feed biomass "once-through" process
moisture. 1GT = Institute of Gas Technology gasifier design confi gurati on suggests

d. See Table 2, note d. . :
improved economics of F-T
liquids production compared to production from the "full recycle” configuration.

For different biomass gasifier designs, Table 3 shows calculated efficiencies for "once-through”
process configurations that co-produce F-T liquids and electricity. Results are shown for two
indirectly-heated, atmospheric pressure gasifiers, one pressurized, oxygen-blown gasifier, one
pressurized air-blown gasifier, and one atmospheric-pressure air-blown design.

The total overall efficiency ranges from 40% to 51% among the five cases. Differences in
efficiencies between cases can be explained in terms of either differences in efficiencies of the
gasification step and/or differences in the ratio of CyH,:(CO + H,) in the gasifier product gas.
Higher gasification efficiency gives higher overall efficiency. A higher CyH,:(CO + H,) ratio
means that a larger fraction of the energy in the product gas is converted to electricity and less is
converted to F-T liquids. Since syngas conversion to electricity is less efficient than conversion to
liquids, overall efficiency is lower for larger ratios of CyH,:(CO + H,). The case with pressurized
oxygen-blown gasification gives the highest overall efficiency, followed by indirectly-heated
gasifiers and then air-blown gasifiers. More detailed performance analysis, together with cost
assessment are needed to determine which of the different process configurations would be most
cost competitive in a given application.

4. CONCLUSIONS

A resurgence of interest in Fischer-Tropsch conversion technology is being driven by the goal
of converting remote natural gas resources into marketable liquid products such as high-cetane
number, low-aromatic, no-sulfur diesel blending stock for reducing diesel-engine vehicle tailpipe
emissions. Because remote gas fields are typically small, much of the F-T technology development
effort is aimed at making smaller scale facilities cost competitive. An important recent technology
development in this regard is liquid-phase synthesis, which achieves much higher throughput per
unit volume than synthesis using traditional fixed-bed reactors. Processes for converting biomass
to F-T liquids can take advantage of such technological developments.

2 The effective efficiency is the higher heating value (HHV) of F-T liquids divided by the HHV of the biomass charged to F-T
liquids production. The biomass charged to F-T liquids is the total biomass input less the amount of biomass that would be
required with a stand-alone gasifier/combined cycle to generate the same amount of electricity as that exported from the co-
producing facility. Assuming a stand-alone generating efficiency of 35% (HHV), and using the results in Table 2, the effective
efficiency of producing F-T liquids with the once-through process is 0.265/[1.0 - (0.172/0.35)] = 0.521.



We have presented preliminary energy balances for the conversion of biomass to F-T liquids in
"full-recycle" process configurations that maximize F-T liquids production and in "once-through"
configurations that co-produce electricity and F-T liquids. A significant result is that the effective
efficiency of producing F-T liquids using a "once-through" design is about the same as the
efficiency of producing F-T liquids in a "full recycle” configuration. The simpler process
configuration of the former should provide for better economics.

5. REFERENCES

A.D. Little (1994). Multi-Fuel Reformers for Fuel Cells Used in Transportation, Appendix to Phase I Final Report for contract
DE-AC02-92-CE50343, US Department of Energy, Office of Transportation Technologies.

Anderson, R.B. (1984). The Fishcer-Tropsch Synthesis, Academic Press, Inc., Orlando, Florida.

Anonymous (1998). "Gas-to-LiquidsTechnology Breakthroughs: Is Overhaul of Energy Equation at Hand?,” International
Petroleum Encyclopedia, Penn Well Press.

Anson, D, Paisley, M., and Ratcliff (1999). "Conditioning and Detailed Analysis of Biomass Derived Fuel Gas," presented at
American Society of Mechanical Engineers’ Turbo Expo '99, Indianapolis, Indiana, June.

Bechtel Group, Inc. (1990). Slurry Reactor Design Studies. Slurry vs. Fixed-Bed Reactors for Fischer-Tropsch and Methanol:
Final Report, US Dept. of Energy Project No. DE-AC22-89PC89867, Pittsburgh Energy Technology Center, Pittsburgh.

Bechtel (1991, 1992, 1993, 1994). "Baseline Design/Economics for Advanced Fischer-Tropsch Technology,” quarterly reports
under contract DE-AC22-91PC90027 to the Pittsburgh Energy Technology Center, US Department of Energy, Pittsburgh.

Choi, G.N., Tam, S.S., Fox, J.M., Kramer, S.J., and Marano, J.J. (1993). "Baseline Design/Economics for Advanced Fischer-
Tropsch Technology,” paper presented at the 1993 USDOE Coal Liquefaction & Solid Fuels Contractors’ Review
Conference, Pittsburgh.

Choi, G.N. Kramer, S.J., Tam, S.S,, Srivastava, R., and Stiegel, G. (1996). "Natural Gas Based Fischer-Tropsch to Liquid
Fuels: Economics,” presented at the Society of Petroleum Engineers 66 Western Regional Meeting, May 22-24.

Chughtai, M.Y. and Kubiak, H. (1998). "Hydrogen from Biomass,” in Proceedings of the 10" European Conference on
Biomass for Energy and Industry, C.A R M.EN., Rimpar, Germany, 284-286.

Consonni, S. and Larson, E.D. (1996). “Gas Turbine Combined Cycles, Part A: Technologies and Performance Modeling, and
Part B: Performance Calculations and Economic Assessment.” ASME J. Engng. for Gas Turb. & Power, 118:507-525.

Eilers, J., Posthuma, S.A., and Sie, S.T. (1990). "The Shell Middle Distillate Synthesis Process (SMDS)," Catalysis Letters,
7:253-270.

Fouda, S.A. (1998). "Liquid Fuels from Natural Gas," Scientific American, 278(3), March, 92-95.

Gray, D. and Tomlinson, G. (1997). "Fischer-Tropsch Fuels from Coal and Natural Gas: Carbon Emissions Implications,”
Mitretek Systems, McLean Virginia, August.

Jager, B. (1997). "SASOL's Advanced Commercial Fischer-Tropsch Processes,” presented at the Spring Meeting of the
American Institute of Chemical Engineers, Houston, Texas, 10-13 March.

Katofsky, R.E. (1993). "The Production of Fluid Fuels from Biomass,” MSE Thesis, Mechanical and Aerospace Engineering
Department, Princeton University, Princeton, NJ.

Knott, D. (1997). "Gas-to-Liquids Projects Gaining Momentum as Process List Grows,” Oil & Gas Journal, June 23.

Marano, J.J., Rogers, S., Choi, G.N., and Kramer, S.J. (1994). "Product Valuation of Fischer-Tropsch Derived Fuels,”
presented at the American Chemical Society Meeting, Washington, DC, 21-26 August.

Menville, R.L. (1998). "Profiting from Biomass Fuel and Power Projects Using the Brightstar Synfuels Co. Gasifier," presented
at the 17" World Energy Congress, Houston, TX, 13-17 September.

MTCI (Manufacturing and Technology Conversion Intemational) (1990). Testing of an Advanced Thermochemical Conversion
Reactor System, Battelle Pacific Northwest Laboratory, Richland, WA.

Parkinson, G. (1997). "Fischer-Tropsch Comes Back,” Chentical Engineering, April.

Rentech (1999). http://www.gastoliquids.com.

Tijm, P.J.A,, Brown, W.R., Heydom, E.C., and Moore, R.B. (1997). *Advances in Liquid Phase Technology," presented by Air
Products and Chemicals, Inc. at the American Chemical Society Meeting, San Francisco, April.

Williams, R.H., Larson, E.D., Katofsky, R.E., and Chen, J. (1995). "Methanol and Hydrogen from Biomass for Transportation,
with Comparisons to Methanol and Hydrogen from Natural Gas and Coal,” Rpt. 292, Center for Energy and Environmental
Studies, Princeton University, Princeton, NJ.

6. ACKNOWLEDGEMENTS
The authors thank the W. Alton Jones Foundation and the Geraldine R. Dodge Foundation for
financial support for the preparation of this paper.



