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Integrated Biomass 
Production-Conversion 
Systems and Net 
Energy Production 

I. I N T R O D U C T I O N  

The costs of competitive fuels; fossil and biomass energy availability; environ- 
mental issues such as global warming, greenhouse gases, air and water quality, 
and waste treatment and disposal; the infrastructure needed to distribute bioo 
mass energy and biofuels to end users; government policies, energy demand, 
and national security; the development of new energy technologies; and new 
energy resources and reserves determine the role of biomass energy in the 
marketplace. Intensive as well as extensive parameters, many of which are 
"foggy" and difficult to assess, are among the influential factors. One of the 
greatest barriers to overcome is the fallibility of predictions. The problem is 
perhaps best illustrated by the difficulty of analyzing energy markets. Innumer- 
able studies have been performed to predict future energy consumption pat- 
terns, oil imports, and oil prices. Unfortunately, many of these studies have 
been far off the mark, especially those that concern future oil prices. If the 
predictions of $40/bbl of crude oil and more in the United States had been 
accurate in the 1970s and 1980s and oil had stabilized at that price level, or 
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even at its peak in 1980, the biomass energy industry would have exhibited 
much greater growth than it has. It is evident that the costs of refined petroleum 
products are relatively low in the United States and have been for decades 
except in times of international conflict and supply disruptions (Chapter 1). 

Despite the apparent difficulty of large-scale entry of biomass energy into 
U.S. markets because of the availability of low-cost fossil energy, this situation 
is not expected to continue ad infinitum. There are also many areas of the 
world where fossil fuels are much more expensive than they are in the United 
States, and biomass energy costs are competitive. Two of the factors that will 
ultimately determine the role of biomass in future energy markets are the 
capability of biomass energy systems to make large, sustainable contributions 
to energy demand at competitive costs, and the capability of these systems to 
yield net salable energy. Basically, the goal is to design and operate environmen- 
tally acceptable systems that furnish new supplies of salable energy from 
biomass, whether they are low-energy gas, substitute natural gas (SNG), syn- 
thetic crude oil, methanol, ethanol, hydrogen, other fuels, and heat, steam, or 
electricity, at the lowest possible cost with a minimum consumption of energy 
inputs. It is necessary to quantify how much energy is consumed and how 
much salable energy is produced because the capital and operating costs are 
insufficient alone to determine the best systems. Economic data do not always 
correlate with net energy production. Comparative analyses of similar systems 
for production of synthetic liquid or gaseous fuels from the same feedstock or 
of different systems that yield the same fuels from different biomass feedstocks 
should be performed by consideration of economics and net energy production. 

A complete net energy analysis (NEA) of an integrated synfuel-production 
system is an accounting of all of the energy inputs and salable energy products 
in such a way that even the energy required to build the integrated system is 
included as a capital energy investment, just as with a capital dollar investment. 
In other words, a complete NEA is not simply an input-output  energy balance. 
It is important to know the energy cost of the salable products because energy 
and monetary costs are not necessarily related. The question "How many 
capital and operating energy units must be invested to produce an energy unit 
of salable product?" is not equivalent to the corresponding question regarding 
monetary units. Most NEAs, however, ignore capital energy investments and 
focus on the gross amount of salable energy produced minus the amount of 
energy needed to produce it. 

The subject of NEAs was quite controversial in the early 1970s when first 
introduced, probably because different groups used different methodologies 
to perform them, and the results were inconsistent and not comparable. Today, 
NEAs can provide important data that are not easily obtained by other means 
because of system complexity and the interactions between system compo- 
nents. A detailed NEA of a complex integrated system can help pinpoint specific 
operating functions that may be amenable to improvement or that need to be 
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modified. For a biomass energy system, the amount of nonrenewable fossil 
energy used to operate the system is obviously an important parameter. It is 
possible that less net salable energy will reach market than that withdrawn 
from the market to operate the system. For fuel ethanol from biomass, for 
example, an integrated biomass production-conversion system (IBPCS) can 
consume more fossil energy than the net ethanol output. Such a result would 
defeat the purpose of manufacturing fermentation ethanol if the objective is 
to displace and conserve petroleum fuels. This statement is not quite correct, 
as will be shown later, because of the energy content of co-products, and the 
fact that the chemical energy content of biomass is essentially derived from 
solar energy, which does not affect fossil energy reserves. The quality of salable 
energy products from an IBPCS is also a factor. If an IBPCS that produces 
hydrogen and SNG by biomass gasification uses diesel fuel to grow, manage, 
harvest, and transport the feedstock to the conversion plants, and No. 2 fuel 
oil is used to generate electricity to operate the conversion plants, how should 
the inherent differences in energy quality of the operating fuels and salable 
energy products be reconciled? 

In the United States, the subject of NEAs has even been written into federal 
laws--the Federal Nonnuclear Energy Research and Development Act of 1974 
(P.L. 93-577 as amended by P.L. 94-187) and Title II of the Energy Security 
Act of 1980 (P.L. 96-294). They require the U.S. Department of Energy to 
analyze the potential net energy yields of new energy technologies proposed 
under the Acts before funding their development. Although these particular 
laws are old, their provisions do not appear to have ended, and other federal 
laws occasionally include NEA requirements. The U.S. Comptroller General 
has stated that the U.S. Department of Energy has spent hundreds of millions 
of dollars on projects without performing NEAs. Indeed, NEAs have been 
largely ignored in the United States by developers of alternative energy systems. 

As stated in Chapter 2, IBPCSs that are capable of producing quad blocks 
of energy at competitive prices are essential for biomass energy to have a 
large role in displacing fossil fuels. If such systems are not developed and 
commercialized, biomass energy usage will forever be limited to small-scale 
systems and niche markets. Some of the biomass energy systems of the future 
are therefore expected to be large IBPCSs that are able to deliver net salable 
energy in quantity at market prices. This chapter is devoted to an examination 
of IBPCSs and NEAs. 

II. I N T E G R A T E D  S Y S T E M S  

A. DEFINITION AND FUNDAMENTALS 

An IBPCS is usually defined to be a system in which all operations concerned 
with the production of virgin biomass feedstocks as dedicated energy crops 
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and feedstock conversion are integrated to provide a balanced operating system. 
Multiple feedstocks, including combined biomass-fossil feedstocks and waste 
biomass, may be employed. Feedstock supply, or supplies in the case of a 
system that converts two or more feedstocks, is coordinated with the availability 
factor (operating time) of the conversion plants. Since growing seasons vary 
with geographic location and biomass species, provision is made for feedstock 
storage to maintain sufficient supplies to sustain plant operating schedules. 

The proper design of an IBPCS requires the coordination of numerous 
operations such as biomass planting, growth management, harvesting, storage, 
transport to conversion plants, retrieval, drying, conversion to products, emis- 
sions control, product separation, recycling, wastewater and waste solids treat- 
ment and disposal, maintenance, and transport or transmission of salable 
products to market. The design details depend on the biomass species involved 
and the type, size, number, and location of biomass growth and processing 
areas. An example of a framework proposed for assessment and design of 
IBPCSs for electricity production is shown in Table 14.1. It is obvious that a 
multitude of parameters are involved. In the idealized case, the synfuel produc- 
tion plants are located in or near the biomass growth areas to minimize the 
cost of transporting the harvested biomass to the plants, all the nonfuel effluents 
of which are recycled to the growth areas as shown in Fig. 14.1. If this kind 
of integrated synfuel plantation can be implemented in the field, it would be 
equivalent to an isolated system with inputs of solar radiation, air, CO2, and 
minimal water, and one output, synfuel. The nutrients are kept within the 
ideal system so that the addition of external fertilizers and chemicals is not 
necessary. Also, the environmental controls and waste disposal problems are 
minimized. 

Various modifications of the idealized system can be conceptualized for 
large-scale usage. A few examples are presented here using the United States 
as the growth area because of its different climatic regions. One modification 
might consist of the controlled flow of wastewater effluent from several munici- 
palities in the southern United States into an aquatic biomass growth area and 
the growth of water hyacinth for two purposes: the treatment of wastewater 
by luxuriant uptake of nutrients by water hyacinth, and the simultaneous 
growth, harvesting, and conversion of hyacinth to synfuel. In this case, inor- 
ganic material builds up in the system. So residual material from the conversion 
plant is partially removed or "bled" from the system as synfuel is produced. 
If it has useful applications, the residuum might be considered to be a co- 
product. Depending on its physical and chemical properties, useful applications 
developed for such co-products in the past include road surfacing coatings, 
concrete and asphalt additives, construction materials, and nutrients for fertiliz- 
ers and land amendment. 
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TABLE 14.1 Framework for Assessment and Design of Integrated Biomass Production- 
Conversion System for Electric Power Production ~ 

Biomass production Logistics/transport Conversion 

Land base/uses 

Existing supplies 

Assessment of site quality 
(rainfall, soils, elevation, 
slope) 

Plantation practices (species 
and sites, nursery, 
establishment) 

Productivity 

Environmental benefits 
(deforestation, soil erosion, 
CO2 and warming, 
biodiversity) 

Species improvement 

Energy/economic 

Minimum economic returns 

Food and fuel competition 

Power sector/energy resource 
planning issues 

Integration of biomass-fired 
power into local grid 

Constraints to deployment 

Arrangements (financial, land 
tenure, and extension) to 
produce biomass 

Integrating based on total 
fuel cycle to achieve 
maximum net benefits 

Financing 

Plantation access 

Road construction 

Hauling distances 

Storage (seasonality 
considerations) 

Fuel preparation and quality 

Co- and by-products 

Plantation practice 
adjustments with hauling 
distance 

Alternative supplies 

Cost/supply dynamics 

Methods/equipment 

Institutional/social 

Local and regional demand 
(need for power, 
productive uses, 
seasonality) 

Choice of technology 
(efficiency, scale, cost/kW, 
availability of equipment, 
repairs) 

Operational aspects (capacity 
factor, assurance of supply, 
local control and assurance 
of supply, local control 
and management) 

Grid integration 

Environmental 

Local adaptations due to Soil stabilization 
interactions among policies, Use of multiple clones 
resources, and markets (ecological diversity and 

Identification of lead 
institutions 

Assisting institutional 
development 

Examination of regional and 
local developmental and 
environmental programs 

Obtaining support at local, 
regional, and national 
levels 

resiliency, capacity of the 
system to respond to 
environmental stresses) 

Protection of existing forests 

Land restoration 

Effects of non-point-source 
chemicals 

Waste treatment and disposal 

Role of donor organizations 

aperlack and Ranney (1993). 

Al terna t ive ly ,  s h o r t - r o t a t i o n  hyb r id  p o p l a r  and  se lec ted  grasses cou ld  be 

m u l t i c r o p p e d  on  an ene rgy  p l a n t a t i o n  in fores ted  areas of the Un i t ed  States 

and  ha rves t ed  for c o n v e r s i o n  to t r a n s p o r t a t i o n  fuels and  c o g e n e r a t e d  p o w e r  

for use  on-s i te  in cen t ra l ly  loca ted  c o n v e r s i o n  plants .  The  salable  ene rgy  p rod-  

uc ts  are l iqu id  b iofue ls  and  su rp lus  electr ici ty.  This  conf igu ra t ion  m i g h t  be 
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especially useful for the larger land-based systems. The system would be 
somewhat analogous to wood production on tree plantations and conversion 
by the pulp and paper industry. 

Another possibility, especially for groups of small farms, is the integration 
of agricultural crop, farm animal, and fuel production into one system. For 
example, farmers in an appropriate region of the U.S. Midwest might grow 
corn as feedstock for conversion in a cooperative fuel ethanol plant. The 
equivalent of this is already done on a large scale in the U.S. Corn Belt, except 
most of the conversion plants are non-coop, commercial plants. A further 
variation is the return of the residual distillers' dry grains by the cooperative 
to the farmers for use as animal feed. The resulting animal manures are 
converted to medium-energy fuel gas in farm-scale anaerobic digestion units. 
The fuel gas is used on-site to generate heat, steam, and power, and the residual 
ungasified solids, which are high in nitrogen, potassium, and phosphorus, are 
recycled to the fields as fertilizer to grow more corn. The salable products are 
ethanol and co-products from the cooperative conversion plants and farm 
animals; the residuals are kept within the system. 

Still another possibility might be a marine energy farm for the production 
and harvesting of Sargassum in Hawaii's tropical seas, where five species of 
this particular macroalga are indigenous to the state's coastal waters, and 
conversion to methane in a system similar to that described in Chapter 12. 
The SNG plant could be located either on a floating platform near the growth 
area or on shore. The biomass and fuel transport requirements would be 
different for each case. 

It is apparent that many different integrated system configurations are con- 
ceptually possible. As the technology is refined and developed to the point 
where commercialization activities are well under way, it is expected that 
optimum designs will evolve. Many of them are referred to in previous chapters. 
In fact, several small-scale integrated biomass energy systems that can be 
considered to be modules of large-scale IBPCSs similar to those discussed here 
have already been designed, built, and tested. 

B. IBPCS CHARACTERISTICS 

It is important to realize the general characteristics of IBPCSs and what is 
required to sustain their operation. As an example, consider an IBPCS that 
produces salable energy products at a rate of 10,000 BOE/day from virgin 
biomass. This is a small output relative to most petroleum refineries, but it is 
not small for an IBPCS. Assume that the conversion plant operates at an 
availability of 330 day/year and an overall thermal efficiency of feedstock to 
salable energy products of 60%, a reasonable value for established thermochem- 
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ical conversion technologies. Equivalent biomass feedstock of average energy 
content 18.60 GJ/dry t would have to be provided at the plant gate to sustain 
conversion operations at a rate of 5291 dry t/day, or a total of 1,746,000 dry 
t/year. This amount of feedstock requires, at an average biomass yield of 25 
dry t/ha-year, a biomass growth area of 69,840 ha (270 mi2). For purposes of 
estimation, assume the product is methanol and no co-products are formed. 
The total annual methanol production is then approximately 1,237,000 L/year 
(327 million gal/year). If the product is methane, the total annual production 
is 496.4 million m3(n)/year (18.48 billion SCF/year). If the conversion plant 
is centrally located within the IBPCS, a radial distance of 14.9 km (9.3 mi) 
from the plant circumscribes the growth area needed for biomass production 
exclusive of infrastructure. Fifty-four IBPCSs of this size (i.e., 10,000 BOE/ 
day) are required to yield 1.0 quad of salable energy products per year. The 
total growth area required is 3,771,400 ha (14,561 mi2). Again, exclusive of 
infrastructure and assuming the conversion facilities are all centrally located, 
this amount of growth area is circumscribed by a radial distance of 101.4 km 
(68.1 mi) from the plants. This basic analysis shows that the growth areas 
required for 10,000-BOE/day IBPCSs are large when compared with conven- 
tional agricultural practice, but not quite so large when compared with tradi- 
tional wood harvesting operations in the forest products industry. A single 
one-quad IBPCS, however, would dwarf most IBPCSs that have been proposed 
or built to date. 

Regarding the energy potential of IBPCSs, a comprehensive analysis of the 
manufacture of methanol and ethanol in the United States from dedicated 
agricultural biomass grown on suitable lands indicates that production of 
8 quad/year of methanol or 9.4 quad/year of ethanol will be economically 
feasible by the year 2030 (Reese et al., 1993). It was concluded that such an 
industry can become commercially viable in the United States and that the 
agricultural community would benefit. Producers of traditional and biomass 
energy crops would benefit most. This conclusion was supported by what was 
termed a Low Biomass Yield scenario and required 45 million ha of growth 
area. The basic analysis just shown requires about 30 million ha of growth 
area for production of 8 quad/year of methanol. 

These analyses allude to the potential impacts of fluctuating biomass produc- 
tivities and of feedstock storage instabilities on sustaining IBPCS operations. 
Backup provisions in case of system upsets, which include those caused by 
upsets in the conversion plants and the biomass growth and harvesting opera- 
tions, are desirable. Feedstock storage sites and conditions and the methods 
of transporting the feedstocks to the plant gate because of the distances and 
costs involved are significant as well. Just a cursory examination of feedstock 
storage illustrates how several several different options must be examined. 
Should feedstock be stored where harvested and shipped as needed, or shipped 
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as harvested and stored in or near the conversion facility? If drying is involved, 
should the feedstock be shipped before or after drying? It was concluded from 
one comprehensive analysis of an IBPCS for electricity generation from woody 
biomass that under certain conditions, the lowest-cost feed supply strategy is 
to store harvested wood in the field as chips in or near the plantation site 
until required by the central conversion facility (Toft et al., 1995). Yet several 
operating wood-fueled IBPCSs for power generation ship logs and sometimes 
whole trees to the power plant for on-site conversion to chips. Some options 
even include whole-tree combustion (Ostlie and Drennan, 1989). Thus, the 
interactions between different components make it difficult to select the opti- 
mum pathways and system designs without detailed analysis. 

C .  EARLY I B P C S  ASSESSMENTS 

Detailed assessments of conceptual, large-scale IBPCSs were first carried out 
in the United States in the 1970s. Most of the early studies focused on electricity 
and SNG production. In one study, a conceptualized biomass plantation con- 
sisted of the multicropping of several biomass species, which entailed the 
integration of planting and harvesting schedules of annuals and perennials to 
achieve the greatest yields possible while affording a continuous, year-round 
supply of harvested biomass (Alich and Inman, 1974). Three crops of annuals 
such as sunflower or kenaf could be produced each year, and perennials, 
excluding tree species, might be harvested from two to five times each year. 
Solar drying of the harvested biomass to a moisture content of 10-15 wt % was 
employed to supply feedstock for direct firing or to an integrated gasification- 
combined cycle (IGCC) facility. The most favorable region of the United 
States for the year-round production of biomass according to the study is the 
Southwest, assuming water is available for irrigation. Irrigation is essential to 
maximize biomass energy yields in this region. A 1000-MW power plant 
supplied with this feedstock for direct firing, at a heat rate of about 10.54 MJ/ 
kWh and a load factor of 80%, required 63,500 ha (245 mi 2) of growth area. 
The cost of electricity from biomass at that time (1973-1974) was estimated 
to be 1.31 cents/kWh, whereas the cost from a similar coal-fired plant was 
estimated to be 1.18 cents/kWh. The average retail cost of electricity supplied 
by privately owned utilities to industrial customers at that time was 1.25 to 
1.69 cents/kWh (Energy Information Administration, 1982). A 1000-MW 
IGCC plant supplied with the same biomass, at a heat rate of about 12.02 MJ/ 
kWh and a load factor of 80%, was projected to require 72,500 ha (280 mi 2) 
of growth area and to provide electricity at a cost of 1.55 cents/kWh. The 
cost from a similar coal-fueled plant was estimated to be 1.22 cents/kWh. 
Improvements in IGCC efficiency were expected to eventually afford lower- 
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COSt electricity than direct firing. That in fact has occurred since this s tudy 
was carried out. The study also included an analysis of biomass gasifica- 
tion at a feedstock conversion efficiency of 60% in amounts  equivalent to a 
1000-MW power  plant, or 2.04 million m3(n)/day of SNG at an availability of 
90%. The required growth area was 36,300 ha (140 mi 2) and the est imated 
cost of the SNG was $2.20/GJ, whereas the cost of a similar coal gasification 
facility was $1.70/GJ. The average cost of natural  gas delivered to a conventional  
steam-electric plant at that time was $0.356 to $0.507/GJ. 

Other  early assessments of IBPCSs suppor ted  the posit ion that large-scale 
systems are technically feasible, and under  suitable condit ions can be economi-  
cally attractive (InterTechnology/Solar  Corporat ion,  1977, 1978). An exem- 
plary s tudy was an extension of this initial work  to an energy plantat ion model,  
the principal design parameters  of which are shown in Table 14.2, for short- 
rotation hardwood product ion as a dedicated energy crop (Fraser et al., 1981). 
Although this s tudy is not  recent, the methods  used for the assessment are 
still applicable today. The study also illustrates the complexity of IBPCSs and 
the interactions that can occur between system components .  Fifteen sites were 
chosen for detailed analysis. The selection criteria included resource availability 
(land, wastewater,  labor, climate) and markets  for the energy products  and 
services (electricity, SNG, and need for waste t reatment  and jobs). The biomass 

TABLE 14.2 Design Parameters Used for Dedicated Energy Plantation a 

Parameter Description 

Production 

Crop 

Productivity 

Planting density 

Lifetime 

Management 

Harvesting 

Transportation 

Support 

Land 

Variable, generally of the order of 200,000 dry t/year (approx. 
3.72 TJ/year). 

Fast-growing hardwoods with coppice regrowth. 

11.2 to 22.4 dry t/ha-year (5 to 10 dry ton/ac-year) 

0.37 to 1.49 m 2 (4 to 16 ft 2) per tree; i.e., approx. 24,700 to 6200 
trees/ha (approx. 10,000 to 2500/ac). 

One first-growth rotation followed by five coppice rotations. 

Mechanized weed control, fertilization, irrigation (in some modes 
of operation). 

Self-propelled harvester-chipper. 
Green wood chips transported to conversion facility in center of 

integrated biomass production-conversion system. 

Nursery operation, equipment maintenance, repair, supervision. 

Plantation consisting of lots of the size on an average farm in the 
region distributed at random within a larger geographic area. 

aAdapted from Fraser et al. (1981). 
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species included hybrid poplar, Eastern cottonwood, plains cottonwood, silver 
maple, American sycamore (southern and mid-latitude sites), and Eucalyptus 
(Florida sites only). Growth management options were carefully selected and 
included irrigation where necessary. The energy plantation is integrated with 
the conversion plant for production of electricity by direct combustion of 
hardwood chips, a plant for wastewater treatment and microalgae production, 
anaerobic digestion of the microalgae and CO2 removal from the resulting 
biogas for SNG production, and recycling of the digested solids to the biomass 
growth area for use as fertilizer (Fig. 14.2). The average transport distance 
from the growing sites to the conversion facilities is between 11.3 and 
32.2 km. Interactions between the plantation and the conversion system com- 
ponents were examined. They may range from the simple recycle of ash from 
the power plant, to recycle of residual biosolids from the anaerobic digestion 
plant, to application of wastewater into the plantation. Appropriately sized 
and specific types of equipment were used for each plantation and conversion 
plant. For the power plant, a "low-performance" steam cycle and a "high- 
performance" steam cycle were analyzed. The low-performance cycle repre- 
sented state-of-the-art, wood-burning technology at the time of the analyses: 
a simple Rankine cycle with steam supplied at 4480 kPa and 400~ and a 
turbine having an efficiency of 79%. The high-performance cycle was compara- 
ble to that used in utility systems, with steam supplied at 1650 kPa and 540~ 
and a turbine having an efficiency of 90%. 

The locations of the IBPCSs and their characteristics and projected econom- 
ics (1977 dollars) under some of the conditions examined are shown in Tables 
14.3 and 14.4. The microalgal pond was designed to handle the wastewater 
flow from each population center, and the energy plantation was sized to 
produce solid fuel at an optimally low cost. The ratio of wastewater flow to 
biomass production is an important quantity that determined the influence of 
the microalgal pond on the energy plantation. The amount of the SNG produced 
at each site from microalgae is small compared to the total demand for natural 
gas at each site. The optimum size of the energy plantation in terms of the 
cheapest fuel produced was found to be from 9700 to 14,600 ha for the sites 
analyzed. Differences in the cost of biomass from each energy plantation 
were related to a number of factors, including the investment, land rental, 
transportation cost, yield, and amount of nutrients recycled to the plantation. 
The biomass cost at the 15 sites ranged from $18.63/dry t to $26.01/dry t 
(municipal financing), which was comparable to the cost range estimated on 
the basis of other tree farm designs for similar locations at that time. Note 
that these are 1977 dollars. The cost calculated by the municipal method of 
financing for electricity generated by the high-performance cycle at the 15 
sites ranged from 3.3 to 5.2 cents/kWh, as shown in Table 14.4. The cost 
range of electricity generated by a new coal-fired power plant owned and 
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operated by a municipality or some other government entity was comparable 
to this range. It is not indicated in this table, but the analyses showed a 
significant correlation between electricity cost and load factor, with the cost 
decreasing as the load factor increases. Sensitivity analyses to ascertain the 
effects of scale also showed a marked decrease in electricity cost as generating 
capacity increased. With municipal financing, the annualized cash flow from 
the wastewater plant provided a treatment credit far more significant than the 
credit for the SNG produced. The credit applied to the annualized cost of the 
power plant enabled a reduction of about 0.16 to 0.25 cents/kWh generated. 

It was concluded from this detailed analysis of an IBPCS consisting of a 
short-rotation hardwood energy plantation, a wood chip-fueled power plant, 
a microalgal wastewater treatment pond, and an anaerobic digestion unit for 
SNG production that the effluents and by-products from one system component 
can be beneficially used by other components and lead to increased energy 
conversion efficiencies and energy recovery at lower costs. 

D. EXAMPLES OF IBPCSs  

It is apparent from these early assessments that large-scale IBPCSs present 
numerous problems to system designers because of the complexity of the 
system components and their interactions. Solutions to these problems are 
often not obvious. An early project to design and build a large-scale IBPCS 
illustrates the scope of the problem. One of the largest IBPCSs in the world 
was conceived and implemented by Donald K. Ludwig, a U.S. financier, for 
the production of energy, fuel, pulp, and chemicals in Brazil (Klass, 1983, 
1984, 1985, 1987). The facility is located in the Rio Jari region of the Amazon 
and was originally designed around the growth of the deciduous tree Gmelina 
arborea. This species coppices well, exhibits rapid growth, provides average 
yields of paper with properties superior to those obtainable from most hard- 
wood pulps, and is a good fuel (National Academy of Sciences, 1980). The 
original size of the plantation was reported to be 51,400 ha (198 mi 2) and the 
cost was more than $1 billion. The conversion plants were largely preassembled 
outside of Brazil and shipped by ocean-going barge to the plantation site. The 
main problem encountered in operating the system was that the yields of 
gmelina were considerably less than anticipated, except on about one-third of 
the growth areas that had the best soil conditions. 

Technical and economic analyses indicated that since tree production was 
only about one-half the projected yield, the application of fertilizer was required 
at an added cost of about $7.2 million/year. The Brazilian government and a 
consortium of Brazilian companies finally took over ownership and operation 
of the integrated system (Hoge, 1982). It was concluded that the outlook for the 
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system was "clearly bleak" without additional wood fuel and pulp plantations 
(Anonymous, 1983). Caribbean pine and eucalyptus have been grown success- 
fully in the growth areas consisting of the sandy and transition soils that 
did not satisfactorily support gmelina. The project's managers estimated that 
ultimately, there would be 25,000 ha of gmelina, 42,000 ha of pine, and 
32,000 ha of eucalyptus, or a total of 99,000 ha (382 mi 2) of growth area 
(Hornick, Zerbe, and Whitmore, 1984). The rotations are about 5 to 7 years 
for gmelina and 10 to 12 years for pine, and all species are planted at 2-m by 
3-m spacings. Average annual biomass yields for properly managed sites were 
estimated to be about 13 mVha-year. 

The historical development of this project shows that large-scale biomass 
energy plantations must be planned extremely carefully and installed in a 
logical scale-up sequence. Otherwise, design errors and operating problems 
can result in immense losses and can be difficult and costly to correct after 
construction of the system is completed and operations have begun. It is also 
evident that even if the system is designed properly, the operation of IBPCSs 
can have a relatively long lag phase, particularly for large tree plantations, 
before returns on investment are realized. The financial arrangements are 
obviously critical and must take these factors into consideration. 

Most of the other large IBPCSs that have been announced are either con- 
ceptual in nature or have not been fully implemented yet. Included is LEBEN, 
for Large European Bioenergy Project, in which integrated collection of woody 
biomass, agricultural residues, and dedicated energy crops are converted to 
tuel oil, low-energy gas, charcoal, electricity, and ethanol (Grassi et al., 1987). 
This project was planned for the Abruzzo region of Italy and was supported 
by the Commission of the European Community. The total investment, exclud- 
ing land costs, for implementing the project in the rnid-1980s was 227 million 
ECU (1 ECU, or European Economic Community monetary unit, per $0.904 
U.S. in February 1986). The growth areas supplying feedstock during the first 
12 years of the project are estimated to be 95,000 ha for woody biomass and 
20,000 ha for agricultural residues from vineyards and olive and fruit orchards. 
A network of 30 to 40 pyrolysis plants at strategic sites is planned for biomass 
processing. Later, sweet sorghum grown on 10,000 to 20,000 ha may be added 
to the system for conversion to ethanol. The costs of the salable products were 
estimated to be 130 ECU/t of oil equivalent for pyrolytic fuel, 0.28-0.30 ECU/ 
L for ethanol, and 0.04 ECU/kWh for electricity. 

Some of the IBPCSs that have been proposed for power production in the 
United States are listed in Table 14.5. Most of them are considered to be 
modules of full-scale IBPCSs. Note that the power capacities are small relative 
to the capacities of fossil-fueled power plants. One of the largest commercial 
biomass-fueled power plants is the 60-MW plant in Williams Lake, British 
Columbia, Canada. It is fueled with waste biomass from nearby lumber mills 
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(Chapter 7), and is the equivalent of an IBPCS. The conversion technology is 
a proven, conventional steam cycle for the wood-waste-fired generating plant 
and consists of a steam generator and turbine. The largest IBPCS in Table 14.5 
is the 75-MW baseload system proposed for Minnesota (Campbell, 1996; 
DeLong, 1995; DeLong et al., 1995). This system is an innovative one in which 
an agricultural crop, the legume alfalfa, which is already grown in southwestern 
Minnesota, will be used as a dedicated energy crop. Electric power is generated 
from the plant stems in an IGCC plant, and the leaves are converted to co- 
product animal feed (Fig. 14.3). The virgin biomass growth area is within 
80 km of an existing coabfired power plant near Granite Falls, Minnesota, the 
site chosen for the IGCC plant. Established technology is used to dry and 
separate round hay bales of alfalfa into stems (about 53 wt % of the plant) 
and pelletized, protein-rich leaves (about 47 wt % of the plant). The hay bales 
arrive at the power plant with an average of 15 wt % moisture content. The 
stems are converted to power via low-energy gas from an air-blown, fluid-bed 
gasifier. Electricity is produced by two separately powered turbine generators. 
In the first cycle, the turbine is powered by combustion of the low-energy gas 
from the gasifier. The heat in the exhaust gas from the combustion turbine is 
reclaimed from the heat-recovery steam generator as steam, which powers the 
turbine in the second cycle. A total of 79.4 MW is generated in the IGCC 
plant at an overall efficiency of 40%, of which 4.3 MW is used for on-site 
needs. The feed rate to the IGCC plant is 41.41 t/h at 9.4 wt % moisture. The 
net electrical output is supplied to the grid at a net heat rate of 9.394 MJ/kWh 
and a net efficiency of 38.3%. Full-scale operation of the system will process 
alfalfa from within the 72,800-ha growth area at a rate of about 635,000 t/ 
year, which will be supplied by 2000 farmers. About 291,000 t/year of pelletized 
co-product animal feed are produced. The total capital investment in the 
power and processing plants is $144.65 million, or $1929/kW of installed 
net capacity, and the total fixed and variable costs are $3,466,000/year and 
$4,735,000/year, respectively. In 1994 dollars, the cost of electricity for a base 
case (one-third cost sharing) was estimated to be 6.52 cents/kWh; the no- 
cost-sharing case is 8.40 cents/kWh. The average retail price of electricity sold 
by utilities in 1994 in the United States was 6.91 cents/kWh (Energy Informa- 
tion Administration, 1996). The revenue streams from the combined power 
and animal feed co-products are expected to provide a suitable return on 
investment while simultaneously allowing payment to farmers for producing 
alfalfa at a level that is competitive with alternative crops. 

Note that these economic results are not readily transferable to other regions 
of the country; most data of this type are site-specific. Biomass feedstock 
production costs are highly variable in different regions and depend on the 
climate, production technology, on-farm costs, and capital costs (cf. Table 
4.15). Electricity costs are also highly variable in different regions of the 
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FIGURE 14.3 Integrated biomass production-conversion system for growth and processing of 
alfalfa to yield high-protein animal feed supplement and electricity for the grid. From DeLong 
(1995). 

country. However, when the estimated cost of electricity in an IBPCS that 
converts wood chips from short-rotation hardwoods in a 91-MW plant m 
Minnesota (4.0 cents/kWh in 1977 dollars in Table 14.4) is converted to 
1994 dollars by use of implicit price deflators, the result, 9.0 cents/kWh, is 
comparable to the no-cost-sharing price of 8.4 cents/kWh for the IBPCS fueled 
with alfalfa. 

The combustion of whole trees by the Whole Tree Energy system (Ostlie 
and Drennan, 1989) in 50- and 100-MW plants in Minnesota (Table 14.5) is 
projected to supply electricity at a cost of 6.0 and 5.1 cents/kWh in 1991 
dollars (Appel Consultants, Inc., 1993). Adjustment to 1994 dollars provides 
costs of 6.6 and 5.5 cents/kWh. The capital requirements in 1991 dollars for 
the 50- and 100-MW plants were estimated to be $1723 and $1342/kW of 
installed net capacity. Whole-tree feedstock production, consisting of careful 
matching of appropriate clones to sites, continuous harvesting year-round 
using high-speed continuous cutting, and replacement of cut trees with im- 
proved clones rather than by coppice regrowth, was estimated to be capable 
of supplying wood at delivered costs of $1.80/GJ compared to wood chip costs 
in the range $2.20 to $3.20/GJ from short-rotation forestry (Perlack et al., 
1996). The Whole Tree Energy system is therefore expected to supply electricity 
at lower costs than other IBPCSs because of the reduction in harvesting 
and handling costs, and lower biomass losses from handling and storage. 
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III.  N E T  E N E R G Y  P R O D U C T I O N  

A. DEFINITION AND FUNDAMENTALS 

The question now arises as to just how much net energy an IBPCS can deliver 
to market. As discussed in the Introduction, NEAs were quite controversial 
when first introduced. It was perceived by many energy specialists that since 
energy units are specifically defined and, unlike monetary units, are not a 
function of such variables as time, markets, living standards, and public poli- 
cies, NEAs are more scientific, precise, and indicative of the real value and 
energy-producing capabilities of a system. In contrast, some economists were 
particularly concerned with the role of NEAs in energy assessments. Some 
believed that traditional economic analyses were being relegated to a secondary 
role in the assessment of energy resources by political decisions and legal 
mandates (cf. Huettner, 1976; U.S. Comptroller General, 1982). Some analysts 
went as far as to call NEAs a "red herring" and relatively insignificant (Leach, 
1975). As will be shown here, NEAs supply a useful perspective that economic 
analyses alone are often unable to provide. More importantly, NEAs can help 
identify processing functions and system operations where improvements may 
be possible, how much of an improvement can be made, and sometimes how 
to make them. 

A simple example should suffice for the moment to illustrate the value of 
NEAs. When fermentation ethanol manufactured from corn sugars was mar- 
keted in the United States as an octane enhancer and lead substitute for motor 
gasolines in the late 1970s and 1980s, some oil companies took the position 
that it takes more fossil energy to make ethanol from corn than the energy 
content of the resulting fuel, while the ethanol producers generally took the 
opposite position. Detailed NEAs carried out by different groups showed that 
more or less energy can be consumed than that contained in the ethanol, 
depending on whether energy credits are taken for salable energy co-product 
chemicals and cattle feed, whether the energy for drying the stillage is included 
as an input to the system, and whether potential fuels generated within the 
system are used to replace fossil fuel inputs (Klass, 1980a, 1980b). In addition, 
NEAs delineated specific unit operations where improvements made in the 
fermentation process can significantly reduce energy consumption. Most of 
these improvements have since been incorporated into the fermentation process 
and have resulted in processes that supply more net energy to market in the 
form of ethanol than that consumed in its production (Chapter 11). But the 
mere fact that more energy may be consumed in a process than that residing 
in the product fuel does not invalidate the utility of the process. As mentioned 
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earlier, it depends on the qualities of the feedstock, energy inputs, and energy 
products. Thus, if a petroleum resid drives a process for conversion of wood 
wastes to a high-grade liquid transportation fuel, it does not necessarily follow 
that the consumption of more energy in the form of resid than that contained 
in the product precludes the manufacture of the transportation fuel. 

Net energy has been defined in different ways. When based on the first law 
of thermodynamics, the definition ranges from the simple arithmetic difference 
between the gross amount of energy produced for consumer use by a system 
and the amount of energy needed to produce it (cf. U.S. Comptroller General, 
1982), to the amount of salable energy that remains after the energy costs of 
finding, producing, upgrading, and delivering the energy to the consumer have 
been paid (cf. Odum, 1973). First-law treatments generally involve energy and 
material balances to relate the energy inputs and outputs, including heat losses 
and other undesirable outputs. They are used to calculate simple ratios of 
energy produced to energy consumed, or net energy production ratios (NEPRs), 
which are more useful than simple efficiencies. Arithmetically, the NEPRs can 
be defined by (Klass, 1976): 

N1 = [F- m - (nEr~ 1 mEx)]/(nEF + mEx), 
where N 1 = net energy production ratio 

Ep = sum of energy contents of salable energy products 
EF = energy content of feedstock or combined feedstocks 
Ex = sum of energy values of all external energy inputs 

except feedstock 
n = fraction of primary energy source content (EF) diverted to 

other than salable energy products 
m = fraction of external energy inputs (Ex) diverted to other 

than salable energy products. 

(1) 

In most cases, m is 1.0 because none of the external energy inputs contribute 
to Ep. Calculations can also be made in which nEF is zero to delineate the net 
energy production delivered to market as a function of only the external energy 
inputs exclusive of feedstock. Presuming m is 1.0, the calculation for N2 is 
then made by 

Nz = (Ep-  Ex)/Ex. (2) 

Equation (1) yields an NEPR (N1) that indicates the overall net energy produc- 
tion of a system and accounts for all energy inputs, whereas Eq. (2) yields an 
NEPR (N2) that indicates how much more or less energy is produced as salable 
products than the external, nonfeed, energy inputs. Addition of 1.0 to the 
NEPR calculated by either Eq. (1) or (2) yields the number of multiples of 
(nEF + mEx) or Ex that appear in Ep. In either calculation, a positive N means 
that the system replaces the specified energy inputs, (nEF + mEx) or Ex, with 



III. Net Energy Production 569 

the equivalent in salable energy products and also provides an additional 
amount of salable energy. Optionally, and depending on the system boundaries, 
Ex can include the capital energy investment needed for system construction 
or specific system units amortized over the life of the system, and the energy 
consumed in producing the materials and equipment that make up the operat- 
ing system. This energy consumed within the integrated system consists of 
energy losses and the energy diverted to other than salable energy products. 
Diagramatically, the system is represented by 

E X 

E F IP~ Integrated -~Ep 
System 

§ 
nE F + mE x 

The first-law energy balance is simply: 

EF + Ex = Ep + nEF + mEx 

To illustrate the utility of NEA using this model, the question has often been 
raised as to whether large-scale coal gasification processes to manufacture SNG 
can deliver as much net energy to the consumer as a natural gas system. 
Intuitively, it appears reasonable that an integrated coal-to-SNG system made 
up of the many required energy-consuming unit operations can not deliver 
net incremental energy supplies to the consumer compared to a similarly sized 
and relatively simple natural gas system. It might therefore appear that coal- 
to-SNG systems cannot compete with natural gas from the standpoint of net 
additions to energy supplies. To address these issues, an NEA was carried out 
using Eqs. (1) and (2) of comparably sized coal-to-SNG and natural gas sys- 
tems starting with all energy resources and materials in the ground, to permit 
comparison o[ the NEPRs and to make the various energy inputs and outputs 
as additive as possible (Klass and Chambers, 1976). All capital energy invest- 
ments, including those required to discover and develop the resources, to 
manufacture the materials of construction, and to build production, conver- 
sion, and delivery facilities, were amortized over a projected 20-year project 
life. Each system was sized to deliver approximately 6.7 million m3(n)/day of 
natural gas or SNG via a model 1328-km pipeline to a local distribution utility. 
Figures 14.4 and 14.5 show some of the details of the basic systems that were 
analyzed; Table 14.6 is a summary of the first-law efficiencies and NEPRs that 
were calculated. As expected, the overall thermal efficiencies of the coal-to- 
SNG systems are lower that those of the natural gas systems. This is caused 
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mainly by the energy losses incurred on conversion of coal to SNG. However, 
the net energy production ratio, N2, for each of the systems evaluated indicates 
that each is capable of supplying salable energy products that are a significant 
multiple of the external, nonfeed energy inputs, Ex, consumed. For N1, the 
coal systems have ratios slightly lower than the NIS of the natural gas systems, 
but both sets of NEPRs are positive values. The critical functional parameters 
that tend to equalize these NEPRs are the extensive exploration and develop- 
ment energy investments required to discover producing natural gas deposits, 
and the larger amounts of salable energy co-products from the coal systems. 
It was concluded from this application of the net energy model that integrated 
natural gas and integrated coal-to-SNG systems are comparable in terms of 
delivering net energy to the consumer. But as shown in Table 14.6, the percent- 
age recovery of natural gas from a gas reservoir and the reservoir size can have 
a pronounced effect on net energy production. If either of these parameters 
is too small, the coal-to-SNG system evaluated in this study can deliver consid- 
erably more net energy to the consumer. 

One of the problems perceived by some thermodynamicists who perform 
first-law NEAs is that when an intrinsically high-quality energy form, such as 
No. 2 fuel oil, is converted to a lower quality energy form, such as may be 
encountered in low-temperature heat transfer processes in which no other 
energy product is produced, the loss in energy quality is not accounted for 
by a first-law analysis because energy is always conserved (cf. Reistad, 1975). 
This argument is almost philosophical in nature because for most practical 
energy-producing systems, high-quality energy is not converted to low-quality 
energy except after consumer use. In the early days of NEAs, some energy 
analysts carried this rationale to the extreme. For example, it was reported 
that "The results of Second Law analyses are much more enlightening than 
First Law (energy) analyses, because the dissipations and efficiencies measured 
with availability are the true ones, whereas those measured with energy [i.e., 
first-law efficiencies] are erroneous and misleading" (Gaggioli and Petit, 1976). 
This statement itself is quite misleading because in the vast majority of cases, 
the energy losses in a NEA using first-law methods are readily accounted for 
and are usually not erroneous or misleading. But there are exceptions. 

In an energy-producing process, the differences in energy quality can be 
accounted for by the concept of available energy (availability) using the second 
law of thermodynamics. To perform a second-law NEA, availability is defined as 

A = ( H -  Ho) - T o ( S -  So), 
where A = availability of stream 

H = enthalpy of stream at flowing condition 
Ho = enthalpy of stream with all components in 

equilibrium with environment (3) 
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To = temperature of environment 
S = entropy of stream at flowing conditions 

So = entropy of stream with all components in 
equilibrium with environment. 

Availability is a thermodynamic property that is a measure of a system's ability 
to do work when restricted by the surroundings at a given temperature and 
pressure. It is not conserved, but is reduced by any irreversible degradation 
via friction or heat transfer. Availability is the maximum amount of work or 
thermal energy obtainable from a system as it attains equilibrium with its 
surroundings. It is the same as the change in Gibbs free energy at constant 
pressure and temperature, and is the same as the change in enthalpy if the 
system is isentropic. 

Performance parameters in second-law NEAs have been defined as effective- 
ness (e), which is the increase in availability of the desired product divided 
by the decrease in the availability required (Reistad, 1975). For example, in 
a mechanical-compression refrigeration system, refrigeration is the desired 
output, so the numerator is the availability of the refrigeration and the denomi- 
nator is the decrease in availability required in the power input to the refrigera- 
tion system. The corresponding first-law efficiency (N3) is the energy output 
in the desired product divided by the required energy input. Various devices 
can have the same or almost the same values for e and N3 such as electric 
generators, hydraulic turbines, and electric motors, each of which has energy 
inputs and outputs that are entirely available. For the fuel cell power plant, 
e is slightly greater than N3, but equal to N3 for diesel and automobile engines, 
and is slightly less than N 3 for a steam-electric generating plant. The outputs 
of these devices are either electric or mechanical energy that is entirely available, 
so e and N3 are the same or similar. Effectiveness is dramatically less than N3 
for fossil-fired steam boilers, gas and oil furnaces, electric resistance and hot 
water heaters, gas heaters, and electric cooking and clothes-drying appliances. 
Detailed analysis often shows large variations in e and N3. The data in Table 
14.7 compare the first-law energy and second-law availability losses for a coal- 
fired, steam-electric plant. The largest availability losses occur in the steam 
generator, because of the irreversibility of combustion and high temperatures, 
while the largest energy losses occur in the condenser. Analysis shows that if 
the availability losses in the steam generator are decreased, the energy losses 
in the condenser will also decrease. Thus, the irreversibility of the process 
taking place in the steam generator is a major cause of the limited efficiency 
of steam-electric power plants. First-law analysis alone suggests that improve- 
ments in condenser operations offer a better chance of increasing generating 
efficiency, whereas the steam generator is actually the largest source of ineffi- 
ciency. 
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TABLE 14.7 Energy and Availability Losses in a Coal-Fired 
Steam-Electric Generating Plant a 

Availability losses 
Component Energy losses (% of plant input) (% of plant input) 

Steam generator 9 49 
Combustion (29.7) 
Heat exchangers (14.9) 
Thermal stack loss (0.6) 
Diffusional stack loss (3.8) 

Turbines ---0 4 

Condenser 47 1.5 

Heaters ---0 1.0 

Miscellaneous 3 5.5 

Total 59 61.0 

aReistad (1975). 

Net energy production ratios can be calculated by second-law availability 
analyses for various types of hardware and chemical reactions to help pinpoint 
where improvements potentially reside and the magnitude of the improve- 
ments. But the calculations are often difficult to carry out for integrated systems, 
including IBPCSs. The availabilities of each component in a complex, integrated 
energy production-conversion system are not readily accessible or perhaps 
even conceptually feasible, such as those that must be calculated for goods 
and services, and in the case of an IBPCS fueled with virgin biomass, those 
for planting and managing the growth and harvesting of feedstock. The best 
approach to NEAs appears to be a combination of first- and second-law method- 
ologies where possible. NEAs using first-law efficiencies can be performed first. 
A second-law treatment can then be given to devices and chemical processes 
amenable to availability calculations. 

B. NET ENERGY ANALYSIS OF TERRESTRIAL 

BIOMASS AND ELECTRICITY PRODUCTION 

For most analyses of IBPCSs, the net energy production ratios defined by Eq. 
(2) are preferable. The ratio (Ep - E x ) / E x  indicates how much more or less 
salable energy products are produced than the energy consumed by the inte- 
grated system if the external, nonbiomass energy consumed is replaced, and 
it is assumed that the biomass feedstock energy content is zero. This is a 
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reasonable assumption because essentially 100% of the energy content of 
biomass is derived from solar radiation via photosynthesis. In a practical sense, 
biomass energy is also renewable over a relatively short span of time, unlike 
fossil energy. NEPRs of IBPCSs greater than zero indicate that an amount of 
energy equivalent to the sum of the external, nonbiomass energy inputs and 
an additional energy increment of salable fuel are produced; the larger the 
ratio, the larger the increment. The number of multiples of Ex produced by 
the IBPCS is [(ErEx)/E x] + 1. Thus, an IBPCS with an NEPR of 9 produces 
10 times more energy than the nonbiomass energy consumed by the system. 
The overall thermal efficiency for the production of salable energy products 
is 100Ep/(EF + Ex). Equation (2), of course, suggests that if the nonbiomass 
energy inputs for an IBPCS are reduced to zero, the NEPR becomes infinite. 
But for the next several decades, it is expected that fossil energy inputs will 
be necessary to operate IBPCSs. NEPRs as calculated by Eq. (2) will provide 
valuable information to help evaluate these systems. 

A wide range of net energy analyses of IBPCSs were carried out in the 
United States at about the time of the First Oil Shock in the early 1970s. One 
of these studies targeted the production of terrestrial biomass in hypothetical 
4047-ha (10,000-ac) growth areas to obtain feedstocks for processing in cen- 
trally located conversion facilities (Alich and Inman, 1974). Different species, 
including various types of woody and herbaceous biomass, and several conver- 
sion processes were considered. An updated version of the methodology used 
is discussed here because it is generally applicable to most terrestrial IBPCSs. 
The original analysis assumed higher-than-normal biomass yields (67.2 dry t/ 
ha-year, 30 dry ton/ac-year) and projected they could be obtained at relatively 
high nitrogen fertilization rates (1121 kg NH3/ha-year) and, for the U.S. South- 
west, high annual irrigation rates (152.4 ha-cm, 5 ac-ft). These rates are more 
than adequate for most U.S. regions. The yields and nitrogen applications are 
reduced here to 30 dry t/ha-year and 225 kg NH3/ha-year so that the model 
is more typical of what is projected for certain candidate energy species today. 
A 10% loss of biomass on handling was also added to bring the net biomass 
yield to 27 dry t/ha-year. The irrigation strategy was not changed to illustrate 
its effect on the energy consumption pattern. It could be substantially reduced 
for more temperate climates. But at a yield of 30 dry t/ha-year, irrigation is 
needed in many areas. Note that the irrigation rate of 152.4 ha-cm is exclusive of 
any natural precipitation. The energy consumed to manufacture the chemicals 
needed and the machinery used, amortized over the life of the equipment, are 
included in the analysis. An additional annual energy investment equivalent 
to the amortized energy investment for the manufacture of the machinery is 
included in the revised model for maintenance and repair services. 

The design parameters for the hypothetical IBPCS module are summarized 
in Table 14.8. Three harvests of fast-growing perennials grown by no-till 
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TABLE 14.8 Design Parameters Assumed for a Hypothetical Terrestrial Biomass 
Production System for Perennial Species a 

Parameter Description 

Plantation size 4047 ha (10,000 ac). 

Crop Fast-growing herbaceous perennials. Higher yielding species located in 
center of plantation. 

Operating schedule 7 day/week, 12 h/day. Irrigation performed 24 h/day. 

Management Fields cleared of weeds by application of herbicide. No-till planting and 
fertilization combined in one application. Sidedressing of fertilizer 
applied at appropriate times. Crop harvested with self-propelled 
combines, which also chop it into small pieces to facilitate drying. 
Replanted once every 3 to 5 years. Aircraft apply insecticides and 
fungicides when and where needed twice annually. 

Irrigation Irrigation water applied at 2-week intervals by an automatic, movable, 
center-pivot, overhead, sprinkling system capable of watering two 
65-ha plots/day. About 3 h are needed to move the irrigation system. 

Harvest frequency Three times per year. 

Productivity The total yield per harvest is 10 dry t/~, or a net of 27 dry t/ha-year 
after a 10% handling loss. At an energy content of 18.598 GJ/dry t 
(16 million Btu/dry ton), the energy yield is 502 GJ/ha-year. 

Transportation Chopped biomass trucked to solar drying area and dumped. Turned 
after sufficient drying has occurred, loaded into suitable conveyances, 
and transported to conversion plant gate. 

Conversion plant Located in central portion of plantation. 

aAdapted with modifications from Alich and Inman (1974). 

methods,  and possibly multicropping,  are projected in this updated model  to 

supply feedstock at the conversion plant gate at an equivalent rate of about 
300 dry t/day, or 344,200 BOE/year. The details of the net energy analysis are 
shown in Table 14.9. The NEPR is a strongly positive 13.5 at an overall thermal 

efficiency of 85%. This means that for this model,  about 14.5 times more 
biomass energy in the form of feedstock is produced than the total amount  
of fossil energy consumed to operate the system, and that its integration with 
a reasonably efficient conversion process should result in a high-efficiency 
IBPCS. This result is somewhat  unexpected because of relatively small biomass 
product ion levels, equivalent to about 110,000 dry t/year. The external energy 
investments in order of decreasing amounts  of energy are the manufacture of 
chemicals, irrigation, other field operations, and the manufacture of the re- 

quired machinery. The sum of these energy investments,  however, is still small 
compared to the net biomass energy yield. Biomass yield is clearly a key factor 

that determines the net energy product ion capability. At a biomass yield of 



TABLE 14.9 Net Energy Analysis of a Hypothetical, 4047-ha, Biomass Production System 
for Supplying Feedstock to a Centrally Located Conversion Plant ~ 

Parameter 

Manufacture of chemicals 
Nitrogen (at 225 kg NH~aa-year) 
Phosphorus (at 56.0 kg P20~/ha-year 
Potassium (at 112.1 kg K20/ha-year) 
Herbicide (at 6.72 kg/ha-year) 
Insecticide (at 3.36 kg/ha-year) 
Fungicide (at 2.24 kg/ha-year) 

Total for chemicals 

Manufacture of machinery (for 4047 ha) 
6 tractors at 4.2 t each, 6-year life 
3 planters at 1.8 t each, 2-year life 
3 fertilizers at 1.8 t each, 2-year life 
3 herbicide rigs at 0.9 t each, 5-year life 
6 combines at 7.3 t each, 6-year life 
32 fresh haul units at 4.5 t each, 10-year life 
10 dry haul units at 5.4 t each, 10-year life 
1 turner at 4.5 t, 10-year life 
8 irrigation pumps at 0.9 t each, 20-year life 
33.2-km feeder lines at 12.0 t/km, 20-year life 
Sprinkler system at 30.9 t, 20-year life 

Total steel required 
at 20,799 kWh/t 
at 3.5983 MJ/kWh 

Total for machinery, maintenance, and repair, 2• 

System operations 
Field tasks per harvest 

Herbicide applications 
Plant and fertilize 
Fertilize (side dressing) 
Cut and chop 
Fresh haul 
Turn and dry 
Dry haul 
Pesticide application 

Total field tasks per harvest 

Total field tasks, 3 harvests at 38.632 MJ/L 
Irrigation 

At 152.4 ha-cm 
At 3.5983 MJ/kWh 
At 33.3% thermal efficiency 

Miscellaneous electricity use 
At 3.5983 MJ/kWh 
At 33.3% thermal efficiency 

Total farming operations 

Energy consumption 

Rate MJ/ha-year 

48.65MJ/kg 
13.99 
5.11 
101.3 
101.3 
101.3 

10,946 
783 
573 
681 
340 
227 

13,550 

4.2 t steel/year 
2.7 
2.7 
0.5 
7.3 
14.4 
5.4 
0.5 
0.4 
19.9 
1.5 
59.2 t steel/year 
1,231,301 kWh/year 
4,430,590 MJ/year 1095 

2190 

2.853 L diesel/ha-year 
7.080 
2.853 
15.217 
23.757 
0.262 
20.371 
0.159 
72.551L diesel/ha- 

year 

6.240 kWh/ha-cm 
951 kWh/ha-year 
3,423 MJ/ha-year 

12.36 kWh/ha-year 
44.47 MJ/ha-year 

8408 

10,276 

134 
18,818 

(continues) 
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TABLE 14.9 (Continued) 

Parameter 

Seed production (0.3% of total) 

Total external energy consumption, Ex 

Total biomass energy production, EF 

Total net biomass energy production, Ep 

Overall thermal efficiency, IOOEJ(EF + Ex), % 

Net energy production ratio, (Ep - Ex)/Ex 

Energy consumption 

Rate MJ/ha~ 

104 

34,662 

557,940 

502,146 

85 

13.5 

aAdapted with modifications from Alich and Inman (1974). Table 14.8 is a summary of the 
operating parameters of the plantation. 

15 dry t/ha-year (6.7 dry ton/ac-year), which is 50% of that used for the analysis 
detailed in Table 14.9, the NEPR is still high, about 6.8. This yield level can 
be obtained for selected biomass species in many regions of the world without 
intensive growth management. For biomass species that do not require exten- 
sive chemical treatments, and where irrigation is not needed, the NEPR would 
be expected to exhibit considerably higher values. Also, operation at a larger 
scale would be expected to provide further improvements. 

If it is assumed that the net biomass production from the hypothetical 
terrestrial system depicted in Table 14.9 is converted to electricity by conven- 
tional technology (Chapter 7), the overall thermal efficiency and NEPR for an 
IBPCS can be calculated as shown in Table 14.10 for Case 1. Case 2 in this 
table corresponds to a net biomass yield that is one-half that of Case 1. 
With a conventional generating system having a heat rate of 12 MJ/kWh, 
the equivalent thermal energy produced as electric power for Cases 1 and 2 
corresponds to NEPRs of 3.3 and 1.2, and overall thermal efficiencies of 30.0% 
and 26.4%. If the power-generating system were an advanced combined-cycle 
process, such as IGCC systems that have thermal conversion efficiencies in 
the 40% range (Chapter 9), the corresponding figures would be higher as 
shown in Table 14.10--NEPRs of 4.8 and 1.9, and overall thermal efficiencies 
of 37.4 and 35.1%. 

The alfalfa-based IBPCS proposed for power generation by an IGCC system 
that uses an IGCC system in Minnesota has an NEPR of 1.28 (energy output/ 
input ratio of 2.28) without co-product credits (DeLong, 1995). There are 
several methods for inclusion of co-product credits in net energy analyses. 
The most direct method is to determine the energy value of any salable co- 
products, even if they are not marketed as fuels or energy, and to include it 
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TABLE 14.10 Net Energy Analysis of Integrated Biomass Production of Terrestrial 
Feedstock and Conversion to Electricity ~ 

Parameter Case 1 Case 2 

Net biomass yield, dry t/ha-year 

Total external energy consumption, MJ/ha-year (Ex) 

Total net biomass energy production, MJ/ha-year (Ee) 

Electricity generated by conventional steam technology: 
At heat rate of 12 MJ/kWh, kWh/ha-year 
Energy equivalent, MJ/ha-year (Ep) 
Overall thermal efficiency, 100Ep/(EF + Ex), % 

Net energy production ratio, (Ep - Ex)/E• 

Electricity generated by advanced IGCC technology: 
At heat rate of 9 MJ/kWh, kWh/ha-year 
Energy equivalent, MJ/ha-year (Ep) 
Overall thermal efficiency, IOOEp/(EF + Ex), % 
Net energy production ratio, (Ep - Ex)/Ex 

27 13.5 

34,662 34,662 

502,146 251,073 

41,850 20,920 
150,660 75,310 

30.0 26.4 
3.3 1.2 

55,790 27,900 
200,840 100,400 

37.4 35.1 
4.8 1.9 

aThe biomass production data for Case 1 are from Table 14.9. The corresponding data for Case 
2 were calculated from Case 1 assuming a lower net yield, but that Ex is the same for both cases. 
Ex does not include energy investments in the power plant. 

in Ep. Another  method is to assume a co-product  can replace a specified amount  
of a product  that is already commercially marketed,  and then to calculate the 
energy content  of that amount  of commercial  product  for inclusion in Ep. An 
alternative to this approach is to include in Ep the amount  of energy necessary 

to manufacture that amount  of commercial  product. This method was used 
for the Minnesota project. When  credit is taken for the energy required to 
manufacture commercial  soybean protein by the same amount  of protein co- 
product from alfalfa leaves, the NEPR of the IBPCS rises to 2.04. Note that 
the average alfalfa yield, including stems and leaves, for the IBPCS proposed 

for Minnesota is in the range of 9 dry t/ha-year. 

C .  N E T  ENERGY ANALYSIS OF 

ETHANOL PRODUCTION 

As ment ioned earlier, a controversial issue that developed when fermentat ion 
ethanol was first marketed as a motor  gasoline component  in modern  times 
concerned the amount  of energy consumed in the fermentation process. The 
basic problem with conventional yeast fermentation of corn sugars and purifi- 
cation was that more energy can be consumed to manufacture a unit  of ethanol 
than the energy contained in that unit. The problem was compounded  in the 



III. Net Energy Production 581 

TABLE 14.11 Net Energy Production Ratios of Fermentation Ethanol Production 
from Corn a 

External 
Original source of energy data fuels used 

U.S. Office of Technology Assessment Fuel oil 

Amoco Oil Company 

U.S. Department of Energy 

Archer Daniels Midland Company 

aKlass (1980b). 

Energy Energy as 
consumed ethanol 

(Ex) (F_p) 

320 MJ 128 MJ 

Gas, fuel oil 46.29 MJ/L 21.29 MJFL 

Fossil fuels 0.612 MJ/h 0.643 MJ/h 

Gas, coal 6.44 TJ 8.97 TJ 

Net energy 
ratio 

(Ep- Ex)/Ex 

-0 .60 

-0 .54  

0.05 

0.39 

United States by variations in the reported amounts of fossil energy consumed 
per ethanol unit produced. Conversion of these data to NEPRs showed that 
some were negative and some were positive (Table 14.11). A net energy 
analysis based on published energy consumption data for an integrated corn 
production-ethanol fermentation system at that time was performed to help 
clarify this apparent anomaly (Klass, 1980a, 1980b). The energy distributions 
to manufacture 1.00 L of anhydrous ethanol are shown in Fig. 14.6. The 
boundary of the integrated system shown in this figure circumscribes all the 
operations necessary to grow and harvest the corn, collect the residual cobs 
and stalks if they are used as process fuel, operate the fermentation plant for 
the production of anhydrous ethanol and by-product chemicals, and dry the 

12.817 MJ 30.079 MJ 

Light 
CO2 
H20 

v v 
3P 
) Corn Corn Fermentation ) 

production 33.931 MJ Distillation ) 

Residuals Beer still 
bottoms 

V 

Collection .~ Cobs, stalks Drying 
/ -  4 6 . 2 1 5  MJ 

] 
I 
I > CO2 
Ii > Ethanol 21.07 MJ 

> Aldehydes, Fusel o i l  

0.3010 MJ 

Cattle feed 
12.56 MJ 

0.4348 MJ 17.62 MJ 

FIGURE 14.6 Energy inputs and outputs to manufacture 1 liter of anhydrous ethanol from 
corn. The ethanol yield is 385.9 liter/t (2.6 gal/bu) of corn. denotes system boundary. All 
figures are lower heating values. From Klass (1980a, 1980b). 
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stillage to produce distillers' dry grains plus solubles for sale as cattle feed. 
The capital energy investment is not included within the boundary. Various 
NEPRs were calculated as shown in Table 14.12. The ratio can be either 
positive or negative, depending on whether credit is taken for the by-product 
chemicals and cattle feed, whether the energy for drying the stillage is included 
as an input to the system, and whether a portion of the residual corn cobs 
and stalks is collected and used as fuel within the system to replace the fossil- 
fuel inputs. It is evident that a net energy analysis of fermentation ethanol 
production must be clearly specified in all details, including the boundary of 
the system, in order for NEPRs to be meaningful. 

Since the early 1980s, the controversey regarding net energy production in 
IBPCSs for the manufacture of fuel ethanol by fermentation of corn sugars has 
continued, although the issue has abated somewhat (cf. Wang, 1996, 1997; 
Shapouri, Duffield, and Graboski, 1995, 1996; Tyson, 1992, 1993). Corn re- 
mains the primary feedstock for fuel ethanol in the United States, but is 
ultimately expected to be replaced by lower cost, cellulosic feedstocks (Chapter 
11). The emphasis given to net energy production over the years has resulted, 
at least in part, in enhancement of various unit operations in modern fuel 
ethanol production systems. Several operations subject to improvement have 
been made more energy-efficient. Agricultural practices for corn production 

TABLE 14.12 Net Energy Production Ratios for Fermentation Ethanol Production from 
Corn in an Integrated System* 

Salable energy products, Ep Non-feed energy inputs, Ex (Ep- Ex)/Ex 

Ethanol Corn production, fermentation, bottoms -0.65 
drying 

Ethanol Corn production, fermentation - 0.51 

Ethanol, chemicals Corn production, fermentation -0.50 

Ethanol, chemicals, cattle feed Corn production, fermentation, bottoms -0.44 

Ethanol, chemicals, cattle feed 

Ethanol, chemicals, cattle feed 

drying 
Corn production, fermentation, bottoms 

drying, 50% residuals 
Corn production, fermentation, bottoms 

drying, 75% residuals 

Corn production, fermentation, 75% 
residuals 

Corn production, fermentation, 75% 
residuals 

-0.10 

0.29 

Ethanol 1.43 

Ethanol, chemicals 1.47 

aKlass (1980). The percentage figures are the amounts of cobs and stalks collected and used as 
fuel within the system to replace fossil fuel inputs. 
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and processes for manufacturing the chemicals used as nutrients have been 
improved. Average corn yields have risen 20 to 30% in the United States since 
the 1970s, and the energy inputs required per unit of corn grown have been 
significantly reduced. In 1975, energy consumption was about 5.052 MJ/kg 
(122,200 Btu~u) of corn produced in the United States (Scheller, 1981). By 
1991, the energy consumption averaged over five states (Illinois, Indiana, Iowa, 
Minnesota, and Nebraska) had been reduced to 1.972 MJ/kg (47,689 Btu/bu) 
(Shapouri, Duffield, and Graboski, 1995, 1996). Energy consumption has also 
been reduced in the fermentation process by incorporating energy-conserving 
improvements, such as by replacing azeotropic distillation with molecular 
sieve distillation. In 1979, the total energy consumption including electricity 
in a dry milling plant for fuel ethanol production was 19.4 MJ/L (69,600 Btu/ 
gal) of ethanol produced (Scheller, 1981). Modern wet milling plants now 
yield 1 liter of ethanol with inputs of 8.955 MJ of thermal energy and 
0.5638 kWh of electrical energy, while the corresponding inputs for new dry 
milling plants per liter of ethanol are 9.471 MJ and 0.3170 kWh (Shapouri, 
Duffield, and Graboski, 1995, 1996). The ethanol yields for wet and dry 
milling plants are 0.371 I ~ g  (2.5 gal/bu) and 0.386 L~g (2.6 gal/bu) of corn, 
respectively. The co-products are distillers' dry grains from the dry milling 
process, and gluten meal, gluten feed, corn germ meal, and corn oil from 
the wet milling process (Chapter 11); COz is a co-product of each process. 
Conversion of the energy inputs for each modern process to equivalent thermal 
energy units yields values of 15.2 MJ/L and 13.0 MJ/L of ethanol for the 
wet and dry milling processes, respectively, assuming the electrical energy is 
generated at a heat rate of 11.0 MJ/kWh (32.8% efficiency). These energy 
requirements are about 60% of the energy content of ethanol, so intuitively, 
it would appear that the NEPRs of ethanol from modern fermentation plants 
are still relatively low. It is therefore worthwhile to examine the NEPRs of 
IBPCSs that utilize modern corn production and fermentation processes in 
more detail. 

Table 14.13 is a summary of the energy consumption patterns for IBPCSs 
that yield a total of 378.5 million L/year (100 million gal/year) of fuel ethanol 
from a wet milling plant, and 113.6 L/year (30 million gal/year) from a dry 
milling plant (Shapouri, Duffield, and Graboski, 1996). The energy consump- 
tion calculations are based on ethanol yields of 371.1 L/t (2.5 gal/bu) for the 
wet milling plant and 385.9 L/t (2.6 gal/bu) for the dry milling plant, and an 
ethanol H H V  of 23.387 MJ/L. The 1994 weighted average of corn yield from 
five states (Illinois, Iowa, Nebraska, Minnesota, and Indiana) used for this 
study is 9.338 t/ha-year (148.2 bu/ac-year). These states account for about 65 
and 93% of U.S. corn and ethanol production, respectively. The fermentation 
plant uses molecular sieve distillation and coal-fired cogeneration for steam 
and electric power. 
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TABLE 14.13 Net Energy Analysis of Ethanol Manufacture in a Modem Integrated Corn 
Production-Fermentation System with and without Co-product Energy Content Credit ~ 

Energy consumption per ethanol unit 

Operation Wet milling (MJ/L) 

Corn production 5.313 

Corn transport to plant 0.351 

Fermentation 13.611 

Ethanol distribution to retailer 0.884 

Energy losses 1.349 

Total external energy inputs, Ex 21.508 

Total product energy without co-products, Ep 23.387 
Net energy production ratio, (Ep - Ex) /Ex  0.09 

Total product energy with co-products, Ep 32.207 
Net energy production ratio, (Ep - Ex) /Ex  0.50 

aEnergy consumption data from Shapouri, Duffield, and Graboski (1995, 1996). 

Dry milling (MJ/L) 

5.109 

0.338 

13.058 

0.884 

1.301 

20.689 

23.387 
0.13 

31.067 
0.50 

Calculation of the NEPRs without co-product energy credits results in small 
but positive values of 0.09 and 0.13 for the wet and dry milling cases, respectively, 
or slightly more than replacement by ethanol of the total fossil energy consumed. 
When co-product energy credits are taken, the NEPRs for each case are 0.50. 
This corresponds to replacement by ethanol of the total fossil energy consumed 
and an additional 50% increment of energy in the form of co-products. Note that 
no credit is taken for co-product CO2, which can have a market value depending 
upon the location of the conversion plants. The net amount of new transportation 
fuel made available as ethanol according to this NEA is not as much as might be 
expected for modern, integrated corn production-fermentation systems, despite 
the improvements that have been made over the years in corn yields and fermen- 
tation technology. The energy consumption patterns presented in Table 14.13 
suggest that additional opportunities for enhancing IBPCSs based on corn sugar 
fermentation reside in further improvements in corn yield and energy consump- 
tion in the fermentation plants. The wet and dry milling fermentation plants each 
require about 63% of the total fossil energy inputs. As pointed out in Chapter 
13, any effort made to improve the energy conservation characteristics of the 
fermentation process for ethanol from corn sugars should be directed to reducing 
process energy consumption rather than to increasing fermentation ethanol 
yield. The yield of fermentation ethanol per unit of corn is already near the stoi- 
chiometric maximum for sugar fermentation. It is evident, however, that since 
considerable improvements have been made in the IBPCS for corn-derived etha- 
nol over a period of many years, a point of diminishing returns may have been 
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reached. Nonfermentative methods coupled with lower grade biomass feed- 
stocks may offer a more practical approach to the development of advanced fuel 
ethanol IBPCSs. 

To examine this possibility, an NEA was performed for each of three IBPCSs, 
two based on biomass feedstocks and one based on natural gas feedstock, 
in which the thermochemical synthesis of ethanol is substituted for ethanol 
synthesis by fermentation. The following discussion illustrates how NEAs can 
help guide the development of advanced technologies. The thermochemical 
conversion processmsteam reforming and synthesis gas conversion to ethanol 
via methanol intermediate (Chapter 11) and purificationmyields 199-proof 
ethanol. The first biomass case represents an integrated biomass production 
system and a conversion plant operating at an availability of 330 day/year and 
a thermal efficiency of 54.8%; 797 t/day of feedstock (dry equivalent) is required 
at the plant gate. Ethanol production is 114 million L/year (30 million gal/ 
year). The second biomass case is similar in that ethanol is produced in a 
conversion plant of the same plant capacity and availability but is operated at 
a thermal efficiency of 81.5%. The biomass feedstock requirement is 536 t/ 
day (dry equivalent) at the plant gate. The second biomass case approximates 
the maximum thermal yield possible including energy losses in a sugar fermen- 
tation plant, whereas a thermal efficiency of 54.8% used in the first biomass 
case is the approximate thermal efficiency of natural gas conversion to ethanol 
by steam reforming via methanol intermediate. Since the thermochemical 
synthesis of ethanol from biomass-derived synthesis gas may permit ethanol 
to be manufactured in small-scale plants at costs similar to the cost of methanol 
from natural gas, a third case using natural gas feedstock was included. For 
this case, a world-scale plant of capacity 836 million L/year (220 million gal/ 
year) operating at 54.8% thermal efficiency and an availability of 330 day/year 
was examined; 2000 t/day of feedstock is required at the plant gate. Reformer 
fuel for each of the three cases is in-plant waste gases. 

The natural gas case starts with all resources and materials in the ground and 
is based on a large reservoir with 50% gas recovery (Table 14.6). All operating 
fuels are natural gas or waste gases except those for transporting product to the 
retailer; the latter fuel is included in mEx. The energy co-products are produced 
in the gas processing plant (Table 14.6). The two biomass cases are based on 
the NEA for the management-intensive, terrestrial biomass production system 
described in Table 14.9, and include the capital energy investments for machin- 
ery. The capital energy investment in the ethanol plant is excluded for each of 
the three cases. A small amount of by-product is recycled for the biomass cases, 
and no credits are available for energy co-products. The coefficient m for Ex is 
1.0 for each of the three cases, which means that none of the nonfeed, fossil- 
energy inputs contributes to Ep. The results of the NEAs projected for each inte- 
grated system are presented in Table 14.14. 
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The overall thermal efficiencies of the IBPCS are about 41 and 60% and 
compare favorably with that of the integrated, world-scale natural gas system, 
which is projected to operate at an overall thermal efficiency of 45%. The 
natural gas case operates at a slightly negative NEPR when all energy inputs, 
about 90% of which are natural gas, are included. Modern, world-scale, metha- 
nol plants based on the steam reforming of natural gas and the reduction of 
carbon oxides operate at about 70% conversion efficiencies, excluding the 
efficiencies of finding, producing, and delivering natural gas feedstock to the 
plant gate. It is believed that there is little opportunity for further significant 
improvement in conversion efficiencies for methanol synthesis (Mansfield and 
Woodward, 1993). However, the NEA of the natural gas system for thermo- 
chemical ethanol production indicates there are several opportunities for im- 
proving operating efficiencies and NEPRs, particularly in the conversion pro- 
cess, which exhibits high energy consumption. Development of a direct 
synthesis process for converting carbon oxides to ethanol without proceeding 
through a methanol intermediate would be expected to significantly increase 
the net ethanol production capability. Thermochemical conversion efficiencies 
approaching those of methanol may be feasible. 

The IBPCS for the lower efficiency biomass case also has a slightly negative 
NEPR when all energy inputs are accounted for. But when it is assumed that 
the feedstock energy content is zero, the NEPR as calculated by (Ep - Ex) /Ex ,  

which is the approach used for biomass-based systems, is 1.4. This is about 
three times higher than the NEPRs for fermentation ethanol produced from 
corn feedstock by an IBPCS of the same ethanol capacity including co-product 
energy credits, and about 10 to 15 times higher than the NEPRs without co- 
product credits (Table 14.13). 

The higher efficiency biomass case, again with biomass feedstock produced 
by the management-intensive system and no credit for energy co-products, 
is projected to be capable of delivering about 3.4 times as much energy in 
the form of ethanol than the fossil-fuel inputs needed to operate the system. 
The NEPRs ot each ot the thermochemical biomass cases would be higher still 
if low-grade feedstocks were used instead of those produced by the system 
described in Tables 14.8 and 14.9. 

It was concluded from these NEAs that the thermochemical synthesis of 
ethanol from biomass feedstocks can potentially offer significantly more oppor- 
tunity to deliver net ethanol energy to the consumer than fermentation technol- 
ogy. The NEAs described here also suggest that relatively small-scale thermo- 
chemical ethanol plants for biomass feedstocks can compete from a net energy 
production standpoint with world-scale ethanol plants supplied with fossil 
feedstocks. The transport problems encountered in the distribution of fuel 
ethanol-gasoline blends (Chapter 11) might also be alleviated by the wider 
geographic distribution possible for smaller thermochemical ethanol plants. 
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The key to the future application of thermochemical ethanol technology de- 
pends on completion of its development and commercialization. 

From the somewhat limited discussion presented in this chapter on net 
energy analysis, the value of conducting NEAs for energy- and synfuel- 
producing systems is apparent. The effort needed to complete detailed NEAs 
is a time-consuming task, but can provide the basic information needed to 
select the critical pathway to higher efficiency systems, and to help determine 
whether the desired results can be achieved. Without the perspective provided 
by an NEA, the effort to perfect a biomass energy system can easily be misdi- 
rected. 

It is evident that the design of IBPCSs requires detailed analyses to minimize 
the problems inherent in large-scale, energy-producing systems in which the 
various components interact and affect each other. The use of net energy 
methodologies in these analyses is an invaluable aid, along with economic 
analyses, for the optimization of the system components and their inte- 
grated operation. 
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