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1 NTW DUCT ION 

Ashok V. Desai 

Coordinetor, Energy Research Group 
P.O. Box 8500, Ottawa 

Ontario, Canada 

Liquid fuels have a number of advantages. Being fluid, they are easier to 
store, handle, and transport than solid fuels; the range of hydrocarbons in cur- 
rent use also has greater energy density than low-cost solid substitutes like 
coal, lignite, and wood. They are cheaper to store and handle than gases, which 
need to be segregated from air and pressurized. Above ail, they are the fuels 
used in the internat combustion engine, whose sturdiness, versatility, and 
capacity for size variation have multiplied its uses, and have led It to domi- 
nate land and air transport. Although the prospective exhaustion of minerai oit 
has spurred the search for alternatives, liquid fuels that can be used in in- 

ternat combustion engines have a special appeal because they would not require 
the scrapping of the vast investments made in vehicles and in the factories to 
make them. 

For this reason, two bioenergy specialists, Professor Murray Moo-Young and 
Dr. Raiph Overend, were asked to address the Energy Research Priorities Seminar 
in Ottawa on 9 August 1983. Their papers, put together in this publication, are 
based on North American experience, but are of considerable methodological in- 
-terest. 

In the present state of knowledge, no other Iiquid fuel is clearly cheaper 
than petroleum-based transport fuels, and must of them look so uncompetitive 
that private investors are not inclined tao invest even in improving the state 
of knowledge. However, the governments of countries that have experienced in- 
security in oit supply or balance of payments difficulties arising from the colt 
of oit imports have from time to time invested in research and development (R&D) 
and the commercialization of alternative liquid fuels. Two of them are being 
currently produced. 

Catalytic hydrogenation Is the basis of the production of synthetic oit 
from coal in the Sasol plant in South Africa. Coal forms a good feedstock 
because of its low cost and large volume of production. However, oit produced 
by catalytic hydrogenation will remain expensive because of its large hydrogen 
requirements, and the technology is operational ly difficult owing to the high 
pressures and temperatures, the messiness of coal, and the trickiness of cata- 
lysts (Lee 1979). 

Enzymatic hydrolysis is the basis of the production of ethanol from sugar 
cane in Brazil. The technology is much less demanding than that of coal hydro- 
genation: sugar cane is a more standardized feedstock than coal, the tempera- 
ture and pressures are more moderate, breakdowns are less frequent, and a wide 
range of production scales is feasible. 

Both solutions have much to do with the circumstances of the countries 
that have adopted them. The repression of Its majority black population has 
earned the government of South Africa hostility among the nonwhite nations of 
the world; because these countries produce must of the exportable oit in the 
non-Communist world, South Africa obtains ifs oil only by the connivance of some 
of them and the coopération of some oil companles. South Africa has reason to 
feel insecure about both the connivance and the cooperation, and to subsidize 
the production of high-cost coal-based oil. 

Brazil was using over a third of its export earnings to pay for oit in 
1974. The markets abroad for Its sugar were depressed in 1975 and it made sense 
to use sugarcane to produce alcohol that would replace imported oil Instead of 
exports that could not be sold (Goldemberg 1982). 
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South Africa's case is unique; Brazil's is common to many developing 
countries. A World Bank survey of 39 oil-importing developing countries in 1980 
revealed that payments for net oil imports took over 50% of merchandise export 
earnings in 7 countries (18%) and between 25 and 50% in 17 countries (44%) 
(World Bank 1983). 

In the light of the limited experience of oil-substitute production, an 
interested country or enterprise must rely on guesses regarding costs and quai- 
1ty. Overend shows a way of making such guesses using the avallable informa- 
tion. As he points out, there are at least three l1 qu1d fuels that can be used 
in vehicles: ethanol, methanol, and esterified vegetable oils. These can be 
used oniy as extenders in unmodified internai combustion engines; and ail would 
require tailoring to particular specifications to make them fit for vehicular 
use (Anonymous 1980). There are two major routes to ethanol: enzymatic and 
acid hydrolysis. Ethanol can be made from many types of vegetai biomass in- 
cluding forest waste, agricultural residues, and aquatic biomass. Methanol is 
normally made from synthesis gas, which can be produced from a number of carbon- 
aceous materials including coal, forest wastes, and agricultural residues. The 
large variety of materials, processes, and products make a comparison of costs 
essential. 

Costs are conventionally classified into capital costs, incurred before 
production can begin, and running costs. Estimates of both get firmer as 
experience accumulates through research, development, pilot plant, and commer- 
cial plant. According to Overend, the capital costs of ethanol are in the saure 
range for enzymatic and acid hydrolysis, but the former achieves higher effi- 
ciency of energy conversion. Energy efficiency Is even higher in methanol pro- 
duction, but capital costs are aiso distinctly higher. 

A high proportion of running costs, as Overend shows, consists of the cost 
of the feedstock. Here one is apt to think in industrial countries of waste 
materials such as wood waste, sawdust, straw, and animal waste, whose cost in 
situ is zero (or negative if they are a nuisance); however, the costs of collec- 
tion are high, and Increase with the dispersion of the feedstock. Developing 
countries have smaller quantities of such wastes available, which are often 
being used as fuel or manure and are hence not available at zero cost. Hence 
the argument Is stronger in developing countries for growing a feedstock such as 
sugarcane or cassava; the greater the yields of such a crop, the lower the costs 
of ifs collection. The economies of concentration are just as strong in devel- 
oping as in industrial countries. 

Because of the importance of feedstock in running costs, every country 
tends to consider those feedstocks that are surplus. Thus Brazil settled on 
sugarcane as feedstock for ethanol, the USA uses mainly maize, and Canada is 
chiefly interested in wood. The cellulose and lignln in wood of fer a more 
difficult feedstock for enzymatic hydrolysis than starch, and need pretreat- 
ment. As a result, Moo-Young finds wood-based ethanol uncompetitive in Canada 
unless by-products turn out to be remunerative. Wood is easily gasified and 
might be better turned into methanol. 

Assuming that it is decided to hydrolyse wood, it can produce a number of 
products besides ethanol, and Moo-Young asks which of them would be the most 
profitable. He finds a few, such as citric acid and furfural, which are more 
profitable than ethanol, but their markets in the USA are small. However, the 
economics of ethanol depend greatly on the prices at which its joint products 
can be sold. The suggestion tossed out by Moo-Young that "high-priced potable 
beverage-grade ethanol should be produced instead of the cheaper full-grade 
variety" may be taken half seriously. But far more serlous is his basic point 
that the broadest options should be considered. Instead of asking: what should 
replace imported oit? 1t may be more intelligent to ask: what are the 
resources? What can they produce? Of the products, which can be exported or 
can replace imports with the highest returns? The objective for a country must 
be to improve its balance of payments most effectively, and not simply to 
replace oit. The world, however, has no balance of payments with the rest of 
the universe, and cannot overcome the scarcity of oil by trading. 
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BIOENERGY OONVERSION SYSTERS: CU2RENT STATUS 

R.P. Overend* 

Biomassl conversion to energy and bioenergy is a subject of interest to 
both industrialized and developing countries in obtaining the maximum return on 
their natural resource bases. This report is based on recent undertakings at 
the National Research Council (NRC) of Canada in reviewing International Energy 
Agency (IEA) bloenergy programs and preparing technology assessments in this 
field. 

The interests of the Organization for Economic Cooperation and Development 
(OECD) and the Less Developed Countries (LDCs) do not always coincide if the 
potential of biomass energy is viewed from the perspective of the resource base. In fact, many OECD countries are trying to solve problems of foodstuff 
surpluses by the use of bioenergy or the withdrawal of land by PIK (Payment in 
Kind) subsidies whereas, for many of the LDCs, there are both food and firewood 
crises. The general opportunity for bioenergy in OECD nations is in exploita- 
tion of residues generated in the food and fibre production and processing sys- 
tems. Such residues have often been disposed of in an environmentally poor 
fashion and treated as wastes from the economic perspective. If energy crops 
are considered, they are generally seen as a response to surplus foodstuff pro- 
duction -- as in the recent European Parliament resolution to look at the option of transferring 30 x 10 ha of land from food to alcohol production. For LDCs, 
the residue availability is a major consideration and current use for fuel is 
often environmentally nonproductive. Trees and other lignocellulosics are often 
harvested directly for fuel and charcoal production. 

Bioenergy conversion systems are more universai in use. The conversion 
processes are the transformers Iinking the heterogenous resource to the end uses 
that are, in the main, conditioned by the existing energy carriers and utiliza- 
tion patterns. This is generally true for both the OECD and LDC nations because 
it is only in a few countries that the bioenergy contribution can exceed 5% of the primary energy supply. This characteristic of bioenergy, which requires 
taking account of the existing major energy carriers such as electricity, gas, 
and petroleum, is at one and the same time a strength and a weakness as I will 
elaborate later. 

General Description of the State-of-the-Art in Bioenergy Conversion 

Conversion technology: Industriel-scale systems 

Combustion systems have been deveioped and commercialized for dry forest 
and agricultural residues that span the capacity range between the domestic 
heating system and the 30-MWth size range. The modern systems generally have 
high efficiencies with good compliance to environmental emissions standards. In 
general, they are not as simple in use as the traditional fossil-fueled systems and their capital cost per unit output is often three to eight times that of the oil- or natural gas-fired alternative. This restricts the competitiveness of these systems because they are only profitable with relatively low-cost feed- stocks. In many countries, commercialization of densified biomass fuels has permitted the use of retrofitted burners to existing heating systems. 

National Research Council of Canada, Ottawa, Ont., Canada 
1 A number of terms used here are defined in the appendix (page 21). 
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Gasification has been proven at a demonstration level in applications such 
as boiter retrofit, crop drying, and internat combustion (IC) engine-powered 
electrical-generator uses. Several companies are marketing such systems in both 
industrial and developing countries. Major markets for the IC-engine generator 
sets are seen in the LDCs. Indeed, in Brazil and the Philippines, indigenous 
manufacture is already underway. 

Production of syngas (CO/H2 mixture) from biomass has not yet been com- 
merclalized; however, major pilot-plant or demonstration activity is underway in 
several countries. The primary energy application of syngas would be in meth- 
anol production for vehicular use. Nonenergy applications would be in ammonia 
and fertilizer synthesis. For countries having little or no natural gas or oil, 
a wood/peat-to-methanol option would have to compete with imported coal. 

Direct liquefaction of biomass had its genesis in coal liquefaction. Work 
under the auspices of IEA's Forestry Energy Agreement (FEA) Group 'D' has 
spurred the development of process concepts that recognize the intrinsic dif- 
ferences between biomass and coal. This collaboration, known as the Biomass 
Liquefaction Test Facility (BLTF) project, is currently underway and may lead to 
the construction of a multipurpose international liquefaction test facility. 

Anaerobic digestion technology is nearing commercial application in the 
food-processing industries and In large-scale farm operations. In general, the 
applications are cost effective when there Is a demand for the product gas over 
most of the year and a credit is taken for environmental improvement. The 
smailer farm application still has to reach commercial viabillty. There is at 
present a major research effort in ail aspects of methanogenesis and significant 
process improvements remain to be made. 

Ethanol production in Brazil (from sugarcane) and the USA (from corn, 
i.e., maize) is on a relatively large scale although in both instances a consid- 
erable subsidy Is required to make the production commercially viable. The 
technical feasibllity of using ethanoi in the gasoline system is well demon- 
strated. Major research Is being undertaken to make the process technoiogy more 
energy- and cost-efficient and to expand the feedstock base out of foodstuffs 
with therr occasional high opportunity costs due to market shortages of grains 
and sugar. In Brazil, for example, research into the use of cassava and of 
eucalyptus wood (plantation grown) is underway and, in the majority of OECD 
countries, there is very active research into lignocellulosic conversion (e.g., 
wood and straw). Other alcohols can be produced and the French program is seek- 
ing isobutanol/acetone products from the fermentation of Jerusalem artichoke 
tubers for cosolvent use in the methanol-additive fuels. 

Other liquid-fuel substitutes from biomass include the use of oilseeds 
such as sunflower and rapeseed to generate diesel-oil additives and substi- 
tutes. Oilseeds are very costly in comparison with other biomass resources, 
nevertheless research and development (R&D) has shown that esterification of 
plant oils leads to very suitable diesel extenders. In the context of energy 
security, this is a valuable finding. 

Commercial Avallability and Carrent RED 

Table 1 is a summary identifying the status of bioenergy systems with re- 
spect to the current stage of commercial development. By disregarding the rote 
of end-use systems, it Is possible to arrange a matrix of biomass resources with 
the cultural, harvesting, and conversion systems and to identify for each inter- 
section the current status of the technology. In some instances, such as the 
algal production systems, it is inappropriate to choose certain technologies, 
such as combustion, and these are indicated by NA. 
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In the case of peat, the mining technology (harvest) is highly advanced in 
countries where the climats permits a reasonable Iength of the solar- or wind- 
drylng season. In other climates, where wet mining and dewatering w11I be 
necessary, the current technology status Is at best at the pilot stage. Blanks 
in the table indlcate that work might be undertaken but that I do not know the 
current status of such research. 

A broad conclusion from Table 1 is that the production systems for blomass 
are generally mature and that, for dry feedstocks, combustion technology Is com- 
mercially available. The area of greatest expansion and potential Is in the 
biotechnology arena where, with the exception of alcohol production from tra- 
ditional feedstocks such as sugar and starch, most systems are still in devel- 
opment. 

Economic evaluation of bioenergy systems 

Before going too far with the discussion of net energy balance, I should 
note carefully that the governing ru les really are those of economics, not of 
energy balance, because by necessiry any energy-conversion process, e.g., gener- 
ation of electricity from coal or refining of gasoline from crude petroleum, re- 
duces the total energy that Is eventually avallable to the consumer. This Is of 
course accepted. Thus, a coal-fired plant is normally only about 33% efficient 
(first law basis) in converting the heat in coal into a more usefui form of en- 
ergy -- electricity. Thus, for blomass as a whole, one has to ask the more 
specific question, "Does the production of energy frcm biomass achieve a net 
gain in a more desirable form of energy?" It is accepted that our soclety is 

running out of oit rather than out of energy and that the problem that faces us 
is that of replacing the high-grade uses of oit by alternative fuels, be they 
biomass- or nuclear-generated electricity. Thus, the focus will be on the 
Iiquid-fuel replacement characteristics of biomass. 

An illustration of the constraints imposed by economics rather than energy 
can be seen In the case of woodchip transportation. 

An 18-wheel truck wlth a capacity of about 88 m3 could accommodate almost 
27 t of green wood chips at a chip density of around 320 kg/m3. These translate 
to 13.5 t oven dry (ODt) that could in principle, and probably in practice, be 
transformed lnto about 6 t or 8000 L of methanol. The fuel efficiency of the 
truck is about 0.04 L/t per km (litre of diesel equivalent) or 0.90 L/km for the 
fuily loaded rig. If one assumes that, when methanol engines are avallable, 
methanol and diesel will be volumetrically equivalent in use, then the range of 
the truck driven by the methanol generated from the load would be in the neigh- 
bourhood of 600-900 km. The economics of a $0.08-0.16/t per km charge wlll 
result in the transport cost being $100-400/ODt for such distances and these are 
the reasons why hauts of up to 100 km are often considered to be Itmiting. 

Figure 1 is an illustration of the simple mode) used to determine the net 
energy balance of blomass production. Starting wlth the conversion plant pro- 
cessing P ODt/day of biomass, this is converted with a direct olI-équivalent 
energy efficlency of 6A where 8 is the energy output (in GJ/t) and X Is an 
energy equlvalence term with oit, e.g., ethanol in blends might replace 1.4 
energy equivalent of oit product. Alternatively, burning green fuel in a boiter 
might derate the boiter from previous high-70%s efficiency on natural gas clown 

to low-60%s resulting in a X of 0.8. The gross oit equivalence of the process, 
however, has to have subtracted from lt the fossil fuel that mlght be used in 
the conversion process, the energy required to transport and collect the bio- 
mass, the energy consumption of carrying the energy product to some market, the 
harvest energy requirements, and the silvicultural and agronomic inputs such as 
tillage and fertilizer. 

Energy-balance calculations are very suspect -- particularly If they do 
not lay out ait of the assumptions and particularly the boundarles on which the 
analysis is drawn. For example, the energy costs of harvest might include only 
the Iiquid fuels used in the process of harvesting or might also include 
embodied energy such as that required to make the steel used in the construction 
of the saws, tractors, and so on. If one were absolutely rigorous, the machine 
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Forest f 
productivity 1 Feedstock P (t/day) f 
M (1-20 t/ha 

per year) 

Process oil equivalents 
X(0.8-1.4 GJ(biomass)/GJ(oil)) 

Conversion 

Process efficiency 
0(2-16 GJ/t) 
Mass ratio q5 

t (product)/t (blomass) 

Biomass transport T (5 MJ/t per km) 

Harvesting energy H (1.0 GJ/t) 

Silvicultural input K (0.10 GJ/ha per year) 

Overall efficiency definition 

G = 1 - (K/M+H+ +U4 PD)/XB 

Product 
transport 

U (GJ/t/km) 

Distance 
to market D (km) 

Fig. 1. Energy balance modes. 

End use 

operator's food intake might aven be included as an energy input. The use of 

direct liquid-fuel equivalents and not embodied energy is arbitrary but justi- 
fied here on the basis that these are, in the main, the dominant quantities. 

It is assumed that harvest operations in general would be conducted on 
areas of 50-200 ha and that the energy cost of assembly to a landing would be 
included in the harvest-energy term. The energy costs of collection from land- 
ings to the plant site will be a function of the plant feedstock required and 
the biomass productivity. Many of the studies that address this assume either a 
real-life situation for which the roads are known, or alternatively, posit a 

simple geometrical model based on a production plant that is situated in the 
middle of a circular collection area. Real life is really not so convenient and 
the simple geometric model used in the estimates of transport work assumes that 
the plant is located at the point of a circle sector. For the purpose of this 
discussion, the number of sectors required to make up a circular geometry are 
used, for example, n = 2 is a semicircular geometry with the plant located on 
the midpoint of the diameter. Alt this terrain cannot be harvested because 
Iakes, roads, townships, and recreation areas are not avaitable for production 
and the simple modes assumes that the area has a stocking density of 4 harvest- 
able land. These two parameters are used in a geometric index that ranges in 
value from 1 for a circular geometry when 100% of the area is harvestable to 
someth1ng of the order of 60 for a thin slice of one sector out of 12 that would 
make up the circle with a harvestable area of only 5% of the total area. The 
area harvested is P/M where P is the plant scale multiplied by the number of 
days of the year the plant is running and M is the blomass productivity. 

The average haut distance to the conversion plant is: 

7= 0.6833( T)(n/q )0.5 (P/M)0.5 

where r is a tortuosity factor relating distance traveled to the straight line 
distance between the harvest area and the plant; 

0.6883 is a factor that rationalizes the units of the various terms so as 

to arrive at distance in kilometres and thus the average energy cost per 
delivered tonne of biomass will be R (Overend 1982: 75-86); and 

T is the energy cost/tonne per kilometre for transporting biomass. 
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The feedback model described in Fig. 1 can be formulated as fol lows: 

G = 1 - (1/4 X )[K/M +1RT + (S + H + U(P PD) 1 

where: G = (net energy)/(gross conversion-plant output); 

K/M = (agronomic/silvicultural input)/tonne biomass; 

R1' = transport energy/tonne; 

K = agronomic/silvicultural energy equivalent; 

M = biomass productivlty (ODt/ha per year); 

S = process-energy requirement/tonne; 

H = harvest-energy requirement/tonne; 

D = distance from process plant to market (km); 

1 = mass conversion factor, product/tonne; and 

U = transport-energy cost for product transport. 

The algorithm for calculating G is not difficult to program and the major- 
ity of the parameters required are available from the literature sources given 
in the reference list: Pimentai (1980) is a particularly useful source of data. 

The conventions to describe the energy efficiency of biomass systems are 
not yet fixed. The treatment of the feedback loop given above is comparable to 
the method used by Weisz and Marshall (1979) who used the ratio of net fuel pro- 
ductivity to gross output as their energy efficiency indicator. The TRW (1980) 
study chose to Identify the fuel investments and the energy gain for various 
ethanol-production systems with the product displacing gasoline with values run- 
ning from 1 to 2. Conversion of the TRW data to G factors as used here is ob- 
tained through the relationship 

G/(1 - G) = (net energy gain)/(input energy) 

on the basis that the biomass, i.e., solar-energy input, is "free" and nat 

counted as an input-energy term. 

Table 2 is calculated from the data of tables 6-1 and 6-2 of the TRW re- 
port assuming that gasohol is volumetrically equivalent to leaded gasoline (TRW 
Case b). 

Separate calculations through the feedback model give essentially the same 
overal1 efficiency factor G for corn processes. However, by breaking out the 
individual parameters, a number of topical concerns in R&D can be treated 
through assumed or measured variables to evaluate management strategies such as 
intensive versus extensive forestry. 

For example, the use of energy-intensive nitrogen fertilizer to increase 
the biomass productivity M appears, on an energy basis, to be compensated for by 
the reduction in hauling distance for a corn-ethanol plant (Fig. 2). In this 
instance, a production curve of corn for a given fertilizer input was used 
(Fluck and Baird 1980: 90-93) and it was assumed that the natural gas that went 
into making fertilizer would have been able to displace an equal quantity of 

liquid fuel on an energy-content basis. The apparent t ade-off cornes because, 
in th1s case, the term K/M 1ncreases only slowly wh11e R is reduced. 
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Process 
cycle 

Table 2. Gain factors for ethanol production 

Premium fuel Net premium 
input fuel gain 

(MJ/L ethanol) (MJ/L ethanol) G 

Corn feedstock 
Using coal 10.31 32.05 0.76 

residues 20.82 20.10 0.49 
gas 21.99 18.92 0.46 

Cellulose 
Electricity 1.31 37.79 0.97 

Source: TRW (1980), tables 6-1 and 6-2. 

PLANT SIZE = P = 1979 t/da 1.0 EFFICIENCY = B = 
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Fig. 2. Oorn to ethanoi (stover fuel). 
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Table 3. Influence of conversion-plant efficiency factors on the total energy 
balance 

Capital 
cost Net-energy yield 

Process ($/GJ) GJ/t G (GJ/ha) 

Pelletizing and 
combustion 2.0 15 0.87 26 

Medium-joule- 
value gas 5.0 10 0.80 16 

Methanoi (low- 
efficiency 
process) 20.0 6 0.60 7.2 

A more rational evaluation would of course examine economic trade-offs be- 
tween more efficient, but capital-intensive, process plants and the reduction in 
land-acquisition costs and transport-cost elements. In the absence of economic 
indicators, the use of energy as a proxy Is a useful guide. Table 3 compares 
the net-energy benefit of different conversion routes starting with native pop- 
lar in Saskatchewan at a sustainable yield of 2 ODt/ha per year. 

When the capital cost of these technologies is examined along with the 
net-energy yield, the economic benefits of a simple preparation process followed 
by clean combustion evidently far outweigh trying to displace oil by entering 
the premium mobile-fuel market through alcohol-fuel production. 

Econoaic Evaluation of Bloenergy Systens 

As couid be seen from the energy-balance model, the final cost of blomass 
fuel Is a function of the capital cost, efficiency of the conversion plant, and 
the feedstock cost. 

Feedstock costs are very dependent on the intensiveness of cultivation, 
which Is a function of labour, fertilizer, Irrigation, machinery, and crop pro- 
tection costs as welt as the cost of transport of the biomass to the processing 
plant. The costs to roadside of field crops or of wood can range from $0-100/t 
depending on the intensity of operation. In Canada, straw and forest residues 
(branches and noncommercial trees) cost about $20/t at the roadside. 

The key to biomass cost usually lies in the transport cost -- from the 
field to the processing plant. Although some biomass Is fairiy dry and dense, 
as Is the case for grains, the majority of residues are either extremely moist 
(e.g., green wood with 50% moisture) or extremely bulky and of low density. If 

the biomass is haif water, then the cost of biomass fuel movement Is accordingly 
doubled on a unit of energy basis. Crop resldues such as straw and stover and 
chipped forms of wood ail have extremely low packing densitles. A low packing 
density causes the load carrier to "cube out" because the large volume of the 
residue means that the mass of the full toad is less than the vehic1e capacity. 
Typically, the threshold for "cube out" is 300-500 kg/m3 load density. Typical 
bulk densifies are listed in Table 4. 

The cost of moving blomass Is a function of (Loading + Unloading Time) x 

Equipment Cost and of Transit Time x Hourly Cost on the basis of 1 t carried. 
Fuel, labour, capital cost, and rates of return vary in different countries as 
do the equipment specifications. Over a 100-km radius, grain movement in Canada 
costs about $0.08/t per km. Wood movement lncurs slightly higher costs of 
0.10/t per km. Because of the fixed costs for loading and unloading, shorter 
radia are more expensive. A rule of thumb in North America is that loading and 
unloading each cost about $3-5/t. 
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Table 4. Bulk density of biomass resources 

Biomass material Bulk density (kg/m3) 

Grains 
Wheat 772 
Corn 721 

Barley 618 
Rice 579 

Bulk wood 
Dry 400-800 
Wet 400-1600 

Spruce chips 
Wet 400 
Dry 200 

Straw or stover 120 

High density bale 240 

Typical ly, grain costs at a factory gate are $100/t whereas Iignocel- 
lulosic residues such as straw and stover or wood can be delivered for $30/t. 
With these costs in mind, the capital costs of the various technologies can be 
integrated and compared with those of the cil-equivalent costs because cil dis- 
placement is the primary role of biomass energy forms. 

In evaluating the potentiel of technology to satisfy the given end-use 
needs, It is important to have a yardstick against which the current state of 
development of the technology can be measured. For the purpose of this discus- 
sion, the many stages of technology development are simplified to four: 

Research and Development, Engineering Development, Demonstration, and First 
Commercial Plant. 

Each of these phases of development has different characteristics with 
regard to intensity of effort in terms of dollars spent. By defintion, the R&D 
phase is relatively low cost and involves the risk of the concept not working 
out due to technical reasons. By the engineering development phase, the problem 
of technical feasibility is replaced by the challenges of materials and produc- 
tion and control problems. It is usually in this phase that the first credible 
estimate of the economics of a process can be made. Generally, if the economic 
outlook for both the process and product is promising, the next phase of devel- 
opment, the demonstration, is initiated. At this point, the real-life political 
and social problems of introducing new technology can be evaluated. Providing 
that the demonstration goes well, the demonstration will lead to the commercial- 
ization of the technology. 

Figure 3 illustrates the technology development cycle with a time scale 
and rate-of-investment scale superimposed using the exemple of the advent of 
nuclear energy as a commercial technology (data and concept derived in part from 
the work of Hill, 1978). It must be recognized that this simplified picture is 
a 20:20 hindsight view of technologicai development and that, for each commer- 
cial technology, there are at least 10 demonstration proJects, possibly 100 
engineering development projects, and 1000 R&D projects. 

The current state of development of biomass conversion technology is pro- 
bably the hardest variable to fix (along with capital cost) and I have taken the 
following as criteria: 

Commercial technology: One or more full-scale plants have been con- 
structed; 



- 16 - 

1000 , 

0 20 30 40 

DEVELOPMENT TIME (YEAR) 

Fig. 3 Tiwe scale for energy technology to reach ccunercial statu s. 

Demonstratlon: An innovative process currently exlsting at more than 
25 ODt/day input; 

Engineering development: A process development unit or pilot plant 
usuelly around 1 ODt/day; and 

Research and development: Essentielly small-scale laboratory work at 
a scale of grams per hour. 

Figures 4 and 5 are simple mails to lllustrate the capital intensiveness of 
biomass-conversion systems on the Y axis and, by using the reciprocel of process 
efficiency, lt is possible to show the resource impacts on the X axis. 

Ideally, the comparison of different systems would be by means of the colt 
of the delivered-energy form. This, however, is almost impossible because feed- 
stock costs are often opportunity costs that are qulte specific to the site and 
market envlsaged for a process. Similarly, financing reglmes (debt/equity 
ratios, taxation, and subsidy) affect the capital-cost contribution to the pro- 
duct price as do local wage rates. 

Each capital cost and efficiency graph has Pive curves to illustrate fines 
of equal product cost where the following formula and assumptions are used: 

Product cost (S/GJ) = (100F/20q ) + [D(CRF + M)1/(66 rl ) 

where: F = feedstock (wood) cost (S per ODt); 

20 = HHV of wood, i.e., 20 GJ/ODt; 

66 = factor derlved from number of days (330) in year combined with 
the HHV of wood; 

efficiency of conversion (%) defined as the fraction (HHV 
product/HHV of feedstock); 

CRF = capital recovery factor expressed as a fraction; 
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M = operating and maintenance (O&M) costs expressed as a fraction of 

capital investment; and 

D = capital cost to process 1 ODt/day of feedstock. 

This, albeit simplifled, costing procedure when used with fixed-product 

costs of $3-15/GJ enabled the variation in capital cost with efficiency to be 

evaluated for the following parameters: 

Feedstock cost = F = $40/ODt (or $2/GJ) 

Plant iife cycle = n = 20 years 

Discount factor = i = 15% per year 

CRF = A/Pi n = 0.15976 , 

0&M cost factor = M = 0.15 

Examination of a large volume of cost data in the open literature enables 

what can only be generalizations to be made for areas of technology. In gen- 

eral, costs were obtained in 1981 dollars by use of the consumer price index 

(CPI) and are defined as being exclusive of land and services (i.e., within 

battery limits). In most instances, buildings and on-site services, 

contingencies, interest during construction, and working capital can increase 

the quoted costs by 50-100%. 

Although quoting cost per daily tonne processed may be unfamiliar to most, 

it is in fact a convenient yardstick. To illustrate a typical well known ex- 

ample, the equivalent cost for electricity generation is often quoted as being 

about $1000/kW capacity. 

One kilowatt generated for 24 hours would result in an electricity output 

of 24 kWh or 86.4 MJ/day. If wood is combusted, steam generated, and electric- 
ity produced at an efficiency of 25% then 346 MJ of wood energy will be re- 

quired. Because 1 t (anhydrous) has 20 GJ of energy, then $1000 invested will 

process: 

Wood processed/$1000 invested = (346 MJ/day)/(20 GJ/t) = 0.0173 ODt/day 

Thus the capital cost of electricity generation from wood at 25% thermal 

efficiency, using the $1/W rule of thumb, requires about $58000/t per day. 

Examination of the electricity-generation points (Fig. 4) shows how ther- 

mal steam-condensing technology requires very high opportunity costs for the 

produced electricity of more than 55 mills/kWh. in Canada, long-run marginal 

costs of hydro, nuclear, and coal generation are likely to be less than 30 

mills/kWh and thus is a barrier to this utilization of wood. 

The profitability of direct combustion and the near-commerclal gasifica- 

tion technologies is also evidenced by their high efficiencies and location 

between the $3/GJ and $6/GJ curves, which makes both competitive with oil and 

natural gas in the USA. 

Cogenerated electricity, although having similar or greater capital costs 

than condensing-steam generation, has, by virtue of the high efficiency factor, 

a very competitive edge against purchased electricity in pulp and paper mllls. 

Figure 4 is a very similar treatment for liquid- and solid-fuel produc- 

tion. The only liquid fuel from wood production that can be classed as commer- 

cial is in fact the updated Worid War II-vintage Scholler/dilute-acid 

hydrolysis. As can be seen, the high capital cost and limiting efficiency of 

25% create a large obstacle to commercial implementation. Enzymatic processes, 

although experimental, offer similar capital costs but, with the higher inherent 

efficiency, will prove to be more competitive in the long run. Methanol from 

wood is already at the demonstratlon stage of development and is likely to be 

capable of competing with methanol derived from fossil fuel in certain regions. 
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Solid fuels include densified wood and charcoal. Densification offers 
extremely high efficiency and the lowest capital cost per unit processed. The 
downstream utilization of the densified fuels does, however, await the approp- 
riate combustion and gasification equipment in the marketplace. 

Charcoal production can require extremely high technology with capital 
costs greater than those for methanol production when maximum heat and by- 
product recovery are attempted. It can also be extremely "low tech" requiring 
almost no investment when the admittedly inefficient earth-covered kiins are 
constructed in the forest. The Brazilian production of metallurgical coke is 
mainly in brick-built kiins, which are held to be the most economical for a 
minimum capital investment without by-product recovery. 

Discussion 

As 1 have shown, an extremely large range of technologies is available for 
biomass conversion, and the available systems cover a large range of scales and 
technical maturities. Energy balance and economics favour the direct combustion 
of biomass for process heat and space-conditioning applications. Where the 
local demand requires conversion to electricity or liquid fuels, the energy and 
economic penalties are severe and are a barrier to implementation. 

in-house research at NRC is looking at the contribution that R&D might 
make to improving the biotechnology-based conversions. We have a computer simu- 
lation model that incorporates the several unit processes involved in converting 
wood to ethanol. The basic mode1 is derived from the Madison process, which 1s 
st 111 in use 1n the USSR and is marketed by Swiss and New Zea1and companies. 
Our research program is looking at the role that modern technologies, such as 
advanced anaerobic digestion or membrane separations, will play in reducing the 
final cost. Table 5 shows some typical results for the capital and energy costs 
of two different process options. 

Table 5. Stem explosion plus Iignin extraction process versus standard 
Madison process vith anaerobic digestion 

Capital cost Energy cost 

Unit operation (k$US) (US$/hr) % 

Steam explosion 460 8.7 112 29.2 
Chemical extraction 270 5.1 10 2.6 
Hydrolysis 50 (760) 0.9 (12.8) 90 (354) 23.0 (53.1) 
Neutralization 130 (600) 2.5 (10.1) 0 (0) 0 (0) 
Sugar concentration 110 (290) 2.1 (4.9) 53 (192) 13.8 (28.8) 
Fermentation 1220 (1230) 23.0 (20.8) 48 (72) 12.5 (7.3) 
Distillation 730 (740) 13.8 (12.5) 71 (72) 18.5 (10.8) 
Anaerobic digestion 2336 (2298) 44.0 (38.8) 0.2(0.1) - (-) 

Total 5306 (5918) 100 (100) 384 (667) 100 (100) 

Production Rate: 1370 L/hour (1402 L/hour) 
Overall Yield: 164.5 L/t dry wood (168.3 L/t dry wood) 
Selling Price: US$0.93/L (US$0.92/L) 

Note: Values in brackets are for standard Madison process. 
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Our observations and conclusions are: 

In such a multistep process, It is not sufficient to improve only one 
step in the sequence. 

The processes are likely to be economic only under circumstances where 
there can be significant by-product (I prefer the term "coproduct"!) 
opportunities. Examples are single-celi protein (SCP) from the xylose 
stream, dried distillers grains, adhesives, and polymers from the 
lignins. 

Our findings are similar to those of a study conducted under the 
auspices of the EEC FAST (Forecasting and Assessment in the field of 

Science and Technology) program; see, for example, Atkinson and 
Sainter (1982). The major problems facing the present and future 
biotechnology industries are the downstream processing steps in which 
products and reactants have to be separated and purified before use. 
A major concern in the wood-to-ethanol process has to be the immense 
volume of effluent that must be treated. The examples above include 
advanced anaerobic digestion before secondary treatment and this con- 
stitutes one of the lower-cost options that we have modeled. Even so, 

the effluent cleanup is close to 40% of the capital investment. 

The modeling exercise has also raised doubts on the viabillty of 

smail-scale operations than can afford Iess integration of energy and 
chemical flows than we have incorporated. In fact, the US gasohol 
program iliustrates this problem: Alcohol Week (Anon. 1983: 3) notes 
the problems that the small, Iess than 2 x 106 US gallons/year, pro- 
ducers have. Low initial costs have led to high equipment replacement 

and operating costs, the corn feedstock is more expensive in small 

quantities and the aicohol yields obtained are less than those of the 
large plants. Major technical problems have been found with waste 
treatment and the evaporative and energy-recovery systems. 

Although it is possible to discuss technical fixes for the Iiquid-fuels 
option, !t is stiil necessary to consider the economic and social issues in 

introducing this technology. Both in the OECD and LDC countries, the aicohol 
fuels are not entirely compatible with the gasoline system and the Brazilian ex- 
perience shows that major institutional changes take a long time to be success- 
fully implemented. 

Even in a subject as superficially simple as the cookstove in LDCs, this 
is the case. For a long time, the firewood crisis has been looked at as a 

technical-f ix issue, particularly in the ares of stove technology. Recent 
evaluations have highlighted that is not possible to say with certainty that 
fuelwood savings are being achieved. In many instances, this is because the 
technological improvements that are dictated by the need for efficient combus- 
tion remove some of the functions of the open and semi-open fires traditionally 
used for cooking. 
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Appendix: Definitions 

Bicoass: Vegetable matter produced by means of photosynthesis. 

Bioenergy: The use of biomass as a fuel or as a feedstock for energy conver- 
sion. 

Biotechnology: The application of scientific and engineering principles to the 
processing of materials by biological agents to provide goods and services. Un- 
like thermochemical conversion, the biological agents require relatively pure or 
homogeneous substrates having well defined chemical composition and structure. 

Municipal solid vaste (MSW): The energy content of which is mainly derived from 
biomass sources, e.g., cellulose from paper. 

Peat: Decayed vegetable matter undergoing conversion to fossil fuel especially 
to coal. Technically, peat is a nonrenewable energy source. 

Thermochemical conversion: Processes such as combustion, pyrolysis, and gasifi- 
cation in which the transformation of the carbon (C), hydrogen (H), and oxygen 
(0) in the biomass Is effected by the application of heat. In general, the 
final products are only a function of the initial C, H, and 0 composition, the 
pressure, and the temperature. 





LiQUID FUELS FROM RENEWA13LE RESOURCES: 
TECI*IOECONOMiC COMPARISONS OF 
ALTERNATIVE FEEDSTOCK USES 

M. Moo-Young, C.W. Robinson, and Robert Lencki* 

Recent recognition that petroleum-based fuel and chemical feedstocks are 
becoming increasingly scarce has encouraged research aimed at developing alter- 
natives based on renewable raw materials. Lignocellulosics (especially fores- 
try, agriculturai, and other industrial residues) are of prime interest. Var- 
tous conversion scenarios have been proposed that employ chemical, physical, or 
biochemical routes to produce a variety of gaseous, liquid, and solid products. 
This review examines the potential base-line economics of these processes to try 
to identify the technoeconomic "bottlenecks": the biochemical routes to energy 
from renewable biomass resources are of primary concern. 

Raw Material Cbsts 

The main attraction of Iignocellulosics is their comparatively low cost 
($0-50/t) compared to more conventional raw materials such as corn ($120/t) or 
molasses ($200/t). A further benefit of using some biomass residues such as 
agricultural manure or industrial pulp sludge is abatement of environmental pol- 
lution (with a concurrent net negative cost for the feedstocks). Table 1 Iists 
the related production costs when molasses is transformed into a number of fer- 
mentation products (Kovaly 1982). The need for cheaper raw materials such as 
Iignocellulosics is indicated. 

In the USA, the acetone/butanol/ethanol and lactic acid fermentations are 
currently not competitive with synthetic chemical routes but ethanol via fermen- 
tation, a process that was rapidly replaced by synthesis from ethylene after 
World War II, has rec ntly witnessed a resurrection. Annual sales of ethanol 
increased to 795 x 100 L in 1982 f rom 280 x 106 L in 1981, almost ail of this 
increase being produced from corn (Haggin and Krieger 1983). This particular 
grain is used instead of molasses because it is produced in large quantities in 
the U.S. and the starch that it contains is easily converted to fermentable 
sugars. 

Table 1. Percentage of production cost related to molasses feedstock for 
varlous fermentation products 

Fermentation product Molasses as % of production cost 

Ethanol 68 
Acetone/butanol/ethanol 55 
Calcium gluconate 46 
Itaconic acid 43 
Citric acid 24 
Lactic acid 15 

*Department of Chemical Engineering, University of Waterloo, Waterloo, 
Canada 
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Considerable research has gone into improving the various ethanol fermen- 
tation unit operations. For example, our laboratory has developed a reactor 
utilizing yeast cells immobilized on wood chips that can significantly reduce 
fermentation costs (Robinson et al. 1981). The advantage of this immobilized 
cell reactor (ICR) can be seen in Table 2, which shows an economic comparison 
among the ICR, a conventional continous stirred-tank fermentor (CSTF), and a 
CSTF with cell recycle. The advantage of the ICR arises from the high through- 
put and higher ethanol concentration in the fermentor broth. Other work has 
focused on developing ethanol separation techniques that are more economical and 
energy efficient than current distillation methods (Lencki et al. 1983). These 
innovations will significantly improve the economics of producing ethanol from 
corn or other feedstocks. However, as indicated in Table 3, recent economic 
analyses of corn-based ethanol plants (Katzen et al. 1979; Kitchen and Tong 
1982; Keim 1983) have had simllar conclusions to that observed with molasses: 
an inexpensive source of fermentable sugar would have a significant effect on 
the economics of fermentation ethanol. 

Table 2. Oost comparison of various ethanol fermentor designsa 

Cost parameter ICR CSTF 
CSTF 

with recycle 

Total investment (106 US$) 12.0 24.1 19.9 
Payout time (years) 2.2 4.5 3.3 
Return on investment 45.2 21.3 30.2 

a 106 US gallons/year ethanol, 330 days/year operation, sugar costs the 
same for ail cases. 

Table 3. Percentage estimates of total operating cost for ethanol-frcm-corn 
production 

Stone and Webstera Raphael Katzen Consultants 
Parameter Associatesb Inc.c 

Raw materlals 
Corn 70.5 70.0 62.7 
Miscellaneous 6.9 1.0 4.5 

Fuel 
Gas 1.4 - 5.6 
Coal - 3.8 - 
Electricity and 

water 0.4 2.4 2.3 
Labour 2.9 5.7 4.0 
Depreciation 8.9 4.5 12.4 
Taxes and insurance 1.1 1.4 2.3 
Miscellaneous overhead 4.8 8.3 1.1 

Maintenance 4.2 2.9 5.1 

Total operating cost 100.0 100.0 100.0 

a Based on 1981 production of 30,000 t/year. 

b Based on 1978 production of 150,000 t/year. 

c Based on 1983 production of 30,000 t/year. 
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Lignocellulosics - A Cheaper Sugar Source? 

Because corn surpluses and the resulting tax incentives in the U.S. may 
not exist elsewhere and because diversion of grain to fuel production also 

raises the "food versus fuel" argument, waste lignocellulosics appear to offer 
an attractive alternative. For example, Canada produces about 140 x 106 m3 of 

wood residues and by-products per year (Phillips et al. 1979). Lignocel- 
lulosics, if economically hydrolyzed and fractionated into its components (glu- 

cose from cellulose, xylose and other sugars from hemicellulose, and phenollcs 
from the lignin fraction) may provide inexpensive feedstocks for fuel and chem- 

ical production. 

Unfortunately, because of the crystalline structure of cellulose and the 
presence of lignin, lignocellulosic materials are more difficult to use as fer- 

mentation media than starch. Thus, a pretreatment method must be found. Figure 
1 summarizes many of the proposed pretreatment schemes now under development. 

An economic analysis for ethanol production from wood, corn stover, and 

straw using the enzymatic or acid hydrolysis pretreatment methods has recently 
been conducted (Stone 1982). With a current ethanol selling price of $0.45/L, 
the results indicate that, with acid hydrolysis, only the New Zealand scenario 
appears to be economic (Table 4). However, the processing cost estimate for 

this system seems unreasonable. Most estimates for systems based on enzymatic 
hydrolysis pretreatment (Table 5) appear to be uneconomic, but by assuming high 

Table 4. Varlous colt estimates for ethanol production from rood based on acid- 
hydrolysis pretreatment 

New Nolan Mitre American 
Parameter Zealand (Univ. Penn.) Katzen Corp. Can Co. 

Year estimate made 1979 1980 1975 1977 1980 
Plant size (ODt/day) 1000 1364 1364 1545 1818 
EtOH production 

(10 L/year) 99.5 94.6 94.6 105 75.7 
% Yield (EtOH/wood, 

weight basis) 23.8 16.9 16.9 16.3 10.0 
Capital cost (106 US$) 39.5 93.7 68.4 212 55.6 

Capital cost/L (US$) 131 327 238 667 242 
Production costs 

(10 US$/yaear) 

Substrate 10.6 14.3 14.5 16.4 19.3 
Fixed and variable 3.8 16.1 9.5 37.1 25.6 
Capital 11.8 28.1 20.5 63.7 16.9 

Total 26.2 58.5 44.5 117.3 61.7 

Production cost of 
EtOH (US$/L) 0.27 0.62 0.47 1.12 0.81 

Production cost after 
by-product allowance 
(US$/L) 0.22 - - - 0.68 

Source: Stone (1982). 

a At US$32.2/t wood. 
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Fig. 1. Outiine of various Iignocellulosic pretreatment/conversion sirategies. 

by-product credits (a possibility with these processes), these could be 
feasible. For example, in the case of the lotech process, a large by-product 
credit of $0.28/L of ethanot has been assumed. 
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Table 5. Various cost estimates for ethanol production fram lignocellulosics 
based on enzymatic-hydrolysis pretreatment 

Univ. Emert Univ. Cal. 
Un iv. 
Penn. 

Parameter lotech Penn.-GE Katzen (Wilke-SRI) MIT (Nolan) i Il 
Year of estimate 1980 1980 1979 1978 1978 1979 1980 
Substrate Wood Wood Wood Wheat Corn Corn Corn 

straw stover stover stover 
Plant size 

(ODt/day) 227 1700 1818 2970 1250 1363 1559 
EtOH production 

(10 L/year) 22.0 94.6 189.2 94.6 39.4 104.1 189.2 
% Yield(EtOH/wood, 
weight basis) 23.1 13.3 24.6 7.6 7.5 18.3 29.3 

Capital 
(10 

cost 
US$) 22.9 64.0 112.2 120.7 29.4 34.3 75.8 

Capital 
(US$) 

cost/L 
344 224 196 422 247 109 133 

Capital 
feed 

cot/tonne 
(10 US$) 101 37.7 61.7 40.7 23.5 25.2 48.6 

Production costs 
(10 US$/year) 

Substratea 2.5 18.5 19.8 32.4 13.6 14.8 51.6 
Fixed and variable 4.1 19.7 29.5 21.0 11.9 9.7 26.5 
Capital 6.9 19.2 33.7 36.3 8.8 10.3 22.7 
Total 13.5 57.4 83.0 89.7 34.3 34.8 100.8 

Production cost of 
EtOH (US$/L) 0.61 0.60 0.44 0.95 0.88 0.33 0.54 

Production cost 
after by-product 
allowance (US$/L) 0.33 0.55 0.33 0.82 0.31 

Source: Stone (1982). 

a At US$32.2/t of wood. 

Competitive Process Options 

Other biomass conversion options should be examined. A comparative ap- 
praisal of these processes was conducted by the Stanford Research Institute and 
is summarized in Table 6 (Schooley et al. 1978). Direct combustion is the most 
efficient means of energy conversion but this energy is best used at the point 
of production and no chemical products are derived. Catalytic liquefaction can 
produce a transportable liquid oil and oxygen gasification yields a synthetic 
natural gas that can be transported or converted to methanol. 

Methanoi is a useful chemical feedstock that can be used to produce 
formaldehyde (its current major use), olefins, ethylene glycol, vinyl acetate, 
acetic acid and anhydride, ethanol, and ethylbenzene-styrene from toluene 
(Sherwin 1981). Methanol used directly as a gasoline octane booster has phase 
separation and corrosion problems but this can be solved either by conversion to 
methyl-tert-butyl ether if excess isobutene is available or by modification of 
the generatlon process to create some higher alcohols that reduce these 
drawbacks. 
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Table 6. Esti.afed cost of fuelsa 

Biomass Product Process 
Size 

(103 GJ/day) 
US$ 

per GJ 
Process 

efficiency 
(%) 

Wood Oii Catalytic liquefaction 32.3 5.09 53 
Wood Methanol Gasification (02) 34.8 7.36 58 
Wood SNG Gasification (02) 37.9 6.08 63 
Wood Steam (432°C) Direct combustion 46.4 2.84 77 
Wood Electriclty Direct combustion (150 MW) 15.53 21 
Wood Oil Direct combustion and 960 4.27 74 

char 
Wood Electricity Cogeneration and direct 45.9 3.24 32 

Wheat Ethanoi 
combustion 

Enzymic hydrolysis and 5.8 49.86 11 
straw fermentation 

Sugar- Ethanol Fermentation 5.8 30.52 45 
cane 

Algae Ethanol Acid-hydrolysis and 6.0 10.43 32 
fermentation 

Source: Schooley et al. (1978). 

a Including tax (52%), interest (9%), and return on investment (15%) dis- 
count cash flow. 

From the results of a recent study (Perez-Blanco and Hannon 1982), on a 
dollar per kilojoule or process efficiency basis, methanol seems to be a better 
choice than ethanol for use as a motor-fuel extender or as a starting point for 
producing many chemicals. For example, the provincial government of Ontario in 
Canada is now interested in the possible use of lignocellulosics to produce 
methanol (Mackay and Sutherland 1976). 

Ethanol - How Attractive a Product? 

If a lignocellulosic pretreatment/fermentation route Is chosen, is ethanol 
the best product to be produced? To determine which scheme and product mix 
should be utilized to maximize the economics of such a process, more studies are 
required, especially at the pilot-plant scale. However, sonie insight can be 
obtained with estimates of the maximum possible revenue and processing costs of 
the varlous products. For example, it would be foolish to take cellulose pulp 
worth $0.45/kg and turn it into glucose worth only $0.07/kg (Worthy 1981). 

The fermentation of glucose formed from cellulose can produce a large 
variety of products. If produced in conjunction with a hydrolysis plant, the 
volume of these products would have to be substantial to achieve maximum economy 
of scale. Table 7 lists some of the possible large-scale uses. Compared to 
ethanol, the acetone/butanol/ethanol and acetic acid fermentations do not seem 
attractive at equal or lower revenues and higher processing costs. Glycerol and 
citric acid may be economical because of their high value. Conversion of the 
sugar to a molasses-like syrup, single-cell protein (SCP), or high-fructose 
syrup may also be economically attractive. 
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Various uses have been proposed for hemicellulose, e.g., an extrudent gum 
(Whistler and Zysk 1979), or super adsorbent (Anon. 1982b) but neither sugges- 
tion has been realized because the required purity is difficult to obtain. The 
most valuable product that can be obtained from the sugars of hemicellulose 
(xylose from hardwoods) is furfural (Table 8). The acid hydrolysis processes of 
American Can (Church and Wooldridge 1981) and Treeland Fuels and Chemicals 
(Anon. 1982a) are appropriately based on this route. If sugar is produced, the 
production of a sugar syrup or SCP would generate as much revenue as ethanol 
with lower processing costs. 

Much research has been done on the possible utilization of lignin, the 
third major component of lignocellulosics, as a chemical source. The current 
practice in most pulp mills is to incinerate the solubilized lignin, yielding an 
energy credit of about $0.08/kg (Table 9). Dimethylsulfoxide and vanillin are 
chemicals currently being produced from lignin, both are low-volume products so 
that some of the effluent is incinerated. The revenue generated by vanillin 
would be highly attractive but unfortunately the market demand for this product 
is not very large. Several processes to produce phenol and benzene from lignin 
have not yet had any commercial success (Goldstein 1975) but the most promising 
future high-volume usage of lignin will probably be in polymeric resins (Graff 
1982). However, high-grade lignin produced by expensive solvent extraction or 
steam explosion may be a prerequisite. 

Several other options do not require the séparation of the lignocellulosic 
components because certain organisms have the enzymatic capability to hydrolyze 
the cellulose and hemicellulose fractions and metabolize them to end products. 
This Is the basis of the Massachusetts Institute of Technology's (MIT) ethanoi 
production system (Jenkins and Reddy 1979) and various SCP processes such as the 
one at the University of Waterloo (Moo-Young et al. 1978a). Anaerobic biolog- 
ical digestion Is also a process that can utilize lignocellulosics directly and 
can produce either methane or, if the methanogenic group of bacteria is inhib- 
ited, volatile fatty acids. It would be potentially much more economical to 
produce fatty acids (as a storage Intermediate) than methane directly (Table 
10); the fatty acids route to SCP also has economic potential. Several schemes 
have been proposed for utilization of the fatty aclds, for example, producing 
hydrocarbons by electrolytic reduction (Levy et al. 1982), producing fatty acid 
esters for gasoline additives (Datta 1981), and growing Candida utilis for 
animal feed (Thomas and Evison 1978). Another route is gasi ça ion bio- 
mass followed by the utilization of the synthesis gas by organisms to produce 
chemicals (Levy et al. 1981). 

Table 9. Possible uses of Iignin 

Product 
Yield 

(kg/kg lignin) 
Product value 

(US$/kg) 
Maximum possible revenue 

(US$/kg lignin) 

Burn for heat 1.00 0.08 0.08 

DMSO 0.03 1.72 0.13a 

Vanillin 0.07 11.56 0.8ga 

Phenol 0.20 0.70 0.14 
Benzene 0.14 0.58 0.08 

Total 

Resins 

- 

1.00 

- 

0.35 0.35 

Source: Goldstein (1975); Graff (1982); Anon. (1983). 

a Credit for heating value included. 
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Table 10. Possible uses of fatty acids froc anaerobic digestion 

Yield (per kg Maximum possible 

Products 
Yield (per kg 
lignocellulose) 

glucose and 
xylose in wood) 

Product 
value (US$) 

revenue (US$/kg 
glucose and 

xylose in wood) 

Fatty acid 
production 0.50 kg 0.70 kg 0.51/kg 0.36 

SCP from fatty 
acids 0.825 kg 1.155 kg 0.30/kg 0.35 

Methane from 
fatty acids 0.26 m3 0.35 m3 0.15/m3 0.05 

Source: Anon. (1983). 

Future of Bioconversion of Lignocellulosic Biomass 

Even though methanol seems to be an attractive route to liquid fuels and 
certain chemicals from lignocellulosic materials, large-scale plants are 
required to test the economics. Large centralized sources of waste biomass 
would be required, a situation that is not found too often. Methanol can also 
be made from gasified Goal or peat moss (concentrated nonrenewable resources) 
and this could be a more economical (but possibly more polluting) route. 
Ethanol produced for solvent purposes by fermentation can be competitive with 
the energy-intensive synthetic production route from ethylene now being used. 
However, it should be noted that ethanol via synthesis gas could also compete in 
this market. 

Because biomass is a rather diffuse resource, emphasis should be placed on 
developing simple systems that can be practical and economical on a small 
scale. We have proposed a system that could be integrated into a rural setting, 
producing fuel (e.g., methane) and feed (e.g., SCP) for recycle back into the 
ecological system (Moo-Young et al. 1978b). If wood wastes are used, chemicals 
could be produced that are not easily synthesized via methanol. Elaborate, high 
technology methods of pretreatment should be avoided and more direct routes 
using anaerobic digestion, cellulolytic organisms, or possible gasification 
should be developed. Several technical breakthroughs are stil) required before 
the pretreatment/fermentation route to ethanol is economical. If this route Is 
taken using present technology, higher-value products than ethanol should be 
produced. One suggestion is that high-priced potable beverage-grade ethanol 
should be produced instead of the cheaper fuel-grade variety. It could turn out 
to be indeed more profitable to fill people's stornachs instead of their gas 
tanks. 
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