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Executive Summary 

The Department of Energy (DOE) participation in a joint venture to commercially demonstrate biomass 
integrated gasifier/gas turbine (BIG/G1) technology is feasible and strongly recommended under the 
Energy Policy Act of 1992 and Public Law 101 .218. The Secretary of Energy is authorized to use federal 
funds to buy-down the cost of initial projects to demonstrate technologies with significant energy security 
and environmental benefits. The ability of this technology to compete aggressively for market applications 
is amply demonstrated by analysis independently conducted as part of this work and corroborated by the 
World Bank Global Environment Facility (GEF), DOE, and several independent groups including the 
Electric Power Research Institute (EPRI). Most significantly, the likelihood of market success is attested 
to by the readiness of private participants to contribute more than half the original project cost. 

This report analyzes the economic and environmental potential of the technology. Joint ventures can be 
thought of as an investment of public funds to achieve public benefits. Given the market potential 
demonstrated by this technology, the public return is astronomical. The mature technology promises to 
produce electricity at $55-60/MWh and to be competitive for market applications conservatively estimated 
at 2000 MW. Using DOE national average figures for potential avoided C02 per kWh from renewable 
technologies, a successful joint venture to demonstrate this technology would remove C02 at a cost of 
$0.85/ton. This calculation is based on the following assumptions: $1000/kW of federal funds are 
committed to the joint-venture process, leading to a 100-to-1 market-to-demonstration development; this 
technology produces electricity for 20 years with an annual capacity factor of 75% ;  and the initial 
$1000/kW is converted to annual payment using a capital recovery factor of 10%. 

This project involved a series of discussions and negotiations with states, localities, utilities, and private 
developers to gauge non-federal commitment to a joint venture. Striving for cost-effectiveness, the project 
set out to minimize the public risk buy-down of the technology deployment. Site selection and project 
phasing proved most useful in this respect 

A phased project with gasification development prior to integration with a turbine, at a site with back-up 
fuel and significant experience in biomass fuel processing, reduces overall project risk by 50% to 60%. 
Expectations have been that initial project deployment could require a commitment of between $20M and 
$30M in federal funds to buy-down commercial deployment risks (see the World Bank/GEF assessment). 
Our negotiations indicate that the first phase would require $5-10M in federal funds to reduce the risk to 
a tolerable level for a commercial developer. Once the frrst phase is completed, turbine integration can 
be accomplished for, at most, $3-5M in federal funds to supplement commercial funds. Follow-on 
projects can build off of these efforts. 

While this report is focused most sharply on the frrst project, the process envisioned and recommended 
is very much cooperative, multi-site, and multi-fuel. An initial demonstration and deployment of 15-
20 MW of biomass integrated gasifier/gas turbine technology can conservatively be shown to lead to 
opportunities for 2000 MW of commercial applications if the technology is aggressively demonstrated and 
deployed for all biomass fuels; e.g., wood waste from forest culls, switchgrass, agricultural wastes, and 
urban waste woods. 

Biomass fuels for electric generation today labor under two disadvantages relative to fossil fuels. First, 
the fuels compete on a $/Btu basis. Biomass has been hurt by steep declines in fossil fuel prices since 
the mid-1980s. Second, biomass fuels now are limited to combustion steam-turbine technologies, which, 
for efficiency gain, depend upon increasing plant-size installed capacity (requiring more fuel, transported 
at greater distance, at increased cost). 
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Natural gas faces no such limitation and enjoys an efficiency advantage over steam-turbine generators that 
approaches 50% for the size plant that appears feasible for widespread biomass application. Thus, even 
if biomass fuels could compete on a $/Btu basis, biomass applications would be blocked because the 
technology for converting biomass to electricity is limited and less efficient than those for natural gas. 

The gasification of biomass and its integration with highly efficient aero-derivative turbines removes that 
disadvantage. The potential for this technology to be competitive is well-established by several 
independent analyses that are reviewed in this report. The potential for market expansion also appears 
to be substantial, easily passing the 100-to-1 market-to-development target used in this report. 

Financial and operational risks associated with "first-of-a-kind" technologies are substantial. Experience 
demonstrates that market participants will not take on these first-of-a-kind risks. Development of this 
technology is unlikely without public participation to buy-down the risks of establishing the market 
potential. Federal participation is authorized under PL 101-218 and refined and expanded under the Energy 
Policy Act of 1992. 

To establish the commercial potential of the BIG/GT technology, an assessment should show that the 
expected cost of electricity produced is equal to or less than the generally accepted avoided cost. It is 
important to distinguish between the turnkey cost and first plant cost. Turnkey estimates assume the 
specific risks have been removed and the technology is available at published commercial terms and 
operating conditions, including performance guarantees. 

Several factors dominate the turnkey cost calculation: 

• Overall capital cost for turbine, gasifier, gas cleanup, wood yard, and fuel handling equipment 
• Fuel cost (green and dry) 
• Financial parameters that will be converted and used as capital recovery factors 
• Generator conversion efficiency 
• Gasifier conversion efficiency 
• Gas cleanup cost 

The turnkey plant cost estimate developed in Table S-1 shows the levelized cost of production to be 
$05.7/kWh. Estimates show the technology to be competitive. This turnkey cost is below the avoided 
costs for Iowa and Vermont, two states with substantial interest in the technology. While no formal 
national avoided cost is published, a 1991 estimate set the figure at roughly $0.7/kWh [EIA]. 

For Vermont, a 1991 review estimated the levelized, 20-year avoided cost to be roughly $0.075/kWh. 
Since then, lowered demand for electricity has driven down the short-run cost of capacity and has raised 
questions about the need for capacity in Vermont and the northeast. No utility will state with certainty 
when the next increment of capacity will be required. Several have indicated the next critical juncture 
will come in 1998 when a large coal-frred contract is up for renewal. A recent evaluation of long-run 
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avoided costs for Vermont conducted for the 1997 time frame showed the 20-year levelized avoided cost 
to be approximately $0.8/kWh. 

Table S-1. Levelized Long-Run Cost of Electricity from Turnkey Plants 

Investment Required 

Turbine (LM 1600) $500/kW 

Gasifier and Clean-up $430/kW1 

Fuel Yard and Handling $100/kW 

Subtotal $1,030/kW 

Fuel Cost 

Green Fuel 2.00/MMBtu 

Conversion to Gas 75% 

Gasifier Product Cost 2.67/MMBTU 

Cost of Electricity 

Capital Recovery $.01689/kWh
2 

O&M $.0146/kWh 

Fuel3 $.02538/kWh 

Subtotal $.05688/kWh 

1 Based on the initial Battelle estimate of $8.6 million cost for a 20-MW. plant. 

2 Assumes 71% of capacity factor of 10.2% CRF. These assumptions are used to duplicate the 
assumptions used in the DOE assessment of biomass reported in Table S-4. 

3 Assumes a heat rate of 9,545 Btu/kWh. 

As a result of the uncertainty, a recommendation for Vermont is that any project be divided into phases, 
with a gasifier phase done first to reduce reliance on long-run avoided costs. While any long-run avoided 
cost estimate can serve as a threshold for determining market acceptability, further refinement of the 
operating characteristics must be developed . and supplied to utilities as they make assessments about 
capacity requirements and resource choices. (See letter from Green Mountain Power (GMP) to EPRI, 
attached as Appendix 4). 

For Iowa, the assessment is straightforward. The state has a law requiring payment of $0.6/kWh for 
electricity from qualifying facilities using renewable resources. 

Going back to the estimates of capacity costs for development of turnkey busbar generating costs, most 
uncertainty is attached to the fuel portion, where it includes not only the cost of biomass but also 
equipment. Turbine costs and operating characteristics are well-known and subject only to uncertainties 
about the cost of adapting the turbines to use gas of varying Btu content As described in the review of 
the Brazilian project (Section I), technical concerns over modifying the turbine led to some cost, and Phase 
I funds were diverted for that purpose. 

The Brazilian project broke out total capacity costs for the General Electric (GE) LM 1600 with bottoming 
cycle into fairly detailed investment categories, as shown in Table S-2. 
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Roughly two-thirds of total capital costs are related to fuel handling and gasification. Since this is the area 
of greatest uncertainty with respect to operational characteristics, great attention must be paid to the 
developmental risk associated with this portion of the technology. Busbar cost estimates are developed 
as in Table S-3 and show a considerable range. The World Bank project developed estimates (Tables S-4) 
of the cost of electricity from the first and Nth plant, where the Nth plant represents the estimated 
potential of the technology on a mature or turnkey basis. 

The World Bank and DOE estimates are the most fully developed. The EPRI numbers are initial estimates 
and subject to updating. They were obtained from a conversation with GMP, which has taken a leading 
interest in the development of this technology with EPRI. 

As the two tables show, the cost of electricity ranges from $05.4/kWh to over $0.10/kWh (EPRI). The 
DOE and World Bank estimates are much narrower and are better supported by capital estimates and 
actual operating characteristics of the turbines. Data on the turbine from the original equipment 
manufacturer, Stewart and Stephenson, shows that the LM 1600 should have a heat rate of 9,545 Btu/kWh. 
In addition, the first-time capital estimates of the World Bank/Brazil project are less than 

Table S-2. LM 1600/Brazilian Demonstration Plant Investment 

Equipment 

Wood Yard 

Gasification Plant 

Turbine 

Bottoming Cycle 

TOTAL 

Fuel-Related 

Capacity-Related 

Source: Brazilian Biomass Power Generation 

Cost Range ($M) 

2.4 

15.3-21.2 

7.9 

3.4 

29.-34.9 

18.6-24.5 

10.4 

Table S-3. Brazilian Cost of Electricity Estimates 

Total 
Power Investment 

Alternative Type of Plant Mwe US $ (mill) 

LM 1600 First-of-Kind 18 49.5 

Nth Commercial 18 27.0 

LM 2500 First-of-Kind 30 82.5 

Nth Commercial 30 45.0 

Source: Brazilian Biomass Power Generation 

4 

IRR 
(%) 

8 

8 

8 

8 

Energy 
Cost 

US$/MWh 

80.2 

54.4 

80.7 

54.8 
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Table S-4. Project Economics1 

Capital Cost $/kW 

Fuel Costs 

O&M 

Heat Rate 

Busbar Cost Capacity: 

O&M 

Fuel 

Total 

1Assume: 71% capacity factor and 10.2% CRF. 
2EPRI estimates are from conversation with GMP. 

EPRI (lnitial)
2 

$2,000-$3,500 

$15-20/ton (green) 
( $30/ton dry) 

$8-20/MWh 

9,000-11,500 BTU/kWh 

.0328 .0574 

.008 .020 

.0588 

.023 

.1004 

DOE (1st Plant) 

$1,504 

$17/ton (green) 

$14.56/MWh 

9,545-11,059 

.0247 

.0146 

.022-.0191 

.0613 -.058 

the upper estimates supplied by EPRI. Based on the World Bank and DOE estimates, tumkey cost 
estimates developed for this report of $05.7/kWh are reasonable for plants that are fully developed and 
operational. The conservatism of these estimates is supported by the expectation that the gasifier and 
cleanup technology can reduce capital costs. For the gasifier, the Future Energy/Battelle process is 
estimated to cost $450-600/kWe, including cleanup cost. If this can be realized, the DOE capital costs 
would drop 20% to 30%. 

Overall improvements can come from lowering fuel costs, increasing efficiencies, lowering capital costs, 
and/or reducing carrying costs. 

Fuel costs of $2/MMBtu green wood chips are assumed constant. Any negotiation should attempt to lock 
in this cost at a constant real-dollar value. 

Increases in system efficiencies are available primarily by moving the technology from open-cycle to 
steam-injected to inter-cooled. Of the two GE turbines, only the LM 1600 can accommodate this 
development. 

System efficiencies are also available by increasing the megawatt size of the project. According to Stewart 
and Stephenson specifications, the LM 6000, a 42-MW plant in open cycle, has a heat rate of 
8300 Btu/kWh, an improvement of nearly 15% over the LM 1600. Two factors limit the usefulness of 
this increase, however. As overall efficiency increases the marginal return any improvement in efficiency 
can make to the bottom line, the busbar generation cost diminishes. 

An additional drawback of achieving efficiency by increasing size comes from problems associated with 
fuel procurement. The larger the plant, the larger the area from which fuel must be gathered. Biomass 
fuel cost is to some extent a function of travel distance. Larger plants may be expected to have large 
siting and permitting problems, as they pose greater stress on the host community. 

Choice of gasifier and gas clean-up technology offers an important option to be evaluated. The Future 
Energy/Battelle gasification/gas cleanup holds the potential of lowering capital costs but gives up some 
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conversion efficiency. The marginal loss in fuel conversion seems likely to be more than covered by the 
reduced capital costs of the process. 

States that have quantified or monetized the external values of the pollutants that result from the 
conversion of various fuels into electricity have used those externalities to adjust their resource selection 
process. 

The same processes can be followed at the federal level to guide participation in joint ventures. At the 
present time, no federal assessment of the various methodologies or values attached to externalities has 
been undertaken. This analysis will not suggest firm quantified values but rather outline how the 
externalities can be expanded to justify public intervention in technology development. One original goal 
of federal-private joint venture was to hasten commercial deployment of technologies that could play an 
important role in energy security. If the environmental benefits of a technology can be estimated, they 
also can be used to justify public investment. It remains to be seen how the goals of energy security and 
environmental mitigation can be balanced or applied jointly to projects under consideration. Given the 
work done at the state level and by other nations, however, the initial step-the quantification of external 
values associated with energy use-should be relatively straightforward. If those external values can be 
calculated, or a band of values determined, the first step in adding the environmental consequences into 
the justification for public intervention is to estimate the avoided pollution that would result from this 
technology. The pollution avoided will have to be calculated for specific situations, a calculation not 
readily available for this report. However, an important initial analysis by the Environmental Protection 
Agency (EPA) looked at exactly that question.3 

Table S-5. Valuing C02 Reductions 

Estimated Electric Production 

Avoided C02 (thousands of metric tons) 

Yearly Value: Low (at $.001/lb) 

Yearly Value: High (at $.013/lb) 

Internal Rate of Return (low value) 

13,140 MWh 

12,3531 

$27.2M2 

$353.3M3 

136% 

1 Calculated using national total from EPA study, prorated for production from 
2000 MW of BIG/GT production. 

2 New York Public Service Company (PSC) external value for C02 @ $.001/lb. 

3 California Public Utility Company (PUC) external value for C02 @ $.013/lb. 
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The EPA analysis can initially quantify avoided air pollutant values. Next, one estimates the saturation 
of the technology once successful commercialization is completed. The number of deployed megawatts 
are calculated and a total avoided pollution is derived. If the initial public investment in is roughly 
$1000/kW, and the joint venture leads to installed capacity 100 times greater than the demonstration of 

20 MW, the yearly payback is between 1 and 18. 

IDtimately, this evaluation of the return on public funds must be weighted by some estimate of the 
probability of the success of the joint venture, since it is unrealistic to expect all joint ventures to succeed. 
That public gain, while subject to some margin of error, supports the investment of public funds. 

An additional method of assessment is to attempt to calculate the environmental benefits by per-kW of 
installed capacity and per-kWh of electricity generated This would involve many of the calculations 
discussed above as well as the "cost" of public funds used to produce electricity with no C02 emissions. 
This cost calculation again uses the saturation estimate of 100-to-1. An outline of this process follows. 

Options for C02 Stabilization 

Energy and environmental policies can be integrated to stabilize C02 emissions by using three approaches: 

• Increase the efficiency with which we use energy. 
• Increase natural gas use. 
• Develop new technologies that break the link between energy production and environmental damage and 

deploy them in the market. 

C02 Stabilization as an Advanced Technology Goal 

The stabilization of C02 can be aggressively pursued even without large carbon taxes. C02 reductions 
can be an important public benefit and identified as such in new technologies. Part of the risk of 
developing technologies to capture the public benefit can be underwritten in joint ventures. The following 
conditions apply: 

• The technology must have demonstrated C02 stabilization benefits. 

• Market potential beyond initial deployment must be on the order of 100 to 1. For example, the 
demonstration of 20 MWs of a technology must be likely to lead to the market development of 
2000 MWs. 

• Initial private participation must cover 50% of the project cost. 

• Public participation must write-down the unique costs of initial commercial deployment of advanced 
technologies, or provide 50% of the project cost, whichever is less. 

Project Benefits 

Project benefits include the following: 

• Biomass projects provide substantial local benefits, particularly to rural communities. 

• As agricultural crop support programs are phased out, energy crops can revitalize local communities. 
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• The very high conversion efficiencies of the advanced technologies are critical to making this 
agricultural conversion happen without ongoing federal subsidies or higher retail electric prices. 

• These technologies, developed and perfected domestically, will enjoy substantial world-wide application 
as other nations join efforts to stabilize C02 and other greenhouse gas emissions. 

Project Participation 

Assume the market deployment potential for technologies is 100 to 1, and public funding of $1000/kW 
is committed for public cost sharing of the initial pre-commercial project development The public cost 
of producing electricity with no adverse C02 or other global warming consequences is $0.15/MWh 
(assuming 100-to-1 deployment, 10% discount rate, a 75% capacity factor, and a 20-year life). 

Risks 

The types of risks being discussed fall into five categories: 

• Developmental-Costs of construction are uncertain in a first-time venture. Sub-optimal design or 
choice of equipment may be dictated by the developmental path. 

• Operational-Equipment may operate, but not to specifications or expectations. Operational problems 
would manifest themselves as increases in operation and maintenance expenditures and would depend 
upon factors such as gas cleanliness. 

• Financial-Costs of capital may be higher because of general uncertainty. 

• Coordination-This is not really a risk, but a cost caused by altering the time schedule to satisfy a 
federal or public timetable. 

• Fuel Supply-For programs that rely on dedicated fuel supply systems, the risk of developing and 
testing those systems will have to be assessed. For programs that rely on waste biomass, risk would 
come from conditions placed on the harvest or waste source to assure sustainability. 

The developmental risks carry the most severe fmancial impact. For the BIG/GT, turnkey capital costs 
range from $900/kW to $1500/kW depending upon the estimates for the gasifier, gas cleanup, and turbine 
costs. Aero-derivative turbines under consideration are an extremely well-known commodity and are 
available on a turnkey basis from a variety of original equipment manufacturers. The one uncertainty with 
the turbine involves modifications to accommodate the particular Btu content of gas produced from the 
gasifier. To the extent that a gasifier produces a medium Btu gas, it is expected that even this uncertainty 
will be substantially reduced. With respect to the gasifier and the gas cleanup process, it seems prudent 
to anticipate that the first-time cost could be as much as 50% to 100% above the expected turnkey cost 
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of the equipment. The total project cost will be greatly reduced if an initial project can be developed at 
a site with fuel handling and processing equipment in place. 

Operational risks are largely controllable by the structure of the development process. If the first-time 
venture were at a "green field" site involving the integration of a gasifier and a turbine, with no 
independent testing of the gasifier, the risks would be substantial. They could range from establishing 
fuel-handling processes to anticipating the gas cleanliness and the suitability of the gas for use of the 
turbine. The structure of the initial joint venture can greatly reduce this risk. If the technology can be 
situated where fuel handling experience and equipment is available, uncertainties would be greatly reduced. 
Additionally, if the project is structured to independently establish gasification process and/or provide a 
readily utilizable back-up fuel, the operational risks would be greatly reduced. Finally, operational risks 
can be minimized if a supplemental or back-up fuel is 

·
available. Revenues can be maintained even if 

severe operating problems are experienced. Again, in the worst case, the inability to use the gas produced 
could lead to no production of electricity and no return on investment. This risk would greatly increase 
the necessity for public financing. If, on the other hand, the first

· 
venture can be structured to limit 

exposure of the investment in the turbine to conditions where it can be expected to produce electricity, 
the initial risk and the requirement for public funds are greatly reduced. 

The ability of capital markets to recognize the public benefits of a project and support that project should 
not be overestimated Without low-cost, tax-exempt economic development or other financing, the 
commercial cost of capital for a project using an untested technology would be substantially greater than 
normal. In the assessment of the turnkey economics, no explicit recognition of that factor was attempted. 
The only way to control this :fmancial risk is to have a certificate of public necessity (if it is developed 
by a private utility) or a power contract (if it is developed by an independent power producer). That 
contract, in conjunction with the availability of a back-up fuel, will produce a fail-safe stream of operating 
revenue and capital cost recovery that can substantially protect the project's bond and equity holders. This 
provides an upper limit on the risk to non-federal participants and should increase their ability to raise 
money. 

Coordination risk is a potential cost that would arise from a different timetable to satisfy the public interest 
in developing the technology as quickly as possible. For example, coordination risk would arise if the 
utility or developer saw no need for additional capacity until 1999, but the public interest sought to move 
the technology by 1997. Coordination cost would come from moving the construction and utilization of 
capacity forward a number of years. 

Fuel supply risks are especially severe for projects using a dedicated fuel supply system. It is anticipated 
that the initial project will use wood chips from forest residues or waste wood, rather than a dedicated fuel 
supply system. However, an important and immediate follow-on should be to develop markets for 
switchgrass, where the need for a dedicated fuel supply system is substantial. 
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In March 1990, the Burlington Electric Department (BED), a municipal electric serving the city of 
Burlington, completed an engineering assessment of additional options for increasing the generating 
capacity of the McNeil Generating Station, a 60-MW wood-fired central station modified to frre natural 
gas as a supplement to the primary wood fuel. Among the 15 alternatives considered for increasing station 
capacity, one consistently given favorable reviews called for the addition of a natural gas-fired aero
derivative turbine. The study proposed the use of an LM 2500 turbine and either a heat recovery steam 
generator or using the waste steam to dry the wood chips. 

BED developed its long-run plan for providing least-cost service in 1992, identifying five major options 
for meeting the long-range need for power (relevant portions of the plan are attached as Appendix 5). 
Initially, the long-run integrated resource plan discusses adding a 15.25-MW gas turbine at McNeil. As 
a footnote, the plan notes that "The Public Service Department has announced it will study a wood-fired 
gas turbine unit to be located in Bennington County. We may be able to join with the PSD where it may 
be feasible to replace the McNeil GT expansion with a similar unit." In the spring of 1993, the Board 
of Electric Commissioners which oversees BED passed a resolution to consider locating a biomass gasifier 
and integrated combined cycle turbine at McNeil (Appendix 5). The commissioners asked management 
to discuss a joint venture to consider the use of a gasifier/gas turbine at the McNeil site, including ways 
to further project development while still protecting consumers "from development risks." 

Burlington Electric's interest in expanding capacity at the McNeil Station with the addition of an aero
derivative turbine engine makes it a uniquely advantaged participant in a joint venture. Although the 
decline in electric demand has likely pushed back the need for the next increment of capacity, the ability 
to separate the development effort into a gasification and capacity stage argues for close consideration of 
the role Burlington could play in a joint venture. Burlington has already done preliminary engineering 
work that shows the addition of an aero-derivative turbine is feasible and desirable. Schematics attached 
as Appendix 5 show the various sites for the addition of the turbine. Because the existing 60-MW plant 
is wood-burning, much of the initial cost of permitting already exists and could be considered part of 
BED's contribution to the joint venture. BED also has experienced personnel for the project. 

Burlington Electric has used between 400,000 and 160,000 tons of wood chips per year since 1984. The 
Chief Forester at BED conducted an initial analysis of the "impacts on wood procurement issues of 
increasing current wood fuel demand at McNeil Station by 150,000 tons per year." (Full report is attached 
as Appendix 5.) The assessment of the impact of adding a 20-MW aero-derivative turbine is as follows: 

There appears to be no insurmountable obstacle to procuring adequate wood to fuel a 
150,000 ton per year additional demand at McNeil. There will be additional costs 
associated with increased wood demand, handling and transportation that could negatively 
affect McNeil Station's level of dispatch by the New England Power Pool. 

Negotiations are underway between BED and private developers to determine the level of interest and 
concerns. The following conclusions can be reached: 

• The McNeil site has been evaluated for the use of a gas turbine, which BED sees as a desirable avenue 
for expanding capacity. 

• The addition of up to 20 MW of aero-derivative capacity could be done within permitting regulations 
now governing the purchase and delivery of wood to the site. Air and water quality permits must be 
obtained. 

• The separation of the proposed project into a gasification stage could be followed by the addition of 
capacity, and may be desirable in light of the overall surplus of short-term capacity in the northeast. 
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• In addition to the permitting and delivery aspects already in place, the availability of a wood yard and 
wood-handling equipment, the experience of plant operators with that material, and the availability of 
a back-up fuel such as pipeline gas argue for giving special consideration to a joint venture at Burlington 
over a green-field site. Although no rigorous quantifications of the cost advantage have been conducted, 
the equipment, handling experience, and permitting already in place should reduce project development 
costs by roughly $5 million. 

• Finally, the development of the project at McNeil has the advantage of providing a commercial use for 
processed gas produced during the scale-up and development stages. If this were to last 1 to 2 years, 
the gas utilization could provide an additional substantial advantage in terms of reducing the ultimate 
cost of the initial phase. 

Federal incentives to encourage biomass energy production are currently provided in the tax code, the 
Clean Air Act Amendments (CAAA) of 1990, and the Energy Policy Act (EPACT) of 1992. 

The Internal Revenue Code provides for a tax credit of $5.5/bbl oil equivalent for gasified fuels. This 
credit is extended for projects that come under contract by 1996. The credit is available until 2008 but 
is subject to the alternative minimum tax calculation. 

The CAAA of 1990 provide for bonus allowances for renewable electric projects that come on-line 
between 1995 and 2000. Moreover, the CAAA should provide a permanent advantage to biomass projects 
because the low sulfur emissions will mean an allowance will not have to be purchased to offset SOx 
emissions. 

The EPACT provides a very ambitious $15/MWh tax credit for private developers (or $15/MWh payment 
to public entities) for renewable biomass projects. The tax credit is limited to "closed loop" biomass 
feedstocks. 

All of these incentives taken together will be unable to move or leverage the type of technological 
evolution envisioned in this project. First, many of the incentives such as the CAAA allowance offset, 
are of a very small consequence. The more significant incentives, such as the $15/MWh tax credit (or 
direct payment for public entities) are of either extremely limited use or are not funded. 

In addition, the incentives in the CAAA and EP ACT are aimed primarily at increasing the use of biomass 
feedstocks rather than developing new technologies. The technologies now available to convert biomass 
to electricity are limited to the steam or Rankine cycle. Natural gas, oil, and even coal may be used in 
the new generation of much higher efficiency aero-derivative and industrial turbine engines. This 
limitation translates into an enormous disadvantage or penalty for biomass fuels. 

The commonly accepted view of inter-fuel competition is that the fuels compete on a $/MMBtu basis. 
This view ignores the conversion efficiency-the efficiency at which those fuels can be converted to 
electricity. The actual basis of comparison for fuel converted to electricity is: 
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Normalized Fuel Cost! versus 
!Process A 

Normalized Fuel Cost! 
!Process B 

where Normalized Fuel Cost = Fuel Cost * Net Fuel Usage 
= ($Fuel/MMBtu Fuel) (MMBtu Fuel/kWh) 
=$Fuel/kWh 

As long as the conversion of efficiencies is the same, the actual point of competition is the $/MMBtu cost. 
However, biomass is currently unable to avail itself of tahe new generation engines that use more efficient 
conversion technologies. 

In typical-size biomass applications, the conversion efficiency is limited to 20%. Simple cycle aero
derivative turbines get 30% to 35% efficiencies. In advanced applications, efficiencies in the mid-40s are 
claimed. 

The delivered price of natural gas to electric utilities in 1990 was $2.38/MMBtu [EIA].
2 

Using that figure 
and the conversion efficiencies above 20% for biomass and above 35% for natural gas means biomass 
would have to sell for less than $1.36/MMBtu to be competitive. 

Eliminating the conversion efficiency penalty would be the most important step to take to increase the 
competitive position of biomass fuels. None of the present incentives even attempt to do that. DOE 
participation in a joint venture would aim to achieve precisely that goal. 

Two programs operate in Iowa to stabilize farm income and contribute to soil conservation: the set -aside 
and crop reduction programs. The crop reduction program, a 10-year contract between farmers and the 
federal government, has moved about 2 million acres from production. The set-aside program, using 
federal price supports, removes another 1 million acres from production. Total agricultural production in 
Iowa is about 30 million acres, so about 10% is under federal crop or land reduction programs that are 
scheduled to end in the next 4 years. 

Switchgrass as a fuel crop will yield approximately 16 MMBtu per ton, bone dry. Crop yields are about 
3-5 bone dry tons per acre. According to an economic analysis presented in more detail as Appendix 6 
to this report, a low estimate of the economic threshold price for switchgrass is approximately $35/ton dry 
delivered. At that price, a portion of the 3 million acres in the crop production and set-aside programs 
could be converted and permanently devoted to switchgrass production. The 3 million acres would 
support approximately 3300 MW of capacity. A 20-MW plant requires approximately 73,500 tons 
annually, or the yield from approximately 18,000 acres. 

There is undoubtedly a more graduated supply curve for production in Iowa, reflecting the fact that all 
3 million acres in crop reduction and set-aside programs will not produce uniform yields of switchgrass 
for a uniform price per ton. If the price that could be economically supported in the production of 
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electricity would fall substantially below $35/ton, then the acreage committed, the crop yield sustained, 
and the megawatts supported would be significantly lower. Simultaneously, if the $35/ton figure could 
be exceeded, a substantial portion of the 3 million acres could be productively switched to the long-term 
sustained production of a fuel crop. Table S-6 estimates how the energy conversion affects the price that 
can be supported to grow switchgrass. 

This increase in efficiency shows a striking differential in the potential return. At 20%, the net-back price 
to the switchgrass growers is significantly below what is estimated as necessary to provide for the 
economic long-term transition to growing switchgrass as a cash crop. By increasing to 30% (an overall 
efficiency well within the reach of gasification.and aero-derivative turbine technology), the net-back price 
to growers increases to $42/ton, a price above the threshold cost estimated by the Iowa Agricultural 
Collaborative. One could conservatively predict that were this technology available, it would support 
significant applications in Iowa. If one makes the bold assumption that overall efficiency will be 40%, 

Table S-6. Net Back Pricing and Conversion Efficiency 

1. Rev/ton= [Re * (Crop-:- Tec�tJ] 

where 

Re = Revenue for fuel = A voided Cost - Capital Recovery Factor. 

Crop= MMBtu/dry ton 

Tech8R = Btu/kWh for Conversion Technology 

2. Conversion Efficiency @ 20% 

Rev/ton= [.03/kWh {16 MMBtu/ton-:- 17060/kWh] 

= $28.136/ton 
= $1.756/MMBtu 

3. Conversion Efficiency @ 30% 

Rev/ton 2 [$.03/kWh{16MMBtu/ton-:- 11333/kWh}] 

= $42.35/ton 
= $2.647/MMBtu 

4. Conversion Efficiency @ 40% 

Rev/ton 2 [$.03/kWh { 16MMBtu/ton -:- 8530/kWh}] 

= $56.27/ton 
= $3.517/MMBtu 
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the return per ton is well above the threshold level required for conversion. At this level, the conversion 
of land currently held in the crop reduction and set-aside programs could significantly revert to the 
provision of crops for energy purposes-specifically, for the generation of electricity. 

If only two-thirds of the available land were converted to switchgrass and the production of electricity 
using this technology, the process would lead to the introduction of slightly more than 2000 MW of 
capacity in Iowa. It is arguable that the leveraging of the technology is justified in terms of the impact 
in Iowa alone. It is unrealistic to assume the technology would be applied only in Iowa, and this report 
will not support that argument. It does support the assumption that the 1 00-to-1 leveraging ratio applies 
to this technology and that it is a realizable and even conservative assumption. 

In addition to reviewing the technical literature on the technology, the statutory provisions, and the 
biomass research and development (R&D) program already underway, this project supported discussions 
of possible project development with private developers and local and state authorities. It recognizes that 
feasibility depends upon both the analysis and the real-world potential. 

Right now, non-federal participants stand ready to bring substantial resources to an initial project. The 
State of Vermont has reviewed the potential of multiple applications. The City of Burlington and its 
municipal electric company, BED, have reviewed the substantial resources and technical expertise they 
can offer. Future Energy of Atlanta, in conjunction with Battelle Laboratories of Columbus, Ohio, has 
expressed a willingness to invest in the initial project. 

DOE would buy-down the expected increment to cost. The project would operate for 1 to 2 years to 
demonstrate the technology, validate the gas cleanup, and test multiple fuels. Participation initially would 
consist of a small core group. The project would actively seek other participants. 

In the current regulated marketplace for electricity, all new measures must compete against an established 
avoided cost. Subtracting the capital cost recovery leaves a revenue to cover fuel cost. If the conversion 
is inefficient, large amounts of fuel must be used to generate electricity and earn revenue. Inefficiency 
leads to low net-back prices to support the fuel. By increasing the efficiency of conversion, it is possible 
to pay more for the fuel or support wider utilization. The gasification of biomass and integration with 
aero-derivative turbines represents a gigantic increase in conversion efficiency. This report finds that, in 
Iowa, what is at present not economic (growing switchgrass to produce electricity using current 
combustion technology) becomes economic if conversion efficiency gains can be delivered. Up to 
3 million acres currently not cultivated could be converted to produce switchgrass or other energy crops 
and support in excess of 2000 MW s of capacity. If this is sustainable, the gain in C02 stabilization would 
be enormous. 
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) The following project description is being circulated among interested parties to determine if it could serve 

as a basis for moving ahead. It represents broad agreement, but will require negotiation to become a 
format by a recognized memorandum of understanding. 

Initial Objective: The initial objective is to develop a fully operable multi-fuel 200 ton/day biomass 
gasifier based on indirect gasification technology developed by Battelle Columbus Laboratories (BCL) and 
commercialized by Future Energy (FE) to supplement the electrical output of the BED McNeil Station. 

Technical Description: This is a two-phase project. In the first phase, the existing BCL technology will 
be scaled up from 12 to 200 tpd with the gas being used in the McNeil boiler. The gas quality and the 
response of the gasifier to feedstock and quality variations will be determined to assess the modifications 
necessary to incorporate a gas turbine in a combined cycle configuration at McNeil. The second phase 
involves the incorporation of a suitable 15-to-20-MW gas turbine (e.g., a GE LM 1600) and the use of 
turbine waste heat in the McNeil boiler. While the first option will not increase the station's output, the 
second will provide a significant (30% to 40%) capacity increase for only a small increase in fuel 
consumption. During the second phase, the potential for a slip-stream demonstration of other advanced 
electrical generation systems such as fuel cells will be evaluated. 

Time Phasing of the Project: 

Concept Paper Due June 14 (NWEA Washington presentation) 
Participants: All 

Funding Discussions June to July 
Participants: DOE/BED/FE 

Consortium Creation Selection of A&E, management structure, participation of interested parties 
(See attached organizational chart) 

· 

Detail Design October 1993; Complete spring 1994 
Participants: BED/FE(A&E + BCL) 

Permitting BED/State!EP A 

Construction Summer 1994 (depends on permits) 
Participants: BED/FE/subcontractors 

Startup Winter 1994 to Spring 1995, Offline to flare 
Summer 1995, Connection to boiler 

Operation Summer 1995 to Summer 1996, Phase ll Gas Turbine addition 

Predesign!Planning for 

IGCC 
Design 
Installation 
Operation/Testing 

Winter 1995 
Summer 1996 
Fall 1997 
1998 

Cost: The preliminary phase I capital and investment cost is $13M. The operation and testing phase 
might be structured to provide operators and maintenance. Purchase of the wood fuel and supply gas will 
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be negotiated to obtain the necessary performance for gasifier validation during the test run. The use of 
fuels such as switchgrass and bagasse will be allowed as permitting and procurement issues are resolved. 
BCL will provide analytical services. Estimated annual costs are: four persons at McNeil-$200,000; 
wood fuel 200 tons per day at $17/tons for 200 days-$68,000; and analytical R&D services-$500,000, 
for an annual running cost of $1.4M. The total Phase I cost is $14.9M; with a project contingency of 
10%, the final cost is $16.5M. 

The establishment of follow-on projects in Iowa is estimated at $25M for crop development and project 
construction. Negotiation of the appropriate federal buy-down for subsequent projects awaits more 
detailed engineering analysis. In Phase II, the additional cost of the turbine and modifications and 
installation is estimated at $15M. 

Management Group: BED and the joint owners of McNeil (GMP, CVPS, and VPSA), FE, BCL, and 
DOE. BED will be general project manager. 

Ownership: FE/BED 

Funding: FE, with federal buy-down support; BED with in-kind contributions. Iowa and other parties 
will obtain permits and funding for additional fuels. 
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I. Review of Technology Status: Brazil ian/World Bank Project 

In December 1991, the World Bank GEF approved the two-phase development of BIG/GT technology. 
The financed project marks the highest stage of development of this technology. As such, it must be 
reviewed to understand how the project is intended to proceed and to structure a domestic project to 
extend the World Bank effort. 

The initial GEF project will be developed in Brazil. The development team is composed of Brazilian 
companies, ranging from electric utilities to forestry and research and development companies. The core 
Brazilian group is joined by SHELL Brazil and SHELL International Petroleum Company. 

So far, the development process of the World Bank project is similar to the pre-feasibility phase for a 
domestic process. A major goal of the project was to organize core developers willing to sign a 
memorandum of understanding. This memorandum became the basis for the World Bank's commitment 
of funds for the remaining development. 

A critical difference between Brazil and a domestic project is that the core development group in Brazil 
is concerned with a single site and does not appear to include representation from other Brazilian sites or 
World Bank country members. The domestic development seeks cooperative representation. 

A. Pre-Development Goals 

The Brazilian/World Bank pre-development phase focused primarily on obtaining the memorandum of 
understanding. The process focused on specific tasks, such as exploring the basic technology options, 
identifying a short list of equipment manufacturers, and drafting a work-outline for the first development. 
The pre-feasibility effort sought to provide the GEF with a basis for determining the commercial viability 
of the technology in order to assure the World Bank that development funds-totaling $30 million over 
two stages-would leverage substantial commercial development. In this critical task, the project 
succeeded. 
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The core group recognized that the optimum potential of BIG/GT technology lies in evolutions of the 
turbine technology not quite ready for commercial application. The participants chose to use existing 
commercial technology, recognizing that substantial demonstration of market potential will result from 
using the less-than-ideal technology available today. They also adopted an intent " . . .  to choose a cycle 
configuration, main system components and equipment manufacturers with a view to making the maximum 
contribution towards the long-term development goals of BIG/GT technology."4 

This statement of project philosophy is enormously important. It signals a willingness by the private 
participants to look beyond the narrow commercial interest that could shape equipment selection and 
development strategy. It is, in a sense, the factor that balances or justifies the public support given to the 
technology. 

B. Project Development 

In drawing lessons from the Brazilian experience, it is important to look at the technology selections made. 
But first, one must assess the World Bank/GEF development process and compare it with the statutory 
authority under which a domestic project will be assessed. According to a recent World Bank report: 

The GEF has broken new ground by making financing available for pilot projects to 
identify the scope for widespread replication and cost reduction of technologies and 
practices that will lower net greenhouse gas emissions. Its priorities include . . . 
developing renewable sources such as biomass, solar energy, and micro hydropower . .  5 

The Brazilian Biomass Power Generation Report (1992, p. 1l stated: 

The GEF arises to promote investment in specified areas of environmental 
maintenance, including measures to reduce the rate of accumulation of atmospheric 
carbon dioxide ... it is believed that a major role for the GEF exists in bringing 
forward selected renewable energy technologies which appear relatively close to 
commercialization. BIG/GT technology is perhaps the best example of an energy 
technology with the potential to make a substantial impact on the carbon cycle which 
could become cost competitive with conventional fossil-based electricity as it moves 
down the technology learning curve. 

The GEF sees its function as bringing forward technologies with a specific environmental benefit, namely 
the reduction of atmospheric · C02• Assessment of the eventual market competitiveness also is important. 
The role of GEF funding is presumably to reduce the high initial cost. The funding is a supplement to 
private funds; public funds are not intended to undertake the investment so much as to leverage private 
investment. 

The funds dedicated by the GEF were divided into two parts: $7 million for engineering work and 
$23 million for an implementation grant. The engineering grant was divided into three parts to underwrite 
additional work by a chosen "short list" of equipment manufacturers who were likely to be participants 
in the program implementation. 

The Brazilian project set aside $7 million to develop technology capable of being used for project 
implementation. The project was designed to allow a substantial modification or adaptation of well
established gasifier and turbine generation technology to prepare it for use in the implementation phase. 
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The project set out two competing development teams led by gasifier manufacturers with different 
technologies. One team used a high-pressure or pressurized gasifier technology, the other a low-pressure 
gasifier. The gasifier producers are expected to be responsible for the following: 

• Performance of the gasifier, clean-up technologies 
• Integration of gas turbine and steam bottoming cycle 
• Overall system control 
• Provision of process guarantees. 

The selection between the two teams will be accomplished by a formal Request for Proposal (RFP) to 
equipment developers. It is not clear why the gasifier producer should be responsible for such functions 
as the integration of turbine and steam-bottoming cycle. While many aspects of the Brazilian/World Bank 
project are useful, this feature may not be. For a domestic project, the critical project leader will be a 
utility or independent power producer. The role for equipment manufacturers can vary from supplying 
equipment at commercial terms to a more active equity position. 

C. Turbine Selection 

The turbine selected for the Brazilian implementation phase is the GE LM 2500. The World Bank team 
identified the LM 1600 as most suited for project use, but found subsequent problems in getting a turbine 
modified to burn low-Btu gas. The development philosophy-to choose and configure a project to make 
a maximum contribution to long-term technology development-favored selection of the LM 1600. 

According to the report: 

The TF-39 engine provided the basis for the LM 2500 gas turbine, a 21-MW machine 
with 35.5% open efficiency. With a steam injection level of 40,000 lblhr, the LM 2500 
is uprated to 26.5 MW at 40% thermal efficiency . . .  GE has introduced another aero
derivative, the LM 1600 . . . In open cycle, without steam injection, the LM 1600 is rated 
at 13.4 MW with an efficiency of 35.5%. In the steam injected configuration . . .  the 
LM 1600 is capable of 17 MW output at 40% thermal efficiency . . .  The next stage in 
the development of the aero-derivative engine . . .  is the addition of inter-cooling. One 
prerequisite for the incorporation of inter-cooling is a mult:j.-spool design. The compressor 
must have separate low and high pressure sections, each driven independently by its own 
turbine. This excludes all current industrial engines and also single spool aero-derivative, 
such as the Rolls Royce Avon and the GE LM 2500 from this development option."7 

The LM 1600 is smaller than the LM 2500, has roughly identical operational efficiencies, and can be 
modified to develop the technology to the next level: inter-cooling. Initially, GE agreed the LM 1600 
could be adapted and provided cost estimates. 

The engineering modification envisioned for the turbine manufacturer, GE, in the first phase of the project 
was the adaptation of the combustion system to accommodate the relatively low-Btu gas produced by 
gasifiers. GE is already engaged in modification of the LM 1600 to reduce NOx emissions; this adaptation 
will also accommodate the use of low-Btu gas. According to the report: 

GE is reluctant to instigate a separate low-Btu fuel programme since this capability will 
follow almost as a by-product of the low-NOx programme.8 

In the Brazilian project, GE will undertake modifications to the LM 2500 that it is confident it can make. 
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Despite intentions to select technology with maximum potential for demonstrating its technical potential, 
the Brazilian project will initially use an LM 2500 single-spool turbine. Modifications of the LM 1600 
for reduced NOx emissions are to be completed by 1996, making utilization of this turbine suitable for an 
initial domestic project. A follow-on using the LM 1600 would make it possible to include inter-cooling, 

. a phase expected to further increase thermal efficiency and provide a competitive edge. 

D. Gasifier Technology 

The Brazilian project is quite clear that the long-term, optimum technology design for utilizing biomass 
energy is advanced turbine designs employing inter-cooled steam injected or inter-cooled regenerative 
technology. The report states: 

The long-term goal of BIG/GT technology development is the close coupling of a 
pressurized biomass gasifier with an advanced gas turbine cycle . . .  9 

The technical challenges of using a pressurized gasifier can be overcome within time and budget limits. 
The most serious shortcoming of pressurized gasifiers is that few companies have experience operating 
units of the size required and that can handle biomass. Additionally, clean-up technologies remain to be 
verified. 

To make maximum progress toward technology development while maintaining a satisfactory level of 
technological prudence, "the project chose deliberately to initially develop two gasifier technologies: 
atmospheric and pressurized. "10 Ideally, three teams would independently develop gasifier 
technology-one atmospheric and two pressurized-but project funds would not support this. Instead, two 
pressurized gasifier manufacturers competed to head up the effort to develop a pressurized gasifier: Bio
Flow (Ahlstrom/Sydkraft) and UHDE. 

Project leaders chose not to put all their eggs in one basket. While pressurized gasifier technology on 
paper is closest to optimal, the added uncertainties of scale-up and clean-up problems led GEF to 
encourage the development of an atmospheric gasifier team. The selection of gasifier technology and the 
resolution of clean-up problems also remain issues for a domestic project It is important to review the 
GEF teams' assessment of risks to each technology and how they sought to remove the risks through the 
initial phase of engineering work. It is critically important to examine the trade-off between the higher 
capital costs of pressurized hot gas clean-up technology and the efficiency gains it brings. There is a 
diminishing return to bottom-line profitability from increasing the overall system operating efficiency; this 
will be examined much more closely in assessing options for a domestic project. 

Atmospheric Gasifier 

The atmospheric gasifier proposed by 1PS Studsvik is a circulating, fluidized bed design. The FB gasifier 
fuel operation is relatively tolerant of size variation in the feedstock material. One perceived limitation 
of an atmospheric gasifier, compared to a pressurized unit, is its greater size requirement and cost. 
According to Studsvik, this becomes a concern only at sizes above 80-MWe scale. Both Studsvik and the 
project team believe the atmospheric gasifier championed is "technically well advanced towards integration 
with a gas turbine." 11 Gas cleanup is accomplished with cyclones and conventional baghouse filters. 
Efficiency penalties of the atmospheric gasifier are slight, according to 1PS Studsvik. An analysis of a 
combined-cycle operation showed a total efficiency of 44%, using a GE LM 1600 turbine. The Studsvik 
process has been demonstrated for 1700 hours using wood fuels to power a 2-MW pilot plant. 
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Studsvik also supplied capital cost estimates for a hypothetical plant, producing co-generated heat, using 
an LM 1600 turbine and a 50-MW1 gasifier. Development costs are estimated to be between $2500 and 
$3000/k:We, dropping to turnkey costs of $1500/k:We after three to five plants are constructed.12 

Pressurized Gasifiers 

Two manufacturers competed to head the pressurized gasifier development team. UHDE, participating 
with a Scandinavian utility, is developing a high-temperature winkler (HTW) technology, demonstrated 
at a coal gasification facility to produce methane. This process has run successfully for 6 years and is 
being further modified for integration with combined-cycle power plants. Of major concern is the use and 
performance of ceramic filters for hot-gas cleanup. UHDE has proposed to construct a 133-MWth gasifier 
for use with a gas turbine, which would support 60 to 70-MWe generators; the cost estimate was 
$81.45 million. According to the Phase I Final Report,l3 when preparing this initial response, UHDE had 
done no work to determine the applicability of the HTW process to smaller, biomass applications. UHDE 
submitted a proposal to the GEF team for completion in the first phase of the work, but it was judged too 
costly. 

Sydkra:ft, a Swedish private energy group, has constructed a 6-MWe demonstration plant to be run under 
a range of conditions to provide necessary data for full-scale operation. According to their Phase I Final 
Report: 

The plant will be operated not only for the commercial production of electricity, but also 
for full-scale testing of different biomass fuel combinations. Sydkra:ft's aim is to use the 
V arnamo plant to evaluate new components and advanced process solutions in an on
going process of pressurized BIG/GT technology development. (Engenharia 1992). 

According to an earlier estimate, this technology could be developed for an 80-MWth gasifier, to be 
integrated with a GE LM 2500 turbine, for a cost of $1040 to $ 1 190/k:We. This estimate did not appear 
to include the cost of hot gas cleanup. 

E. Phase Two Goal for Gasified/Gas Clean-up Developers 

The work plan developed by the GEF project team had specific tasks for both the atmospheric and 
pressurized development teams. Before discussing the GEF analysis, it is important to recall its purpose. 
The economic analysis is expected to indicate market competitiveness and the amount of World Bank/GEF 
funding necessary for the frrst project in order to encourage private firms to participate. 

To perform both functions, the analysis frrst specifies technical characteristics-turbine, gasifier, fuel lot 
and handling equipment-and develops first time and Nth plant costs. The Nth plant cost estimate 
corresponds to the turnkey cost, or the cost assessed to be a stable, long-run estimate that will deliver an 
operating plant once developmental questions are resolved. 

Given these two estimates, the rest of the financial analysis involves specifying operating and financial 
parameters, such as fuel cost, depreciation, return on investment, and market cost of electricity. The 
fmancial model used by the GEF can use either a market rate for electricity as an input and calculate an 
internal rate of return, or use a target return as an input and calculate a produced cost of electricity. 

The bulk of economic analysis for the GEF project was based on the use of a GE LM 1600 turbine with 
an integrated gasifier. Cost estimates were developed for a "first of its kind" project. Total costs of 
$49.5 million were estimated. No detailed breakdown was included, but an Nth plant cost of $27 million 
was provided. The Phase I Final Report states: 
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A high specific investment cost is expected for the plant since it will be the 'first of a 
kind.' For subsequent commercial plants, with the same basic features, a steady decrease 
in specific investment costs is expected, as the development and manufacturing processes 
proceed down their respective 'learning curves. '14 

The avoided cost or market rate of electricity for determining a threshold of feasibility was estimated to 
be $54/MWh. 

Given the initial investment costs, the model specified operating and financial parameters summarized in 
Table S-3. With these parameters, the analysis showed that a first-of-its-kind project using the LM 1600 

· turbine and a GEF grant of $23 million would produce electricity at the threshold of competitiveness. The 
GEF grant would write-down the initial investment cost of the project so that private developers could 
earn a normal rate of return on their investment given the $54/MWh price for electricity. 

The LM 2500, by virtue of its larger size (30 MW versus 18 MW for the LM 1600), would require a 
higher initial investment. This investment, when written down by the $23 million GEF grant, would 
produce electricity at $64.80/MWh. 

The investment costs and operating and financial parameters estimated for the Brazil project will be used, 
along with the DOE and EPRI estimates, in the U.S. feasibility assessment. 
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II. Department of Energy Biomass to Electricity Program 

Major development efforts have been under way under the Clean Coal Program to develop gasifier 
technology to integrate with turbines in combined cycle applications. DOE has recently instituted a 
Biomass to Electricity Program as part of the Solar Energy Conversion Office. EPRI' s report on the 
potential for biomass power production indicates that 5000 MW of capacity could be supported by 
biomass resources by 2010. The DOE program is engaged in fundamental R&D work and on-going 
efforts to encourage project developments. This section of the report will detail R&D and technology 
development efforts under this program.15 

The Biomass to Electricity Program recognizes that future expanded use of biomass fuels as a major 
component in electricity production is critically dependent upon linking biomass with the development of 
increasingly efficient conversion technologies. One favorable route for increasing the efficiency of 
conversion lies in integrating biomass fuels with high-efficiency gas turbines. The DOE program also 
recognizes the need for increased efficiencies for other reasons as well. Bain and Overend state: 

In addition to the economic benefit of successful development of such systems, there are 
indirect benefits to the use of high-efficiency systems. In some parts of the country, such 
as California, the biomass power industry is biomass resource constrained; the replacement 
of present low-efficiency systems with high-efficiency ones can result in capacity growth 
without resource growth. From a long-range viewpoint, the use of higher efficiency 
systems results in power production with less environmental impact, because the biomass 
resource per unit of electricity production is minimized. Thus, high-efficiency systems 
are more desirable environmentally. 

In many areas of the country, any new generation resource must compete against natural gas combined 
cycle and similar high-efficiency systems to obtain power market contracts and approvals for building. 
Thus, any assessment of the market potential of biomass projects must be critically aware of the potential 
for competition with natural gas. That topic will be considered in sections on the economic evaluation 
and analysis of various incentives available for biomass. 

Although one key aspect of the separate Biomass to Electricity Program is its ability to develop and refine 
processes that are optimized for biomass fuel use, the program recognizes that valuable lessons can be 
learned from prior operating experience and on-going work under the Clean Coal Program. Thus, Bain 
and Overend discuss the development process of the Biomass to Electricity Program: 

Advanced systems typically involve production of a low- or medium-Btu gas by biomass 
gasification, followed by power generation and the gas turbine cycle. As such, biomass 
power systems are closely based on systems being developed and demonstrated for coal, 
for example, the Cool Water Texaco based Integrated Coal Gasification/Combined Cycle 
(IGC/CC) power plant at Daggett, California. Biomass advanced cycle development will 
draw heavily on the advances made for coal processing. 

According to Bain and Overend, the major technical challenge facing the integration of coal or biomass 
gasification technology with gas turbines concerns the cleanup of various impurities found in the gas 
produced. The DOE program has had two major cleanup system analyses over the last two years. A 
ftxed-fed Lurgi type gasifier in operation at the GE Schenectedy facility was tested with wood chips and 
bagasse fuels processed through a cyclone filtration system. The results are attached in Appendix 1. In 
addition, the program under management by the DOE Area Office at the National Renewable Energy 
Laboratory (NREL) began a project in Hawaii to scale-up the Institute of Gas Technology Renugas® 
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gasification technology to partial commercial operating size and to apply cleanup technologies to examine 
their effectiveness. The Hawaii project draws on experience from the Clean Coal Program and the 
development of ceramic filters to clean up process gas to meet turbine classifications. This program works 
with a gasification process developed to recognize differences between coal and biomass fuel. 

There are important differences between biomass and coal. Recognition of these differences offers 
potentially important technological and economic advantages for successful gasification processes. Bain 
and Overend report: 

Biomass contains a high level of volatile matter (VM), and a low level of fixed carbon 
(FC). A typical woody biomass will contain 80% VM and 20% FC on a moisture and 
ash-free (MAF) basis. A low-rank coal such as the Zapp North Dakota Lignite will 
contain 55% FC and 45% VM on a MAF basis. Higher ranked coals will contain even 
higher FC levels, with a high volatile bituminous (HvB) coal containing approximately 
60% FC (MAF) . . .  the differences in volatile matter, fixed carbon and elemental 
composition make biomass more reactive than coal and have led to different conditions 
for gasification. Typical gasification temperatures for non-catalytic fluid bed gasification 
of wood are 800° to l000°C. For comparison, stated conditions for Texaco-based 
gasification of lllinois No. 6, HvBb coal are 1315° to 1425°C (Matchak 1984). Because 
biomass gasification is feasible at substantially lower temperatures than coal gasification, 
there are differences in product composition. Biomass producer gas contains higher levels 
of tar than does coal producer gas, and care must be taken not to condense high boiling 
compounds . . . .  much of the coal hot gas cleanup effort has been concentrated on sulphur 
and particulate removal, with alkali volatility being a secondary concern. In a case of 
biomass, alkali and particulate removal are the primary concerns. Therefore, much of the 
coal-based effort does not apply directly to biomass. However, the use of ceramic filters 
and granular bed filters is being considered for application to biomass gasification 
systems. 

The Hawaii project, in conjunction with Pacific International Center for High Technology Research 
(PICHTR), will use Westinghouse ceramic filter technology to test its use with the IGT Renugas® 
technology. Bain and Overend discuss gasification development and the development of gasifiers designed 
for biomass fuel stocks: 

In the United States, gasifiers are being developed by the Institute of Gas Technology 
(IGT) (Evans, 1988), Battelle Columbus Laboratory (Feldman, 1988), the University of 
Missouri at Rola (Flanagan, 1988), and Manufacturing Technology Conversion 
International, Inc. (Scheifelbein, 1990). The IGT system is an air/oxygen fluid bed 
gasifier. The other systems are indirectly heated gasifiers, using either entrained flow or 
fluid bed reactors. 

The IGT/Renugas® and the Battelle processes are described in more detail in attached Appendices. There 
are a number of commercial-scale gasifiers that have been developed and operated in the United States 
to produce low-Btu gas as a plant fuel. These projects were relatively small in size and not particularly 
concerned with gas cleanup. A number of gasifiers have run into operational problems; several have been 
shut down because of problems with obtaining fuel and/or obtaining fuel at a competitive price. The EPA 
has been in contact with a number of these people and has negotiated with them concerning their desire 
and availability for participation in larger joint ventures of the type envisioned in this paper. A summary 
is attached as Appendix B.  
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Bain and Overend say: 

A number of gasifiers that have the potential to be suitable for the electricity production 
are under development in the United States. These systems are operated at the 4-to-25 tpd 
(ton/day) scale. In addition, a number of small commercial systems are being operated 
in the United States to produce low-Btu gas as substitute fuel or for steam cycle electricity 
production. 

According to Bain and Overend, the DOE-established R&D objectives, beginning fiscal year 1991,  are 
as follows: 

• Start to develop hot gas cleanup systems to link gasifiers and turbines, with special emphasis on 
investigating alkali metal transport in gasification and combustion systems. 

• Manage the scale-up of IGT's Renugas pressurized air/oxygen fluidized bed gasifier from its present 
capacity of 10 tpd to 100 tpd in the DOE cost-shared program with the PICHTR in Hawaii. 

• Work with IGT and turbine manufacturers to develop hot gas cleanup at the 10 tpd scale so that a test 
by a MWe turbine can be installed on the PICHTR unit in 1994. 

• Monitor, in conjunction with EPA and Winrock International, the assessment of a fiXed-bed pressurized 
gasifier for turbine applications on various biomass fuels. 

• Undertake an evaluation of the potential bio-crudes produced by pyrolysis for use as gas turbine fuels. 

• Manage funds for a joint evaluation, with industry, of a 50- to 100-MWe commercial demonstration of 
an advanced-cycle power generation system. 

• Manage, in conjunction with DOE fossil energy, a program for the design, construction, and operation 
of a 500-kW gas turbine direct-fired by a wood combustor. 

It is worthwhile to review the PICHTR/Hawaii project Bain and Overend say the project objective is to 
demonstrate that the BIG/GT system can produce electricity from either bagasse or wood. The project 
has two phases. The first involves the design, construction, and operation of a 100-tpd gasifier based on 
the IGT/Renugas® process. That technology has been developed only to the 20-tpd stage, by IGT of 
Chicago as the project and process developer. Upon successful scale-up, the second phase will incorporate 
hot gas cleanup and eventually gas turbines in the operations. NREL project managers are negotiating 
with Westinghouse to integrate the Westinghouse ceramic filter clean-up technology for application with 
the IGT gasifier. The timing for both phases is 2 years for design and construction, including 1 year to 
produce processed gas fuel and 1 year to evaluate hot gas cleanup and integrated turbine performance. 
According to Bain and Overend: 

It is anticipated that alkali transport and hot gas clean-up unit lifetime will be the major 
technical challenges in this program. Therefore, in support of plan Phase II effort a 
request for proposal will be issued in FY 1992 to evaluate hot gas clean-up at the 10 tpd 
scale. If this program is successful, it is expected that this technology will be at the 
commercialization stage in about 4-1/2 to 5 years. 

In summary, ongoing R&D at DOE to remove obstacles and develop the potential for biomass in the 
production of electricity has identified major technical challenges and a systematic program to address and 
remove those obstacles. NREL has identified areas of technical concern but not any substantial new 
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technology development or R&D efforts. An advisory group assembled by the EPA was asked whether 
any critical steps to the commercial application of gasifiers with gas turbines had been taken. The results 
of that analysis are attached as Appendix C. As shown earlier, the Renugas® technology, utilizing 
fluidized bed and hot gas cleanup, is only one technology path that can be taken to obtain a sufficiently 
clean and cost-competitive producer gas from the gasification of biomass. A major part of the economic 
analysis for this project is trying to balance the technological promise and the economic promise of 
various gasifier technologies. The ongoing program managed by NREL offers a floor that clearly shows 
great opportunity for the commercial application of biomass in advanced or high-efficiency systems. 

The Future Energy/Battelle process has several important advantages which, even in the absence of Future 
Energy's fmancial commitment, would strongly recommend it for utilization with aero-derivative turbines. 
The technology has been developed and tested over a decade on a number of biomass feedstocks, 
including wood chips and switchgrass. Because it was designed for the higher volatility of biomass, initial 
capital requirements are low. DOE is about to begin testing a small 200-kW turbine integrated with the 
10-tpd design gasifier at the Battelle Laboratory in Columbus, Ohio. These tests will show the operational 
capabilities of the cleanup process and will be finished before construction is undertaken at the 200-tpd 
unit. If successful, the tests will reassure developers about the reliability of the technology. Further 
commercial-size testing will begin before integration with a commercial-scale turbine. 

The Future Energy/Battelle gasifier offers a technological alternative to the IGT/Renugas® technology. 
Moreover, the proposed development path of this project offers an alternative to the more conservative 
path chosen for the PICHTR project. If all phases are successful, this project could be operational by 
1996 or 1997. The possibility of rapid program development is an important benefit. 
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I l l .  Joint Ventures to Advance Technology 

A. Nature of the Proposed Joint Venture 

Public Law 101.218, signed into law on December 11 ,  1989, provides the general framework under which 
the development and demonstration of BIG/GT technology is evaluated. That act lays out the interest of 
the federal government in renewable energy technologies and the conditions under which joint federal/non
federal efforts to develop and demonstrate technologies can be undertaken; it broadly defines the economic 
relationship between federal and non-federal participants. 

That framework is augmented in the Energy Policy Act of 1992. The box below shows requirements 
considered by DOE for participation in joint ventures. The Energy Policy Act authorizes a $50M fund 
for use in joint ventures. 

As originally perceived, the purpose of authorization for joint ventures was to "pursue an aggressive 
national program of research, development and demonstration of renewable energy and energy efficiency 
technologies in order to insure a stable and secure future energy supply."16 In the intervening period, 
interest in development of joint ventures to pursue environmental benefits has grown. While the basic 
structure has remained largely the same, the analysis of the public interest and the reasons for federal 
participation, as presented in this report, include consideration of a national interest in the development 

27 



of technologies that can mitigate or remove the environmental consequences of energy use. Under Public 
Law 101.218  and the Energy Policy Act of 1992, the key definition is that of a "joint venture." In the 
initial act, joint venture was defined as "any agreement entered into under this act by the Secretary with 
more than one or a consortium of non-federal persons . . .  for costs shared, research, development or 
demonstration of technologies . . .  " A non-federal person could be any entity located in the United States 
or any locality where the controlling interest is held by U.S. citizens. 

Although no actual projects have been undertaken, discussion and analysis have been developed so that 
a fairly well-defined understanding of joint ventures has been produced. Joint ventures are a way to 
demonstrate technologies that have already passed through the R&D phase. When the technology is ready 
for demonstration, its ability to establish commercial viability will carry an extra risk or series of risks, 
whose costs are not easily or appropriately borne by private business or non-federal persons. The 
extraordinary risks of commercial development can appropriately be borne by the federal sector to move 
the technologies closer to commercial application. For this to happen, the technology must demonstrate 
commercial potential. A critical concept in joint ventures is that the appropriate non-federal interest 
should roughly correspond to the amount of investment required in an on-going commercial venture. The 
federal role is to reduce the one-time development risks to allow for a viable demonstration project. As 
an additional condition, the Act stated that cost sharing implied that "the Secretary shall require at least 
50% of the costs directly and specifically related to any joint ventures under this section . . .  to be provided 
from non-federal sources." 

Public Law 101.218  laid out a set of technology priorities for wind, photovoltaic, solar thermal, and 
geothermal projects. The Energy Policy Act of 1992 also allowed for additional joint ventures. The Act 
identified findings that were generally positive attributes expected to occur from joint ventures, including 
early or more rapid commercialization of technology that can also increase the competitiveness of U.S. 
firms in international trade. 

B. Public Participation in the Joint Venture based on an Expanded Assessment of 
Competitive Potential and Environmental Benefits 

The federal purposes for participating in joint ventures probably should be expanded to include attainment 
of environmental benefits. As the federal interest in integrating energy and environmental policy grows, 
joint ventures offer an important way for federal policy to advance that goal. In particular, as the federal 
concern with greenhouse gases and increasing concentrations of C02 in the atmosphere grows, the 
importance of finding technologies that are neutral with respect to C02 should increase. The increased 
efficiency of energy use through deployment of technologies and the reduction in uses that would result 
from higher energy prices can only go so far toward attaining those goals. This is particularly true if one 
recognizes that the goals must be global to have any meaning at all. 

Since efficiency can only be a step toward those goals, the deployment of technologies that can meet 
energy needs without aggravating environmental problems and without contributing to increased 
concentrations of C02 in the atmosphere should be an important component of any plan to meet C02 
stabilization objectives. Taxes on carbon emissions can be effective in influencing investment and usage 
decisions to attain those goals. Regardless of what one thinks about the desirability or viability of carbon 
taxes, having more options for shifting from technologies that contribute carbon concentrations to the 
atmosphere will increase the effectiveness of carbon taxes or price-based policy options. One method is 
to identify the specific environmental consequences of advanced renewable technologies and use that 
evaluation as part of the rationale for federal participation in joint ventures. The environmental effects 
of energy use have been quantified and used as a resource selection fairly extensively at the state level. 
Table 1 shows externality values that have been proposed by several states for use in resource planning. 
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Table 1. Comparison of Emission Externality Costs 

Units in $/Pound · 

Emissions NY PSC MS DPU NV PSC CA PUC 

sox 0.41 0.75 0.78 2.03 

NOX 0.89 3.25 3.40 3.55 

vocs 2.65 0.59 1 .65 

co 0.43 0.46 

Particulates 0. 16 2.00 2.09 1 . 19 

C02 0.001 0.011 0.011 0.013 

CH4 0. 1 1  0. 1 1  

N20 1 .98 2.07 
17

Source: Economic Research Associates, 1992 

Considerable literature and debate exists on the quantification of those values. Several commentators have 
observed that regardless of the precise value placed on pollution, there is no argument that the values are 
not zero. States that quantify the values of pollutants from the conversion of fuels to electricity have used 
those externalities to adjust the resource selection process. 

The same processes used for quantifying the environmental consequences of energy production"
can guide 

federal-level participation in joint ventures. At present, no federal assessment of the methodologies or 
values of externalities has been undertaken. For this analysis, we will not suggest firm values but simply 
outline how externalities can be expanded to justify a basis for public intervention in technology 
development. One original goal of federal-private joint venture was to hasten the commercial deployment 
of technologies that could play an important role in energy security. If the environmental benefits of a 
particular technology can be estimated, they also can be used to justify public participation or investment. 
It remains to be seen how the goals of security and environmental mitigation can be applied jointly to 
projects under consideration. Given the work done at the state level and by other nations, the initial 
step-the quantification of external values associated with energy use-should be relatively 
straightforward. If those external values can be calculated or an agreed-upon band of values determined, 
the first step in adding environmental consequences into the justification for public intervention is to 
estimate avoided pollution resulting from the deployment of this technology. The pollution avoided will 
have to be calculated for specific situations, a calculation not readily available for this report. However, 
an important analysis by the EPA looked at the reductions in air pollution indices that result from a variety 
of scenarios in which advanced renewable technologies are assumed to be developed and deployed, these 
data are presented in Table 2. 

The EPA analysis can serve as an initial basis for the additional quantification of the avoided air pollutant 
values. One next estimates the saturation of the technology assuming a successful commercialization 
project is completed. Given the total expected saturation, the number of deployed megawatts are 
calculated and a total avoided pollution derived. The total yearly value of the avoided pollution that could 
be expected to result from a successful joint venture in this technology can be determined. As shown in 
Table 3, the expected payoff is substantial. If the initial public investment in a joint venture is roughly 
$1000/kW, and the joint venture leads to installed capacity 100 times greater than the demonstration of 
20 MW, the yearly payback is between 1 and 18. 
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Table 2. Electric Generation Costs and Air Pollution Prevented 

Region 

Northeast 

Southeast 

Southwest 

North Central 

Northwest/Mountain 

California 

TOTAL 
18

source: EPA 1992, p. 10-25 

Incremental 
Generation 
1990-2010 
(GWh/yr) 

SOx 

1 1 ,181 52.4 

35,206 267.5 

5,402 6.4 

7,244 77.7 

8,996 54.0 

8,702 -0.7 

76,731 457.4 

Air Pollution Prevented 1990-2010  
(thousand metric tons/yr) 

Particulate 
NOx Matter 

8.6 -1.78 -16.00 0.08 8,173 

76. 1 -2.82 -50.60 0.30 33,068 

9 .1  -1.09 -7.68 0.02 3,894 

19.6 -0.41 -10.42 0.06 7,307 

26.2 -0.24 - 13.00 0.09 9,539 

6.6 -2.47 -12.33 0.02 4,628 

146.2 -8.82 -110.04 0.58 66,608 

8,470 

35,966 

4,235 

8,060 

10,550 

4,857 

72,138 

It would be unrealistic to expect all joint ventures to be successful. The public gain, while obviously 
subject to some margin of error, supports public intervention and the investment of public funds in the 
commercial development of that technology. An additional approach would be to calculate the 
environmental benefits on the basis of per-kW of installed capacity and per-kWh of electricity generated. 
This would involve many of the calculations discussed above but would include the "cost" of public funds 
used to produce electricity with no C02 emissions. This calculation uses the saturation estimate of 
100-to-1. An outline of this process follows. 

Options for C02 Stabilization 

Energy and environmental policies can be integrated to stabilize C02 emissions by using three approaches: 

• The efficiency with which we use energy can be increased. 
• Natural gas use can be increased. 
• New technologies that break the link between energy production and environmental damage can be 

developed and deployed in the market. 

Table 3.  Valuing C02 Reductions 

Estimated Electric Production 

Avoided C02 (thousands of metric tons) 

Yearly Value: Low (at $.001/lb) 

Yearly Value: High (at $.013/lb) 

Internal Rate of Return (low value) 

13,140 MWh 

12,3531 

$27.2M
2 

$353.3M3 

136% 

1 Calculated using national total from EPA study, prorated for production from 
2000 MW of BIG/GT production. 

2 NY PSC external value for C02 @ $.001nb. 

3 CA PUC external value for C02 @ $.013nb. 
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C02 Stabilization As An Advanced Technology Goal 

Stabilization of C02 can be aggressively pursued even without large carbon taxes. C02 reductions can 
be an important public benefit and can be identified as such. Part of the risk of developing technologies 
to capture the public benefit can be underwritten in federaVprivate joint ventures. The following 
conditions apply: 

• The technology must have demonstrated C02 stabilization benefits. 
• Market potential beyond initial deployment must be substantial, on the order of 100-to-1 .  Thus, the 

demonstration of 20 MWs of a technology must be likely to lead to market development of 2000 MWs. 
• Initial private participation must cover 50% of the project cost. 
• Public participation must write down the unique costs of initial commercial deployment of advanced 

technologies, or provide 50% of the project cost-whichever is less. 

Project Benefits 

• As agricultural crop-support programs are phased out, energy crops grown or harvested on a sustained 
basis can revitalize local communities. 

• The very high conversion efficiencies of the advanced technologies are critical to making this 
agricultural conversion happen without ongoing federal subsidies or higher retail electric prices. 

• These technologies, developed and perfected domestically, will enjoy substantial world wide. application 
as other nations join efforts to stabilize C02 and other greenhouse gas emissions. 

Project Participation 

• Assume the market deployment potential for technologies is 100 to 1 ,  and public funding of $1000/k:W 
is committed for public cost sharing of initial pre-commercial project development. 

• The public cost of producing electricity with no adverse C02 or other global warming consequences is 
$.00015/kWh (assuming 100-to-1 deployment, 10% discount rate, 75% capacity factor, and 20-year life) . 
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IV. Project Economics 

In order to establish the commercial potential of the BIG/GT technology, an economic assessment of the 
mature, commercially developed turnkey economics should show that the cost of electricity produced from 
the technology is equal to or less than its avoided cost. It is important to distinguish between turnkey cost 
and first plant cost. Turnkey estimates assume that risks associated with project development have been 
removed and the technology is available at published commercial terms and operating conditions, i.e., on 
a turnkey basis. 

Several factors dominate the turnkey cost calculation, including: 

• Overall capital cost for turbine, gasifier, gas cleanup, wood yard, and fuel handling equipment 
• Fuel cost (green and dry) 
• Financial parameters that will be converted and used as capital recovery factors 
• Generator conversion efficiency 
• Gasifier conversion efficiency 
• Gas cleanup cost 

The turnkey plant cost estimate developed in Table S-1 shows the levelized cost of production to be 
$05.7/kWh. While factors are subject to uncertainty, cost estimates show the technology to be 
competitive. This turnkey cost is below the avoided costs for Iowa and Vermont, states with substantial 
interest in the technology. 

For Vermont, the most recent complete review found the levelized, 20-year avoided cost of electricity to 
be roughly 7.5¢/k.Wh, a calculation sensitive to the long-term price of natural gas since the avoided unit 
was a gas combined cycle unit. The avoided cost factored in the price of short-term capacity and energy 
purchasers. 

The evaluation of avoided cost was completed in 1991 .  Since then, lowered demand for electricity has 
driven down the short-run cost of capacity and has raised substantial questions about the need for capacity 
in the entire northeast. No utility will state with certainty when the next increment of capacity will be 
required. Several have indicated that the next critical juncture will come in 1998 when a large coal-fired 
contract comes up for renewal. It is likely utilities will either have to renew that contract or fmd 
replacements. A recent evaluation oflong-run avoided costs for Vermont conducted for 1997 showed the 
20-year levelized avoided cost to be about $0.8/k.Wh. 

As a result of uncertainty about capacity requirements and the current avoided costs, a recommendation 
for Vermont is that any project be divided into phases, with a gasifier phase done first to reduce reliance 
on a long-run avoided cost estimate. In addition, while any long-run avoided cost estimate can serve as 
a threshold for determining market acceptability, further refinement of the operating characteristics of the 
technology must be developed and supplied to utilities as they make their own assessments about capacity 
requirements and resource choices. (See letter from Green Mountain Power to EPRI, attached as 
Appendix 4). 

For Iowa, the assessment of the avoided cost is more straightforward. At the present time, the state has 
a law requiring the payment of $0.6/kWh for electricity generated from qualifying facilities that use 
renewable resources. 

Most uncertainty in estimates of capacity costs for the development of turnkey busbar generating cases 
is attached to the fuel portion of the project, which includes not only the cost of the biomass but also 
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equipment costs that include fuel lot and handling and gasifier and gas cleanup technology. Most turbine 
costs and operating characteristics are well-known; the only area of uncertainty concerns the cost of 
adapting the turbines to use gas of varying Btu content The technical concerns over modifying the 
turbine in the Brazil project led to added cost, and Phase I funds had to be diverted for that purpose. 

The Brazilian project broke out total capacity costs for the LM 1600 with bottoming cycle into fairly 
detailed investment categories, as shown in Table 4. 

Table 4. LM 1600/Brazilian Demonstration Plant Investment 

Equipment 

Wood Yard 

Gasification Plant 

Turbine 

Bottoming Cycle 

TOTAL 

Fuel Related 

Capacity Related 
19Source: Engenharia 1992. 

Cost Range ($M) 

2.4 

15.3 to 21.2 

7.9 

3.4 

29 to 34.9 

18.6 to 24.5 

10.4 

Roughly two-thirds of total capital costs are related to fuel handling and gasification. This is the area of 
greatest uncertainty with respect to operational characteristics, so great attention must be paid to the 
developmental risk. 

Busbar cost estimates are developed as shown in Table 5; they display a considerable range .. 

The World Bank project developed the estimates (Table 6) of the cost of electricity from the first and the 
Nth plants, where the Nth plant represents the estimated potential of the technology on a mature or turnkey 
basis. 

The World Bank and DOE estimates are the most fully developed. The EPRI numbers are initial estimates 
and subject to revisions and updating. They were obtained from a conversation with GMP, which has 
taken a leading interest in the development and assessment of this technology with EPRI. 
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Table 5. Project Economics1 

Capital Cost 

Fuel Costs 

EPRI (lnitial)
2 

$2,000-$3,500 

$15-20/ton (green) 
($30/ton dry) 

O&M 

Heat Rate 

Busbar Cost 

$8-20/MWh 

9,000-1 1,500 BTU/kWh 

Capacity: 

O&M 

Fuel 

Total 

1Assume 71% capacity factor and 10.2% CRF. 
2EPRI estimates are from conversation with GMP. 
3Biomass to electricity. 

.0328 .0574 

.008 .020 

.018  .023 

.0588 .1004 

DOE (1st Plant)3 

$1,504 

$17/ton (green) 

$14.56/MWh 

1 1,059-9,545 

.0247 

.0146 

.022-.0191 

.0613-.058 

Table 6. Brazilian Cost of Electricity Estimates 

Alternative 

LM 1600 

LM 2500 

Type of Plant 

First-of-Kind 

Nth Commercial 

First-of-Kind 

Nth Commercial 

Power 
MWe 

18 

18  

30 

30 
20Source: Brazilian Biomass Power Generation. 

Total 
Investment 
$US (mill) 

49.5 

27.0 

82.5 

45.0 

IRRa 
(%) 

8 

8 

8 

8 

Energy 
Cost 

$USIMWh 

80.2 

54.4 

80.7 

54.8 

The cost of electricity ranges from $05.4/k:Wh to over $0. 10/k:Wh using the high EPRI estimate. Using 
the DOE and World Bank estimates, the range is much narrower and better supported by capital estimates 
and actual operating characteristics of the turbines. Data on the turbine from Stewart and Stephenson 
shows that the LM 1 600 should be expected to have a heat rate of 9,545 Btu/kWh. In addition, the first
time capital estimates of the World Bank/Brazil project are less than the upper estimates supplied by EPRI. 
Based on World Bank and DOE estimates, turnkey cost estimates for this report of $0.057/k:Wh are 
reasonable for plants that are fully developed and operational. The conservatism of these estimates is 
supported by the expectation that the gasifier and cleanup technology can reduce capital costs. The Future 
Energy/Battelle process is estimated to cost $450-600/k:W e• including cleanup cost If this can be realized, 
the DOE capital costs would drop 20% to 30%. 

Overall improvements can come from lowering fuel costs, increasing system efficiencies, lowering capital 
costs, and/or reducing financial carrying costs. 
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Fuel costs of $2/MMBtu green wood chips are assumed constant Any negotiation should attempt to lock 
in this cost at a constant real-dollar value. 

System efficiencies are available primarily by moving the technology along the development path from 
open cycle to steam injected, to inter-cooled. Of the two GE turbines, only the LM 1600 can 
accommodate this development 

System efficiencies are also available by increasing the megawatt size of the project According to Stewart 
and Stephenson specifications, the LM 6000, a 42-MW plant in open cycle, has a heat rate of 
8300 Btu/kWh. This represents an improvement of nearly 15% over the LM 1600. Two factors limit the 
usefulness of this increase. One is that as overall efficiency increases, the busbar generation cost 
diminishes. At 20% efficiency, the fuel cost of a kWh generated will be $03.4/kWh. Increasing fuel 
efficiency to 35% will lower fuel costs to $0.019/kWh and contribute to bottom line economics by $01.5. 
Raising fuel efficiency to 50% will lower fuel costs to $01.4/kWh and contribute only $0.5/kWh to the 
bottom line. As overall system efficiency increases, the improvement to the bottom line brought about 
by further efficiencies and reductions in overall fuel expenses will decrease. This should be closely 
monitored. 

An additional drawback of achieving efficiency by increasing size comes with fuel procurement. The 
larger the plant, the larger the radius of the area from which fuel must be gathered. Larger plants may 
have large siting and permitting problems, since greater fuel demands could pose greater stress on the host 
community. 

The choice of gasifier and gas cleanup technology offers an important option. The Future Energy/Battelle 
gasification/gas cleanup holds the potential of lowering capital costs but gives up some conversion 
efficiency. The marginal loss in fuel conversion is likely to be more than covered by the reduced capital 
costs of the Future Energy/Battelle process. Gasifiers can operate on an atmospheric or pressurized basis. 
Pressurized gasifiers offer greater system efficiencies but this efficiency comes at a cost penalty. 

Ceramic candle filters seem to be the chosen technology for hot gas cleanup. A manufacturer ready to 
supply this technology says that the cost of ceramic filters is expected to run to $200/kW, with additional 
operation and maintenance costs in the range of $.001/kWh. 

Atmospheric gasifiers with quenched gas cleanup offer a less-efficient, but also a less-expensive 
technology option. 

The most efficient system is not necessarily the superior economic system. The marginal economic return 
to efficiency improvements declines as the system increases in efficiency. An efficiency improvement of 
10% to 15% means more in kilowatt-hour terms in relatively less-efficient systems. 

Under standard financial terms, the ceramic candle filters cost roughly $0.006-0.007/kWh. If basic system 
efficiency improvements reduce fuel costs to $0.015-0.02/kWh, the pressurized/hot gas cleanup must 
contribute an efficiency improvement of 30% or more to pay for itself. Since the total efficiency of the 
Battelle atmospheric system is estimated to be 75% or greater, an improvement of 30% seems unlikely. 

Lowering overall capital cost could result from the choice of equipment. The Battelle gasifier, developed 
specifically for biomass, will require a smaller capital investment than gasifiers developed for coal. This 
technology could offer an important cost advantage. The Battelle process could be available for 
approximately $400-450/kW e· 
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Carrying costs can be reduced in a number of ways. For waste wood projects, up to 80% of financing 
can be obtained using tax-exempt industrial development bonds. If projects can be levered to 80% debt 
and the cost of that debt reduced by 2% to 4%, cost can be drastically cut. A substantial portion of 
interest and support for the technology came from those most closely associated with the fuel. 
Environmental benefits of the technology flow mainly from the fuel and the fact that it is renewable; the 
same holds true for local economic benefits, because the fuel is locally grown. Providing for local 
interests in project development could give this technology an important advantage over other fuel sources. 

Carrying costs also can be reduced by incentives, either at the federal or state level. Incentives potentially 
available range from bonus allowances under the CAA of 1990 to the provision of $01.5/kWh tax credit 
(or direct payment in the case of non-profits) for the production of electricity from certain renewables. 
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V. Development Risk 

A. Identification and Quantification of Major Areas of Development Risk 

Any project involving the development of generation capacity and the sale of that capacity to ultimate end 
users involves nonnal business risks. 'This section attempts to categorize areas in which these development 
risks could accrue and makes a rough attempt at quantifying those risks. 

These risks are, to a considerable extent, a function of the particular proposal under consideration. Costs 
associated with the development risks will vary depending upon the sites chosen. If a site already has fuel 
handling experience and permitting, development risks will be substantially reduced. 

The types of risks fall into five categories: developmental, operational, financial, coordination, and fuel 
supply. 

The developmental risks present the most severe financial impact. For the BIG/GT, the turnkey capital 
costs range from $900/kW to $1500/kW depending upon the estimates of gasifier, gas cleanup, and turbine 
costs. The greatest uncertainty attaches to the gasifier and gas cleanup. The aero-derivative turbines are 
an extremely well-known commodity and are available on a turnkey basis from a variety of manufacturers. 
The one uncertainty of the turbine is the modifications necessary to accommodate the particular Btu 
content of the gas produced from the gasifier. Even this uncertainty should be substantially reduced. 
With respect to the gasifier and the gas cleanup process, it seems prudent to anticipate that the first-time 
cost could be as much as 50% to 100% above the expected turnkey cost of the equipment. 'This cost will 
be greatly reduced if an initial project can be developed at a site with fuel handling and processing 
equipment in place. 
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Operational risks are largely controllable by the structure of the development process. If the project were 
to propose a first-time venture at a green field site involving the integration of a gasifier and a turbine 
with no independent testing of the gasifier, operational risks would be substantial and could range from 
establishing fuel handling processes through anticipating the gas cleanliness and the suitability of the gas 
for using the turbine. The structure of the project can reduce these risks. In the worst case, the inability 
to use the gas produced could lead to no production of electricity and no return on investment. This 
would greatly increase the necessity for public financing. If the first venture can be structured to limit 
the exposure of the investment to where it can, with great certainty, be expected to produce electricity, 
initial risk is greatly reduced. 

The ability of capital markets to recognize the public benefits of a project and support that project should 
not be overestimated. Without some provision of low-cost, tax-exempt economic development or other 
fmancing, the commercial cost of the capital for a project using an untested technology should be 
substantially greater than normal capital costs. In the assessment of turnkey economics, no explicit 
recognition of that factor was attempted. The only way to control this financial risk is to have in place 
either a certificate of public necessity (if developed by a private utility) or a power contract (if developed 
by an independent power producer). That power contract, in conjunction with the availability of a back-up 
fuel, will produce a fail-safe stream of revenue and capital cost recovery that can substantially protect 
bond and equity holders. Such protection provides an upper limit on the risk to non-federal participants 
and should increase their ability to raise money. If, for example, the project were to be developed in a 
state with a $0.6 law for renewable projects, one could calculate the project cost that the private developer 
could realistically cover under a worst-case scenario. If financial costs drove the cost above that, it would 
not be economical for the private developer to participate without federal assistance. 

Coordination risk is not associated with uncertainties in the technology but would arise from a different 
timetable to satisfy the public interest in developing the technology quickly (for example, if the particular 
utility or developer saw no need for additional capacity until 1999, but had interest in moving the 
technology by 1997). Coordination cost is associated with moving the construction and utilization of 
capacity forward a number of years. This financial calculation could easily be ascertained. 

Fuel supply risks are especially severe for projects that anticipate using a dedicated fuel supply system. 
It is not anticipated that the initial project will use a dedicated fuel supply system, but rather will use 
wood chips from forest residues or waste wood. However, an important and immediate follow-on should 
be to develop markets for switchgrass. There, the requirement of developing a dedicated fuel supply 
system is substantial. PUblic risks involve the costs of determining how the particular fuel system should 
be grown, harvested, and stored, including considerations such as the kinds of payments necessary to the 
agricultural community to make the transfer from traditional to fuel crops. 

B. Financial Framework for Project Assessment 

It is important to consider the overall framework under which financial analyses can be undertaken. The 
basic difference between joint venture and traditional development projects is the unique commercial 
development risks of the project. The prior section attempted to categorize and quantify that risk. This 
section presents a structure of financial analysis that allows direct consideration of the level of risk, along 
with other financial variables, to determine overall project feasibility. The profitability of a project is a 
function of the avoided cost, the fuel cost, and the capacity cost of the technology. The traditional 
financial analysis constructs an internal rate of return, given some estimate of those measures. Using the 
standard financial analysis presented below, it is possible to develop a return on equity. The level of 
equity can be adjusted to reflect levels of risk or risk buy-down. An analysis of this type allows a 
consideration of the level of federal participation beyond that which can be ascertained in direct 
negotiations with developers. If the particular avoided cost is known, the return-to-equity participants can 
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be determined for a variety of risk levels and/or risk buy-down. While no specific numbers have been 
attached to this analysis, it is a relatively straightforward process to make those estimates and use them 
in the negotiation associated with the development 

Summary 

This analysis provides a financial methodology to be used to construct a cash flow and revenue stream 
for a generic BIG/GT electric generation project. The methodology can be used to solve for a $/kWh rate 
or an internal rate of return on a presumed equity investment The equity investment can include 
consideration of one-time cost elements. The structure of the analysis isolates the unique risks of initial 
project development, assesses the cost of those risks in terms of the IRR ??? of the project, and determines 
the cost of the risk write-down. The analysis will require estimates of fuel cost, avoided costs, capital 
structure, cost of debt (and equity, if a kWh rate estimate is desired), gasifier cost and efficiency, cost of 
turbine and heat rate, capacity factor, and the quantification of initial development risk. The study will 
look at sites that vary considerably with respect to basic inputs and risk assessment. This analytical 
structure is intended to provide a basis for comparing and ranking projects. 

Fuel Cost 

[$/ton]/[Btu!lb] = $/Btu 
Assume green wood costs $17/ton-at a fix equivalent cost of $2.00/MMBtu. 
Heat value = $2/MMBtu 

Running cost 

[[$/Btu]/[Gasifier Efficiency]]*[Btu!kWh] = $/kWh 
Assume 75% efficiency of gasifier, 9545-Btu/kWh efficiency at generator. 
[[$.000002/Btu]/[.75]]*9545 Btu/kWh = $.02538/kWh 

Capacity Cost 

[$kW/Year] = [[$kW]*CRF]; where CFR is the capital recovery factor. The CRF is a function of the cost 
of capital, depreciation, income tax, and any other appropriate cost associated with carrying investment. 
$/kWh = [$kW/yr]/[8760*FR] 

Note: Capacity cost estimates can be developed two ways. The first involves using debt cost only, along 
with depreciation and other carrying costs. This cost estimate, along with running costs, makes up the 
expense of the project. If the revenue stream is known, as it would be if the project were a qualifying 
facility (QF) that had obtained an approved power contract, the analysis will solve for the internal rate of 
return for the project. Alternatively, the capacity cost can be estimated using an implied cost of equity. 
In that case, the complete $/kWh can be estimated. 

Revenue Stream 

Revenue/yr = [$/kWh]*[8760*Capacity factor]; where $/kWh is a levelized Public Utilities Regulatory 
Policies Act (PURP A)-avoided cost rate. 
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Return 

Equity = [$/kW-debt]+risk 
Net revenue = [revenue/yr]-[running+capacity cost] 
RR = f[ equity, net revenue, risk] 

Note: Equity can be adjusted as a function of risk and is also a residual of the installed cost per kilowatt 
less the debt portion of the project. 1bis structure is amenable to the joint-venture concept since it allows 
risk write-down to be directly calculated. The equity at risk in a commercial project is substantially 
greater than in a turnkey project. 1bis analysis would first construct an assessment on a turnkey basis, 
then add a measure of the known risk to the equity portion of analysis. If the underlying principle is to 
provide a normal return on equity, this model will allow the assessment. 

C. Incentives Beyond Joint-Venture Financing 

A variety of federal incentives beyond joint-venture financing exist for certain renewable projects, 
including biomass gasification. The most important is the incentive available under the Internal Revenue 
Code, Section 29, for a tax credit for the production of gas from biomass. Other major incentives come 
from various tax incentives in the Energy Policy Act of 1992, such as that in Section 1212 which calls 
for the payment of $01.5/kWh for a 10-year period adjusted for inflation for generation from certain 
renewable projects. Finally, there are credits available to renewable projects in the CAA of 1990. The 
amendments award certain bonus allowances to renewable projects and, given the relatively low SOx 
emission from renewable fuels, provide the potential for a commercial advantage. 

States also can provide incentives. State tax-exempt industrial development financing has been available 
for projects that use waste wood. If up to 80% of the financing can be provided by tax-exempt state 
bonds, that advantage can provide a leveraged benefit to equity owners for any given purchase price of 
electricity. Through regulatory commissions, states can also make a specified avoided cost available for 
certain renewable projects. The State of Iowa has a law to provide for the purchase of power from 
renewable projects at $0.6/kWh. No calculation of the differential between the $0.6 price and the actual 
long-term avoided cost has been found. Nevertheless, the assumption is that the difference is significant 
enough to encourage projects that would not otherwise come forward. 

Before assessing the precise economic effect of the various incentives, two threshold issues have to be 
addressed. First, the existence of federal incentives does not automatically mean incentives will be 
available. The best example is that various sections in the Energy Policy Act of 1992 calling for a 
$1.5/kWh credit have no funding appropriation attached. Additionally, many incentives are offered as tax 
credits and their usefulness is limited by alternative minimum tax calculations. The second issue is how 
to assess incentives in determining the underlying commercial feasibility of the joint-venture technology. 
Our recommendation is to note the incentives and consider their presence in the structuring of any joint 
venture, but to not explicitly include them in the financial evaluation. The underlying purpose of the 
incentives is to provide an additional financial push for the development of renewable fuels and the 
displacement of fossil fuels. We would urge that purpose be expanded to include standard optional 
economics and joint-venture economics. 

Internal Revenue Code, Section 29 

Tax Incentive/Non-Conventional Fuels: Gasification 

• A tax credit of $5/bbl equivalent is available for gasifiers. 
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• A 20-MW project running at 75% capacity would require 1 . 12 x 1012 
Btu or roughly 200,000 barrel 

equivalent (assuming 5,800,000 Btu bbl). 
• This project would create a tax credit of $1 million per year. 

Note: At this time, this credit is extended for projects that come under contract by 1996. Credit is 
available until 2008. Credit is reduced for federal grants and state and local tax-exempt financing. 

The tax incentive for non-conventional fuels for a 200-MW project running at the industry average 
capacity of approximately 75% could generate tax credits of one million dollars per year. The availability 
of this credit is subject to conditions pertaining to the separate ownership of a gasifier facility and other 
factors. Nevertheless, one can expect the tax incentive to be available for a gasifier closely coupled to 
a turbine. The benefit would, to some extent, be available or allocatable to non-profit participants such 
as municipalities. This evaluation should be carried forward if this project proceeds. The importance of 
establishing the terms and conditions of availability for this credit are critical because, of all incentives 
available for this technology, this has the greatest ability for actual capture by the project. 

Energy Policy Act of 1992 

Tax Incentive: Title XIX, Sec. 45, Tax Incentive for Certain Renewable Resources 

• Provides $0.015/kWh incentive for closed-loop biomass systems. 
• Credit is reduced for grants, tax-exempt bonds, subsidized energy financing, and other credits. 
• Payment to private utilities. 
• Credit is reduced by reference price. 

The Energy Policy Act of 1992 provides two similar incentive payments for renewable projects. 
Title XIX, Section 45, provides a tax incentive for renewable resources, but the credit is available only 
for "closed-loop" biomass systems. The credit is reduced for grants, tax-exempt bonds, subsidized energy 
financing, and other credits. These conditions limit the importance of this incentive when the crop is 
wood chips. Under most specific projects, proposals for fuel supply rely upon wood chips provided as 
waste wood No early projects anticipate wood chips would be grown on a dedicated fuel supply 

.plantation or a closed-loop basis. Also, this credit is reduced for "grants, tax-exempt bonds, subsidized 
energy financing and other credits." Since this project is to be developed as a joint venture, with roughly 
50% federal participation in the initial plant development costs, this condition would reduce credit by up 
to 50% just from the participation of federal agencies. To the extent that the credit reduction is legitimate, 
it seems to rely on the idea that there should be no double dipping for incentives. Projects that use off-of
the-shelf technology but may have federal grants or tax-exempt bonds should not be entitled to additional 
incentives. This does not seem to anticipate the specific problems that arise from first-of-a-kind or 
development projects like those envisioned here. To penalize joint-venture participants by reducing 
additional credit is to work at counter-purposes to the joint-venture legislation and a larger federal policy 
that should be involved in the development of renewable resources. Botli incentive positions in the Energy 
Policy Act having to do with renewables operate against or in counter-purpose to the joint-venture intent. 

Energy Policy Act of 1 992 

Tax Incentive: Sec. 1212, Incentive Payments 

• Payment is to be $01.5/kWh for a 10-year period, adjusted for inflation. 
• There are no limiting factors for biomass, except for "burning of MSW." This would seem to allow 

for gasification. 
• Payment to municipal utilities or other public utilities 
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• Payments for 20 MW @ 75% would be $1,971,000 per year. 

Note: At this time, this incentive is not reduced to reflect federal grants or state or local tax-exempt 
financing. However, this section has no current appropriation. 

The same type of provision for private finns through the $01 .5/k:Wh tax incentive is available to non
private or public owners of renewable projects in the fonn of $01.5/k:Wh payment. The provision of this 
$01.5/k:Wh is not subject to the condition of a renewable crop from a closed-loop system. Unfortunately, 
at this time there is no appropriation to make this $01 .5/k:Wh payment to public owners of renewable 
projects. Based on a 20-MW project operating at a 75% capacity factor, this $01.5/k:Wh payment would 
be worth $1 .971 million each year for 10 years. 

Clean Air Act Amendments of 1 990 

Allowance Incentive 

• A bonus allowance is granted for every 250,000 kWh generated using renewable energy. 
• The bonuses are available from 1993 to 1995 or until the total original allotment is used up. 
• The total value of this bonus is on the order of $100,000-$230,000 per year depending upon the resale 

value of the allowances earned. 

Table _ shows how the bonus allowances available under the CAA of 1990 could provide additional 
credits up to $230,000 per year, depending upon the resale value of the allowances earned. Right now, 
the availability of these bonuses is dubious . .  The bonus allowances are available for both conservation and 
renewable programs. The early development of the conservation programs may mean they will gather a 
line share of the bonus allowances available from the Amendments. Since biomass fuel is low in SOx 
emissions, biomass production should enjoy an economic advantage over fossil-coal based technology, 
which emits SOx and will have to purchase allowances for additional generation. Because the nature of 
this advantage will vary depending upon the fuel, the variety of different advantages that would flow to 
biomass have not been calculated. 
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VI. Equipment Manufacturers 

A. Turbines 

General Electric, Rolls Royce, and United Technologies manufacture aero-derivative turbines. GE and 
Westinghouse manufacture industrial turbines, which also are used to produce electricity. DOE and NREL 
are investigating the suitability of biomass gasification applications with 50-MW industrial turbines, 
focusing on the application of the gasifier integrated with aero-derivative turbines. In part, the attraction 
of the aero-derivative turbine is its relatively small power rating, which allows a lower demand for fuel 
and more modest harvesting and shipping requirements. In addition, the particular generation of aero
derivative engines being considered offers a relatively uniform efficiency. The smallest aero-derivative 
engine, the GE LM 1600, a 15-MW unit, has a heat rate (according to Stewart and Stephenson 
Publications) of 9545 Btu/kWh. The LM 2500, a 29-MW unit more than 50% larger in size than the 
LM 1600, has a heat rate of 9280 Btu/kWh. This nearly identical heat rate is very unusual in the 
generation of electricity. The rule of thumb in generation was that economies of scale were substantial, 
and larger projects more than justified themselves through increased efficiency. If the aero-derivative 
turbine offers essentially the same heat rate for sizes down to roughly 15 mw, the technology would have 
an important benefit, in that it could be incrementally increased at relatively discrete sites. 

GE is not the only manufacturer of aero-derivative turbines, but it is actively pursuing aero-derivative 
technology, not only in the open cycle but in the steam-injected and steam-injected inter-cooled 
applications. The LM 1 600 has an important advantage over the LM 2500: it can offer inter-cooling. 

The GE LM 1600 is derived from the F404 fighter jet engine. As a generator set, it produces 13,440 kW 
at a heat rate of 9545 Btu/kWh. A fuel rate this low normally is associated with turbines much larger than 
the LM 1600. As the LM 1600 is the most fuel-efficient gas turbine in its class, the list of LM 1600 
installations is expanding rapidly. 

The LM 2500 industrial gas turbine, GE' s most experienced aero-derivative engine, is derived from the 
'IF-39 flight engine used for DC-10 jets. More than 1 ,000 LM 2500s are in land and marine service, with 
over 4 million hours of industrial operation. The LM 2500 has documented industrial availability 
exceeding 99%. 

The two-shaft LM 2500 can be operated at 3000 to 3600 rpm, allowing direct coupling of its power 
turbine to 50-Hz or 60-Hz electric generators. This avoids the gearbox required by most gas turbines and 
magnifies the reliability and heat rate advantages of the LM 2500. The fuel efficiency is also an 
advantage over geared units. Packaged as a generator set, the LM 2500 produces 22,800 kW at a fuel rate 
of 9280 Btu/kWh. A variety of customized fuel nozzles are available for the LM 2500 for dual fuel, water 
injection, and steam injection applications. The steam-injected LM 2500 STIG 50 can accommodate 
50,000 lbslhr of steam injection for plants with fluctuating process loads. The STIG 50 produces 
28,050 kW and eliminates the need for combined cycle equipment, such as steam turbines and condensers. 

B. Gasifiers 

The Clean Coal program has encouraged development of an integrated gasifier combined cycle technology 
to utilize coal as the feedstock in the gasifier. Several technologies have been developed that have 
attempted to solve the simultaneous problems of gas cleanup and, for coal, sulfur removal, in order to 
produce a technology suitable for wide-spread commercial application. The significant differences 
between biomass and coal as a feedstock appear to have an important effect on the design of gasifiers. 
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It is feasible to use a biomass feedstock in a gasifier designed primarily to utilize coal; the Vermont/GE 
study adopted that approach. The test gasifier at the GE Schenectedy facility was a Lurgi/fixed-bed 
gasifier developed for the Clean Coal program. Despite that parentage, the gasifier was adapted to run 
on a pressurized basis and utilize wood chips and bagasse. In assessing gasifiers, the attached chart shows 
important requirements. 

For the Biomass to Electric Program and the current project to have widespread application, either a 
particular gasifier or a family of gasifiers must be capable of handling the range of biomass resources, 
from wood chips (a fairly dense, relatively uniform sized product) to agricultural waste (which is much 
less dense and more random in size). The requirements for fuel entering the gasifier vary. This can be 
a function of a feeding process or can be built into the design of the gasifier. 

Most gasifiers reviewed produced a low-Btu gas, with an energy content of 100-175 Btu/:ff. By 
comparison, natural gas averages approximately 1000 Btu/:ff. Most turbines available for electricity 
generation use the high Btu or natural gas-equivalent type of fuel. A few gasifiers evaluated produced 
a medium-Btu gas, ranging from 400 to 600 Btu/:ff. If medium-Btu gas can be produced economically, 
without using oxygen blown processes, it offers a significant advantage over low-Btu gas because it 
requires less modification of the turbine. In addition, the reduced modification permits a much more 
easily adapted process, capable of using gasifier-produced gas or pipeline gas. Since the gasifier will, at 
best, be subject to periods of outages and maintenance and, at worst, to systematic problems with fuel
handling or continuing operations, the ability to switch to pipeline gas offers an important risk reduction 
and financial support for the project. As long as the project generates electricity, it can earn money and 
pay down its capital cost under most power contracts or regulatory arrangements. If the project is 
designed to run only on gasifier-produced gas, and if the expected capacity is low, the overall risk rises. 
Thus, the ability to produce and use medium-Btu gas is an important advantage. 

Operating conditions on gasifiers vary depending on whether they were designed to run on a pressurized 
or atmospheric basis. Pressurized gasifiers offer increased efficiency because the gas will not have to be 
compressed for use in the turbine. The corresponding disadvantage is the need for relatively more 
expensive equipment and design. It appears impossible to make a definitive evaluation, since the relative 
advantages of each gasifier involve trade-offs and are somewhat specific to the technologies evaluated, 
the efficiencies gained, and the cost penalties incurred. 

Of all issues facing gasifiers, the economical cleanup of the gas to the point where it is suitable for use 
with a turbine is the most critical. All studies point to the probability that the gas produced can be 
cleaned up by using a variety of hot gas strategies or by quenching or cooling the gas and cleaning it with 
a more traditional technology. Hot gas cleanup must be done with a series of cyclones, which separate 
out particulate matter, or with ceramic filters, which are more effective but more expensive. Quenched 
gas cleanup is simpler but drops the overall efficiency of the system. In evaluating quenched gas, the 
efficiency penalty must be evaluated in the context of the overall efficiency achieved by the aero
derivative turbine. As the overall efficiency of conversion increases, the advantage of marginally 
increasing the efficiency drops in terms of its ability to reduce the cost of the kilowatt-hour produced. 
Accordingly, as efficiency improves, the fuel savings used to justify the expense of the cleanup technology 
decreases. While cyclone technology is relatively inexpensive, the gasifier used in the Vermont/GE test 
showed an inability to remove all particulates necessary to produce a gas to be used with turbines. On 
the other hand, ceramic filters appear to be available and quite capable of doing the job, but, according 
to some estimates, cost as much as $200/kW of installed capacity and entail an operation and maintenance 
cost of approximately $.001/kWh produced. 

Given the overall efficiency of the turbines, it would appear quenched gas could be very competitive with 
hot gas cleanup as long as the penalty was not greater than the 30% decrease in operating efficiency. The 

44 



precise answer depends on particulars of the technology and the economics of the gasifier and cleanup 
strategy. The process for gasification developed at the Battelle Laboratories and licensed to Future Energy 
Resources has several significant characteristics that recommend it for application with aero-derivative 
turbines. An early assessment of its potential for applications in the 50-MW size is attached as 
Appendix 6. 

Table 7 
Gasifier Technical and Commercial Evaluation 

I. Fuel requirements 
• Types of fuel handled 
• Requirements for fuel 
• Sizing 
• Moisture content 
• Adaptability for multiple fuels 

II. Produced gas 
• Medium Btu 
• Low Btu 
• Other products 

Ill. Operating condition 
• Air or oxygen blown 
• Pressurized 
• Atmospheric 

IV. Cleanup 
• Hot gas 
• Cyclones 
• Ceramic 
• Other 
• Quenched gas 

V. Economics 
• System efficiency 
• $/k:W elective for gasifier 
• Cleanup cost 

VI. Experience 
• Commercial, to-scale operation 
• Commercial, not -to-scale 
• Licensed 
• Process design scale 

VII. Siting 
• Air emissions 
• Ash 
• Waste water 
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A complete assessment of clean-coal program gasifiers will be produced by Alternative Energy 
Development as part of a subcontract to this project. That evaluation is available on request. 
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VII. Site Evaluations 

A. Bennington County and State of Vermont 

The State of Vermont's interest in BIG/GT technology began as a combination of interests in the 
Department of Public Service and the Department of Forests, Parks and Recreation (which is interested 
in wood harvesting and management practices). Of all of the regions of the state, southwest Bennington 
and the surrounding counties had the most severely underutilized forest resource. The U.S. Forest Service 
and the Green Mountain National Forest Service, in undertaking a study for rural development through 
forestry, found that developing markets for low-quality wood in Bennington and the surrounding six
county area was of critical importance. The report stated, 

Although land is productive, there are few markets for the overabundant low-quality 
wood. Compared to the northern half of the state, very little of the annual growth is 
harvested. . .only 30% of the annual growth in Bennington County is being cut. To 
sustain harvest levels without depletion of the forests, the annual cut should be equal to 
or less than the amount of annual growth. The current level of harvest in southwestern 
Vermont is sustainable and could be raised. 

The assessment of the Bennington County area found that increasing the annual harvest would have 
positive secondary impacts. For example, developing markets for low-quality wood results in thinning 
that would enhance commercial productivity, improving tree form and the rate of stock growth. Although 
the use of wood chips as a fuel and the generation of electricity are not the only markets for low-quality 
woods, the relatively low capital costs and the accessibility of the· region to transmission grids, plus the 
possibility of inter-connection and marketing of the product, made the use of wood chips a primary option. 

The Bennington area has had a strong interest in obtaining a demonstration project using wood chips. 
BCRC???? is acting as a sponsor of the development effort. In April 1992, the BCRC submitted a 
proposal to the New England Power Company in response to an RFP for renewable energy projects. 
Although this solicitation was not successful, various parts have been attached (Appendix 5) as an example 
of the interest in the region. 

The Vermont Department of Public Service is looking for sites to develop this technology. The effort to 
locate a development partner is being coordinated by the BCRC. Central Vermont Public Service (CVPS), 
Vermont's largest privately-owned utility, has been participating with the BCRC in trying to develop a 
project. CVPS is a valuable partner because it has identified unique advantages to locating the project 
in the region in addition to those identified by Forest Resources and Management staff. CVPS's analysis 
indicated that locating a 20-MW facility in the region would delay or defer the upgrading of the 
transmission system to increase reliability. Although no precise dollar figures have been placed on the 
value of that transmission benefit, private discussions with CVPS and the Public Service Department 
indicate that such an advantage could be considered in siting and certificating a project. 

The Vermont Department of Public Service remains an active and critical agent in developing this 
technology and is interested in eventually siting and permitting a number of 20-MW projects. Although 
no systematic assessment has been done for certificating processes, the Department has conducted several 
analyses of the state's comprehensive energy needs. Four or five 20-MW facilities using BIG/GT 
technology could be sustainably supported by the forests in the state. 

Considerable uncertainty surrounds certification of the technology, in part because it marks a departure 
from proven generation technologies. The Department of Public Service has worked with Vermont's 
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Agency of Natural Resources to identify critical issues for air and water pennitting. No insurmountable 
problems have been identified and the more complete combustion possible with gasification has been 
noted as a potential environmental advantage. Nevertheless, permitting will require detailed assessment 
of air and water by-products of the gasification process. 

The interest of the BCRC, the Vermont Department of Public Service, and various forestry agencies 
represents important support for a project in southwest Vermont. Two important hurdles remain. First, 
a private developer with an interest in investing substantial capital has yet to come forward. Although 
CVPS has expressed interest in cooperating, it has not made an actual development proposal. 
Additionally, the capital costs and project risks that stem from Bennington being a green field project 
cannot be overlooked. The development of a wood yard, the purchase of wood-handling equipment, the 
gathering of pennits, and the experience of personnel in handling the fuel can burden an initial 
development project if it must be developed at a green field site. To go ahead with the project, 
Bennington would have to locate a wood yard, obtain wood permits and wood-handling equipment, and 
go through the necessary learning curve of developing experience in handling the fuel. None of this is 
insurmountable. Once the fundamental questions about the technology's ability to deliver competitive 
electricity have been addressed, projects such as the one in Bennington County should be relatively easy 
to develop and pennit Whenever one is dealing with a first-of-a-kind project, however, additional costs 
can be an important consideration. 

The interest of the state in multiple projects utilizing this technology should not be overlooked. It would 
be a grave mistake for Vermont or domestic projects to see the process of developing and proving the 
technology as one of competition among sites rather than cooperation. By utilizing the most ideally 
situated site to answer the critical questions · surrounding the technology, the overall process is advanced 
to the greatest extent possible. The lack of a developer and infrastructure pose significant disadvantages 
for going ahead, yet the BCRC should continue to develop the project by taking the following steps: 

• Locate several possible sites for a plant 
• Resolve issues associated with the location of a project, including truck traffic for wood delivery, 

transmission interconnection, water permitting, and air pennitting. 
• Continue to search for private developers to pick up the siting work of the regional commission and 

follow up to develop a 20-MW project. 
• Cooperate in an initial demonstration project to quickly transfer the experience gained with the 

technology to a Bennington County project 

B. State of Iowa 

The project interest for the State of Iowa grows out of its search for sustainable, profitable energy crops. 
Iowa was an early cooperative participant with the State of Vermont in obtaining financing and support 
for the tests at the GE Research and Development Facility. Iowa provided switchgrass which, 
unfortunately, was not able to be processed through the gasifier. Switchgrass has been successfully 
gasified at the Battelle process development unit in Columbus. Following the GE project, Iowa 
inaugurated a collaboration among state agencies to pursue the development of energy crops, particularly 
switchgrass. 

Two factors underline Iowa's commitment First, the state faces substantial changes in federal crop 
support and productive land reduction programs, intensifying its interest in developing cash crops for 
energy. Second, given the present avoided cost of electricity for renewable energy sources, fairly high 
conversion efficiency is needed if the statutory structure is to yield sufficient income to the farm 
community to encourage it-without further federal or state subsidies-to switch to energy crop 
production. 
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While the text on pages 30-32 describe the potential for the conversion of switchgrass into electricity and 
the extent of potential interest, it is also important to detail the work already underway that contributes 
to this project. The intent is to assess the important work already undertaken and the steps needed to 
make a transition to switchgrass crops and to use those efforts productively in this assessment. 

Efforts are underway at Iowa and Iowa State University to assess the production capabilities for 
switchgrass and other supplemental energy crops that could be grown in a typical Iowa location. One 
main issue being investigated is the ability to ensure that the growth of switchgrass can be undertaken 
sufficiently to support the requirements of the technology. In addition, the studies assess the most cost
effective ways to establish switchgrass crops using existing agricultural equipment. These efforts are 
important in controlling capital and one-time costs necessitated by the agricultural transition, and are 
expected to help make switchgrass available at the lowest cost possible. 

Considerable investigation is being done on harvesting and storage techniques. Current studies are looking 
at 6-12 months storage and are determining the best procedures for balancing harvesting and storage to 
assure the availability of feedstock year-round A study on advanced storage technique is being supported 
by NREL and undertaken by Iowa State University. 

The Iowa Energy Center is preparing a state-wide omnibus study on the feasibility and potential of 
producing and converting many types of crops for energy, looking at the social, environmental, and 
technological aspects of this process. Most importantly, the study is attempting to draw a realistic bottom 
line on state potential. 

This work is enormously important in preparing any area for conversion to the production and use of an 
energy crop. To capture the full potential of the gasification and gas turbine technology, this kind of 
preliminary analysis is essential. The relationship between the avoided cost of electricity, the particular 
conversion technology, and the net-back pricing for the crops ultimately depends upon an assessment of 
the available land and the management and harvesting practices for the use of that land. Without this kind 
of coordinated research and support, the transition to large-scale production of cash crops would be 
impossible. 

Finally, Iowa has initiated a collaboration among a variety of public agencies for more than 2 years. This 
collaborative effort involves putting together a handbook on switchgrass, gathering all materials on how 
to establish the best management, storage, and maintenance programs and harvesting techniques, and other 
information on converting land to the production of switchgrass. The collaboration has also undertaken 
a review of old, unmanaged strands of switchgrass. Those analyses show relatively low yields and point 
to and underline the need to actively manage the production of this crop. The collaboration is working 
to assemble field-size tests to realistically test problems involved in the scale of production. At present, 
they estimate they will assemble 80 acres to test seeds and 120 acres to study methods for establishing 
switchgrass as a crop. According to state sources, 100 acres have already been assembled and reserved. 
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