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ABSTRACT
A variety of liquid hydrocarbons can be produced via Fischer- Tropsch synthesis from
biomass. We present energy balance results for two configurations for co-producing domestic
cooking fuels (synthetic LPG or kerosene)and electricity from gasified biomass. We make a
preliminary estimate of the costs of co-producing electricity and LPG from com stalks in the
context of rural Jilin Province, China. Direct combustion of com stalks for cooking is
extensively practiced in rural Jilin today, contributing to health problems due to indoor air
pollution.

1. INTRODUCTION
Cooking by direct combustion of biomass is practiced by over 2 billion people worldwide
(WHO, 1997), primarily in rural areasof developing countries. The resulting indoor air
pollution accounts for nearly 60% of all human exposure to particulate air pollution (Smith,
1993), contributing to health damages, especially to women and children. Cooking with fluid
fuels is far cleaner than cooking with solid biomass. It is also far more efficient (Fig. 1), even
considering biomass-to-fuels conversion losses. Thus, converting biomass to fluid fuels has the
potential to reduce negative health impacts of
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producing liquid hydrocarbons from biomass
via Fischer-Tropsch (F-T) synthesis for use in
F- T synthesis involves the
production of hydrocarbons from CO and H2.
latter molecules can be generated from
feedstocks, including
biomass. Until recently, commercial
application ofF- T synthesis had been
restricted to production of vehicle fuels from
coal in Germany in the 1930s and 1940s and in
South Afri ca fr om 1950to the present.~A

recent resurgent interest in F -T technology in the oil and gas industry is being driven by the
goal of converting remote natural gas resources into marketable liquid products, especially
high-cetane number, low-aromatic, no-sulfur diesel blending stock for reducing diesel-enginevehicle tailpipe emissions. Larson and Jin (1999) review some fundamentals ofF-T synthesis
and recent developments in synthesis technology, and present comparative energy balances for
F-T liquids production from natural gas, coal, and biomass. Using the approach described by
Larson and Jin (1999) for calculating energy balances, we examine the production of synthetic
liquefied petroleum gas (LPG--a mixture of propane and butane) or kerosene from biomass for
use in cooking. We present a preliminary assessment of the cost for producing these fuels from
com stalks in the context of rural Jilin Province, in Northeast China, where direct combustion
of stalks is widely used today to meet household cooking needs.

2. ENERGY BALANCES
FOR F-T COOKING
FUELS FROM BIOMASS
Two clean cooking fuels that can be produced from biomass via F -T synthesis are synthetic
LPG (C3-C4 hydrocarbons) and kerosene (C.o-Cu hydrocarbons). LPG can be burned very
cleanly and efficiently. Kerosene is less clean, but F- T kerosenes burn more cleanly than
petroleum-derived kerosenes because of the largely paraffinic nature ofF-T liquids. For
example, F-T kerosenes produced at the Shell "gas-to-liquids" F-T facility in Malaysia are
characterized by a "smoke point" (the height to which a flame can be adjusted in a standard
burning apparatus before smoking starts) greater than 50mm and zero sulfur content (Tijm et
al.,1995). For comparison, British standards specify a minimum smoke point of35mm and a
maximum sulfur content of 0.04% by mass for kerosene used in domestic free-standing burners
(without a flue). For burners connected to a flue the corresponding figures are 20 mm and
0.2% sulfur (Francis and Peters, 1980).
Figure 1 is a simplified process flow diagram for "once-through" co-production ofF-T
liquids and electricity. In this configuration, gasified biomass is passed once through the F -T
synthesis reactor. Any gas that is not converted to liquids in the reactor is sent to a gas turbine
combined cycle to generate electricity. The "once-through" configuration eliminates additional
reaction steps and recycle loops that would be needed to maximize the production of liquids.
Larson and Jin (1999) show that the effective efficiency of "once-through" production ofF-T
liquids from biomass. is about the same as the efficiency of producing liquids in a facility
designed to maximize liquids production. They argue that the much simpler process
configuration in the "once-through" design should provide for better economics of liquids
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I The effective efficiency is the energycontainedin the F- T liquids divided by the difference in energycontentof
the biomassfeedto the "once-through"facility andthe biomassthat would be neededin a stand-alone
gasifier/combinedcycle power plant to generatethe sameamountof electricity as in the "once-through"facility.
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contributing to poor indoor air quality in manyhomes. With rising farmerincomes,thereis an
ongoing shift awayfrom stalksandtoward coal briquettes.The useof coal briquettesis not
especiallylesspolluting than stalks,but wealthierfarmersarepreferringthe greater
convenienceof purchasingbriquettesasneededfrom merchantsratherthan collecting and
storing stalks. The shift to coal is creatinga newand seriousair pollution problemfrom the
openburning of excesscrop residuesin the field. (In manyareasthe residuesdry out quickly
and thus decomposeslowly. To preventbuildup ofundecomposedresiduesthat can harbor
insectinfestations,residuesare burnedin the field.)
Converting stalksto a cleancooking fuel suchasLPG would help alleviate both indoorand
outdoorair pollution problems. LPG is alreadya familiar cooking fuel in manyChinese
households.ConventionalLPG is widely usedin urbanareas,and it is estimatedthat (as of
1994)some30 million rural households(16%of all rural households)alsouseLPG for at least
someof their cookingneeds(Wang, 1997).
3.2. Cost estimate
Although intensivecom productionis practicedin Jilin province,the quantityof com stalks
that can be concentratedat a conversionfacility is limited by transportationlogisticsand costs.
Thus, a facility for producingLPG from com stalkscould not be large by the standardsof
today'sgas-to-liquidsindustry. Basedon the energybalancefor Case"B" in Table 1, a cornstalk conversionfacility having LPG and electricity co-productioncapacitiesof 1500GJ/day
[or 250 barrelsper day crudeoil equivalent(bpdcoe)]and 9.4 MWe, respectively,would
requiresome400 tonnes/day(5219 GJ/d)of com stalks. Cao (1998)indicatesthat this amount
of stalksare availablewithin a radiusof about11 km in the com-beltof Jilin Province.
Assuming thatprocesstechnologyis commerciallymature,we estimatethe total installed
capital cost for sucha facility would be about$33 million,3 or $132,000per bpdcoeofF-T
liquids (Table 2). For comparison,the costfor a 10,000bpd gas-to-liquidsconversionfacility
basedon technologylike that of the Shell Malaysiaplant (not once-through)might reach
$30,000/bpdif widely implementedcommercially(Tijm et al., 1995). Companieslike
Syntroleum,who are focussingon smaller-scalegas-to-liquidplants,areprojecting2500bpd
facilities costing under$30,000/bpd(Knott, 1997). In a recentstudy,Bechteland Amoco
estimatedthe capitalcost for a once-through8815bpd GTL plant if built todayto be about
$48,000/bpd(Choi et al., 1997). As part of the samestudy,a 50,556bpdcoeplant using coal as
the feedstockandmaximizing F-T liquids production(not once-through)wasestimatedto have
a capital costof about$64,OOO/bpd
(Bechtel, 1998).
Otherthan capital, key factorsin our costanalysisare laborrates,feedstockcosts,and
electricity salesprice. Detailsof the costassumptionsareprovided in the notesto Table2. The
averagecost for operatinglabor for the facility is basedon an assumedcompensationto
employeesthat is an estimatedtwo times the compensation
providedto young advanced-degree
engineersemployedin Beijing today. The costof deliveredcom stalks($0.54/GJ)is basedon
a detailed cost-supplycurve for the Jilin Provincecom belt presentedby Cao(1998). An
electricity saleprice of 5 e/kWh is shownin Table2. For comparison,the retail price for grid-

3 All costs in this paperareexpressedin 1998US$. The GNP deflatorhasbeenusedto convertto 1998$costsoriginally given
in other-yeardollars.
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a. The energyperformanceof this facility is basedon the last columnof Table 4.
b. Capitalcost is estimatedfor a biomassintegrated-gasifier/gas
turbine combinedcycle
plant with an oversizedsyngasproductionareaplus a syngasconversion/refiningarea.
Installed BIG/GTCC costis SI645/kWe(basedon scaling Elliott and Booth (1993)
estimateofSI500/kWe by US GNPdeflator). Half the costofa stand-aloneBIG/GT
power plant is assumedto be for syngasproductionand half for the combinedcycle.
Thus,the combinedcycle in the table (9.363MWe capacity)costs9363 kWex 1645/2=
S7.7million. The syngasproductionareacosts9363 x (5219/2311)06x 1645/2= S12.55
million, where 5219GJ/dayis the ratedbiomassconsumptionof the facility shown in
this table and2311GJ/d is biomassconsumptionof a 9.4 MWestand-aloneBIG/GT
power plant with assumedefficiency of 35%(HHV). The costof syngas
conversion/refiningis scaledusing0.6 exponentfrom a detailedcostestimateby Choi et
a/. (1997) for this areaof a naturalgas-basedonce-throughF-T synthesisprocess.
c. Annual maintenanceand insurancecost is assumedto be I % of initial capital cost,as
indicated by Bechtel(1994) for a coal-basedF-T synthesisprocess.
d. Catalystsand chemicalsare assumedto cost SO.26/GJ,basedon Bechtel(1994).
e. Numberof operatingemployeesestimatedbasedon detailedstudy by Bechtel (1994)
that estimated1088employeeswould beneededto operatea large (300,000GJ/day)
coal-basedF- T synthesisplant. Scaling from the Bechtelestimateby production
capacitygives numberof employees= 1088X (1500/300000)06
= 45.
f. The cost of air-dried com Stalksdeliveredto a conversionfacility in the com-growing
regionof Jilin is: Yuan RMB/toMe = 43.02+ (1.163x r), where r is the radius (km) of
delivery Cao (1998). Assumingexchangerate of 8 Yuan RMB/S,the costof delivered
stalks in USS/toMe = 5.4 + (0.145x r). Assuming 13 GJ/t deliveredStalks,stalkcost in
$/GJ = 0.415+ (0.011 x r). Supplyinga facility with capacityindicatedin this table
would requirea delivery radiusof about11 km in the com belt of Jilin (Cao, 1998).
g. Typical price for grid electricity in rural Jilin villages is 10 e/kWh (Qiang,1998).
h. Assumedannualsalaryof $3000,plus 400/0benefits. This is overtwice the
compensationlevel found today in Beijing for young engineersholding advanced
university degrees.
i. Wang (1997)gives LPG price in rural China in 1996of 3000 Y uanRMB/toMe,a higher
heatingvalue of 48 GJ/tLPG,andexchangerate of 8.3 YuanRMB/US$. Converting to
US$lGJand correcting to 1998Susingthe US GNP deflatorgives a price of$7.7/GJ.
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total generated)are
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and electricity with
efficiencies shown in
Table 1 (Case B), the
total production of LPG
and electricity would be
66 PJ/yr and 9,900 GWh/year, or nearly twice the current rural demand for cooking fuel and six
tintes the demand for electricity. Meeting all of current cooking fuel demand would require 73
facilities with production capacity as in Table 2.
For China as a whole, Li, et al. (1998) project, based on detailed assessments,that some
376 million tonnes of agricultural residues (about 4900 PJ/yr) will be available for energy
production in 2010 (from a total residue generation of 726 million tonnes). The available
residues would be sufficient to produce some 1400 PJ/year of cooking fuels via once-through
F-T synthesis, or enough to meet the cooking fuel demand (at current Jilin rates of use) of some
560 million people (about 40% of China's projected 2010 population). Electricity would be coproduced at an average rate of 24 GWe (about 2.5 times the production rate projected for the
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Figure2. Estimated
productioncostof FischerTropschLPGfrombiomassin a
"once-through"
facilityasa functionof salepricefor co-produced
electricity.
SeeTable2 for details.

Three Gorges hydroelectric facility).

5. 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 highcetane number, low-aromatic, no-sulfur diesel blending stock for reducing diesel-engine
vehicle tailpipe emissions. We have presenteda preliminary analysis of the novel concept of
converting biomass to F- T hydrocarbons suitable for use in cooking. We have examined in
particular the idea of producing LPG from com stalks in rural Jilin Province, China as a
cooking fuel for rural villages. Based on our energy balances,the supply of com stalks in Jilin
is sufficient to meet all of current rural cooking fuel demand twice over, with the co-produced
electricity equivalent to six times the current rural electricity demand. Our preliminary cost
analysis for small-scale co-production of synthetic LPG and electricity in Jilin is encouraging,
and more detailed analysis is warranted.

.

.
6. REFERENCES
Bechtel(1998). "BaselineDesign/Economicsfor AdvancedFischer-TropschTechnology,"Final ReportsundercontractNo.
DE-AC22-9IPC90027to the FederalEnergyTechnologyCenter,US Departmentof Energy,Pittsburgh,Pennsylvania.
Bechtel(1994). "BaselineDesign/Economicsfor AdvancedFischer-TropschTechnology,"Quarterlyreports undercontractNo.
DE-AC22-9IPC90027to the PittsburghEnergyTechnologyCenter,US Departmentof Energy,Pittsburgh,Pennsylvania.
Bechtel(1998). "BaselineDesign/Economicsfor AdvancedFischer-TropschTechnology,"Final ReportsundercontractNo.
DE-AC22-9IPC90027to the FederalEnergyTechnologyCenter,US Departmentof Energy,Pittsburgh,Pennsylvania.
Cao,J. (1998). "Evaluationon BiomassEnergyResourcesand Utilization TechnologyProspectin Jilin Province," Proceedings
of Workshopon Small-ScalePower GenerationfromBiomass,Working Groupon EnergyStrategiesand Technologies,
China Council for InternationalCooperationon Environmentand Development,Changchun,China, 16-25.
Choi, G.N., Kramer, S.J.,Tam, S.S.,Fox, J.M., Carr, N.L., and Wilson, G.R. (1997). "Design/Economicsof a Once-Through
Natuml GasFischer-TropschPlantwith Power Co-Production,
" paperpresentedatthe 1997USDOE Coal Liquefaction&
Solid Fuels Contractors'ReviewConference,Pittsburgh,Pennsylvania,3-4 Sept
Dutt,G.S. and Ravindranath,N.H. (1993)."Bioenergy:Direct Applications in Cooking," RenewableEnergySourcesfor Fuels
and Electricity,Johansson,Kelly, Reddy, and Williams (eds),Island Press,Washington,DC, 653-697.
Elliot, P. and Booth,R. (1993). "Brazilian BiomassPower DemonstrationProject,"SpecialProjectBrief, Shell International
PetroleumCompany,Shell Centre,London.
Francis,W. and Peters,M.C. (1980). "Kerosines-Propertiesand Specifications,"in Fuelsand Fuel Technology,A Summarized
Manual,2ndedition, PergamonPress,Oxford, UK.
Knott, D. (1997). "Gas-to-LiquidsProjectsGaining Momentumas ProcessList Grows," Oil & Gas Journal,June23.
Larson,E.D. and Jin, H. (1999),"BiomassConversionto Fischer-TropschLiquids: Preliminary EnergyBalances,"this volume.
Li, J., Bai, J., and Overend,R. (eds)(1998). AssessmentofBiomassResourceAvailability in China,China Environmental
SciencePress,Beijing.
Marano,J.J.,Rogers,S., Choi, G.N.,and Kramer,S.J.(1994). "ProductValuationof Fischer-TropschDerived Fuels,"
presentedat the American ChemicalSocietyMeeting, Washington,DC, 21-26 August.
Menville, R.L. (1998). "Profiting from BiomassFuel and PowerProjectsUsing the BrightstarSynfuelsCo. Gasifier," presented
atthe I ~ World EnergyCongress,Houston,TX, 13-17September.
Qiang,J. (1998). Vice President,Jilin ProvinceEnergyResourcesInstitute, Changchou,Jilin Province,China, personal
communication,January.
Smith,K.R. (1993). "Fuel Combustion:Air PollutionExposuresand Health in DevelopingCountries,"AnnualReview of
Energyand the Environment,18:529-566.
Tijm, P.J.A.,Marriott, J.M., Hasenack,H., Senden,M.M. G., and van Herwijnen,T. (1995)."The Markets for ShellMiddle
Distillate SynthesisProducts,"presentedatAlternateEnergy '95, Vancouver,Canada,May 2-4.
Wang,X. (1997), "Comparisonof Constraintson Coal and BiomassFuels Developmentin China's EnergyFuture," Ph.D.
dissertation,Energy ResourcesGroup, Universityof California, Berkeley.
WHO (World Health Organization)(1997). "Healthand Environmentfor SustainableDevelopment,"WHO, Geneva.

7. ACKNOWLEDGEMENTS
The authorsthank the W. Alton JonesFoundationand the GeraldineR. Dodge Foundation
for financial supportfor the preparationof this paper.

'-

