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EXECUTIVE SUMMARY 
 

The Chariton Valley Biomass Project has been initiated to develop the 
infrastructure necessary to create a market for switchgrass-fired electric generation in 
south central Iowa.  The Center for Global and Regional Environmental Research has 
completed a study of the greenhouse gas emission impacts of switchgrass production 
and combustion as a substitute for coal as electric generation fuel.  The proposed 
displacement of up to five percent of the coal-fired generation at the Ottumwa 
Generating station appears to provide a positive impact on greenhouse gas emissions.  
The current analysis indicates that co-firing five percent switchgrass with coal may 
reduce emissions of greenhouse gases (carbon dioxide equivalent emissions (CO2-eq)) 
by as much as 509,000 tons per year.  This reduction in emissions could lead to annual 
income for the project of over $2.5 million if a modest credit price of $4.96 per ton CO2-
eq is achieved.  Success of the project could lead to the use of 200,000 tons of 
switchgrass planted over 50,000 acres.  Stack testing conducted at the facility during a 
test-burn in late 2000 (at 2.5 percent co-fire rate) appeared to confirm decreases in 
carbon dioxide (CO2), sulfur dioxide (SO2) and particulate emissions at the power plant.  
 It is hoped that this result can be improved during future testing programs as the facility 
approaches the full five percent co-fire rate and optimizes its co-firing operation. 

The cultivation of perennial grassy crops such as switchgrass can provide many 
additional environmental benefits in the highly erodible soils of south central Iowa.  
Among the benefits are reductions in soil erosion and water contamination with sediment 
and agro-chemicals, and improvements in wildlife habitat.  The value of these 
environmental benefits can be difficult to quantify in terms that financial markets can 
incorporate into pricing structures.  The creation of emission trading programs for 
greenhouse gases and SO2 offer an important step in the direction of providing direct 
financial reward to environmentally-beneficial operations such as the Chariton Valley 
Biomass Project. 
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INTRODUCTION 
 

In the Chariton Valley Biomass Project significant amounts of southern Iowa 
farmland and Conservation Reserve Program (CRP) set-aside have been replanted, or 
are planned for replanting to switchgrass, which will be harvested and burned as a solid 
fuel in the Ottumwa Generating Station (OGS) operated by Alliant Energy.  At maximum 
capacity of a 5 percent co-fire, nearly 50,000 acres of switchgrass will be required from 
southern Iowa (Figure 1).  The switchgrass will be grown and harvested, transported to 
OGS and chopped into approximately inch-long segments for injection into the boiler.  
On-site modifications to accommodate the switchgrass operation include construction of 
new buildings to store switchgrass and house bulk material shredders and conveyors.  
The burners have been retrofit to allow switchgrass combustion.   

 

Figure 1.  70-Mile Radius of Anticipated Switchgrass Production (5-mile 
increments) 
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The Center for Global and Regional Environmental Research (CGRER) has 
calculated potential reductions in greenhouse gas emissions by switching from 100 
percent coal-fired generation to a mix of five percent switchgrass and 95 percent coal.  
The analysis quantifies emissions of the three primary greenhouse gases, carbon 
dioxide (CO2), methane (CH4) and nitrous oxide (N2O).  The net balances of emissions 
of these gases are quantified over an annual cycle of fuel production and consumption, 
and related to CO2-equivalent (CO2-eq) emissions by use of Intergovernmental Panel on 
Climate Change (IPCC) 100-year Global Warming Potentials (Table 1).  In addition to 



the greenhouse gases, emissions of sulfur dioxide (SO2) and nitrogen oxides (NOx) are 
estimated at the point of combustion within the OGS facility in order to estimate potential 
compliance costs or benefits of switchgrass-fired generation with Acid Rain Program 
requirements under Title IV of the Clean Air Act.   

 

Table 1.  Global Warming Potentials  (GWP) Relative to Carbon Dioxide 

Greenhouse Gas Symbol GWP 
Carbon Dioxide CO2 1 
Methane CH4 23 
Nitrous Oxide N2O 296 

Source:  IPCC, 2001 
 

 
A Review of Potential Analysis Methodologies 

 
A growing body of research related to bioenergy systems in indicative of the 

interest that greenhouse gas emission impacts, and greenhouse gas emissions 
accounting is receiving.  The following critique of quantification techniques parallels an 
evolution of methods as traditional air quality compliance methods are adapted to meet 
the more complex accounting requirements of greenhouse gas emission balances.  
Advances in scientific knowledge regarding carbon cycling in the environment are also 
reflected.  The analytical approaches range from the highly certain point-source 
measurement, to more uncertain, but infinitely more comprehensive life cycle 
approaches.  In order to adapt to meet the needs of the emission trading community, an 
analysis technique must return emission estimates with reasonable certainty, reasonable 
breadth, and in a manner that can be reproduced in order to meet time and budget 
constraints that the emission trading business community will require.  

 
 Point-Source Approach 

 
This most straightforward approach, characteristic of many command-

and-control type regulatory programs, point-source measurement is employed 
widely by the U.S. Environmental Protection Agency (USEPA).  In the point-
source method the emissions from a single point (or few points) are directly 
measured on a continuous basis.  Emissions from support activities outside of 
the major point of emission are ignored.  The point-source approach has been 
adapted to monitor sulfur dioxide emissions for the Acid Rain emission trading 
program, where it relies upon direct physical measurement of point-source 
emissions, before and after a change, to determine reductions (USEPA, 2000).   
The method is valuable for its clear definition, accuracy, and ease of 
management, however it falls far short of accounting for the net balance of 
greenhouse gases from fossil fuel or bioenergy systems.  This method is utilized 
for analysis of the acid rain-causing pollutants SO2 and NOx emissions from the 
Chariton Valley Biomass Project. 

 
 

The Zero-Net Approach 
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Given the nature of carbon cycling within a bioenergy system, the point-
source strategy is clearly insufficient for capturing the full greenhouse gas 
benefits of such an application.  Recognizing this insufficiency, the 
Intergovernmental Panel on Climate Change (IPCC) presented guidance for 
bioenergy system benefit accounting that allows crediting for carbon uptake 
during the growing season (IPCC, 1995).  This method offsets the carbon dioxide 
emissions from the bioenergy fuel by crediting the carbon cycle for plant material 
that is combusted, resulting in a net-zero emission of carbon.  While valid, the 
zero-net method still neglects the carbon storage benefits of field residue, root 
systems and soil, which therefore results in under-crediting the benefits of the 
bioenergy crop.  The zero-net method also introduces apparent error in its 
assumption that all carbon in the plant material is released as CO2 during 
combustion.  IPCC guidance on combustion of solid fuels indicates that as much 
as 5 percent of the fuel carbon is emitted as carbon monoxide or remains fixed in 
solid wastes from the operation.  Additionally, the contributions of other 
greenhouse gas emissions (CH4 and N2O), though relatively small, are missed 
completely. 

 
 

Life Cycle Analyses 
 

Numerous researchers have focused upon the life cycle implications for 
greenhouse gas emissions from bioenergy systems.  Turhollow and Perlack, in 
1991, performed a limited life cycle analysis of three potential energy crops; 
hybrid poplar, sorghum, and switchgrass.  Their analysis estimated energy 
consumption for plowing, planting, harvesting and hauling the crop, and energy 
consumed during the production of fertilizers and herbicides.  It was estimated 
that hybrid poplar cultivation for bioenergy purposes caused net emission of 1.30 
kilograms of carbon per gigajoule (kg C/GJ).  Sorghum production led to 
emission of 1.84 kg C/GJ, and switchgrass production led to emission of 1.93 kg 
C/GJ.   The authors ignored the carbon released from combustion of the energy 
crop, relying upon the closed-loop biomass (zero-net) assumption for carbon 
recycling.  Importantly, the authors also ignored direct greenhouse gas emissions 
due to cultivation of the soil (CO2), application of nitrogen fertilizer (N2O), and the 
benefits of carbon sequestered into the soil, and did not provide credit for 
offsetting emissions from fossil fuel consumption that would otherwise occur.   

Ellington, Mbo and El-Sayad (1993), published a description of the life 
cycle greenhouse gas implications of biomass-derived methanol for vehicle 
consumption.  The authors sought to describe the renewable methanol fuel cycle 
by applying the following program: 

“(1) Define the complete system and identify and quantify all sources of 
GHG emissions, including mobile and stationary sources. 

(2) Define the discrete periods of the system’s entire life cycle. 
(3) Execute material and energy balances to quantify all operating GHG 

emissions for each period and for each “invested” quantity.” 
Here the invested quantity is the amount of energy that went into 

producing subcomponents of equipment, i.e. the energy in steel production for 
the steel contained in the tractors or other equipment used to process the 
methanol.  The contribution to overall energy balances of the invested quantity 
was found to be insignificant when compared to total energy consumption within 
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the system.  Importantly, the figures for invested energy were developed by using 
high degrees of averaging and parameterization from national statistics, thus 
leading to high uncertainty in the resulting estimates.  As in the study by 
Turhollow and Perlack, the authors established estimated fuel consumption for 
vehicles and equipment needed to plant, harvest, haul, convert, and consume 
the bioenergy product.  The study found that for every 1 unit energy of methanol 
produced, 2.4 units of energy input are required.  The study also continued to 
ignore the impact of soil carbon sequestration upon greenhouse gas balances, 
and did not attempt to quantify the greenhouse gas emission benefit of replacing 
existing fossil fuel consumption. 

In 1996, Schlamadinger and Marland published a study of full fuel cycle 
carbon balances for bioenergy crops, with forestry a particular focus.  While 
called a ‘full fuel cycle’ the focus of this research was primarily upon the final 
disposition of forest products into either short-term or long-term uses.  Short-term 
uses, such as in the pulp and paper industry lead to rapid turnover of much of the 
carbon stock as the product is quickly used, discarded, and decays, returning 
CO2 to the atmosphere.  The study does however add the important factor of soil 
carbon sequestration, estimated at 18 metric tons C per hectare, and accounts 
for the benefit derived from offsetting fossil fuel combustion.  The study does not 
account for emissions that occur from energy consumption during the planting, 
management, harvest and transport of the bioenergy crop, nor does it attempt to 
include additional greenhouse gases such as methane and nitrous oxide.   

Mann and Spath of the National Renewable Energy Laboratory, 
completed a 1997 life cycle analysis of a wood gasification system for electricity 
production.  The analysis was developed for a hypothetical biomass-fired power 
plant to be constructed in the Midwestern United States.  Like Ellington, et al, the 
researchers employed estimates of internalized energy consumption embodied 
within such items as steel, cement, aluminum, and rubber.  Energy consumption, 
type of energy consumed (liquid, gas, solid) and resulting emissions were 
obtained using an extensive life cycle database system called, Data for 
Environmental Analysis and Management (DEAM).  While providing valuable 
insight, the nature of the immense data summaries would indicate that 
uncertainty increases as reliance upon such data increases.  For example, 
energy and related emissions for cast aluminum parts rely upon data from a 
single casting facility (Mann and Spath, Appendix B, 1997) that may or may not 
have contributed aluminum to the project, but is used to develop emission 
estimates for all aluminum used by the project.  Energy and emissions from 
production of steel, whether virgin or recycled, whether galvanized or stainless, 
are all derived from the same data source, which is representative of the 1975-
1980 period.  Thus an apparent high degree of averaging and parameterization 
within the data underlying the life cycle model may lead to significant 
uncertainties surrounding the net benefit estimate when these outer layers of the 
life cycle are included in the total analysis.   
 
 
 

Analysis of the Chariton Valley Biomass Project 
 
This report utilizes the Incremental Life Cycle Analysis (ILCA), a greenhouse gas 

emission accounting approach that is specifically tailored to support trading of emission 
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reduction credits (Ney, 2001).  A narrowly focused approach such as the point-source 
approach, provides the simplest means to estimate emission reductions and to measure 
end results.  However, given the ubiquitous nature of greenhouse gases throughout the 
environment and in human systems, particularly CO2, such a narrow approach fails the 
critical test of accounting for the full scope of emission and emission reductions impacts 
upon the environment.  Similarly, the zero-net approach is a useful tool for general 
planning activities,  but it fails to capture the significant contributions of soil carbon 
sequestration, and over-estimates biomass-generated CO2 emissions by as much as 
five percent by assuming that all biomass carbon is released as CO2.  The zero-net 
approach also fails to capture the potentially significant emissions from farming 
operations and does not allow for a multi-gas analysis.   On the other end of the scale, 
full-scope life cycle analyses offer comprehensive accounting of emissions and emission 
reductions, but the lack of certainty in estimates and lack of measurability of end results, 
as well as time and expense considerations, render this approach inadequate for 
supporting emission trading activities.  The ILCA methodology employed for the Chariton 
Valley Biomass Project utilizes a life cycle framework, but limits the scope of the analysis 
to focus on those aspects of the life cycle that most directly affect the balance of 
emissions and reductions, and are reasonably measurable.   

 
 
Defining the Life Cycles 

 
The first step in the process of quantifying net greenhouse gas emissions 

from each fuel is to describe the full fuel cycles.  Figure 2 presents a schematic 
of the coal production and utilization cycle.  The figure demonstrates the 
complexity inherent in analyzing fuel life cycles.   In the central diagonal, from 
upper left to lower right, are the primary activities of the coal life cycle.  Many of 
these activities release emissions of greenhouse gases directly, with indirect 
emissions arising from the energy consumed in performing the task (Table 2).  
The shaded elements above and below the central activities are largely exterior 
to the coal life cycle itself, forming a significant chain of activity that extends 
throughout the world economy.   

The coal combusted at OGS must be mined, cleaned and refined, then 
transported to rail loading points.  The coal is then transported via rail from the 
Utah-Wyoming area to the south-central Iowa power plant.  Once at the plant, the 
coal is further prepared for combustion in the power plant boilers.  Finally, after 
combustion, the waste ash is removed from the boiler or fly ash collection 
devices, and shipped to a landfill or for incorporation into cement products.  
Table 2 provides a summary of the primary direct and indirect emission sources, 
and the greenhouse gases emitted by each activity. 

 

 5



 

Figure 2.  Elements of the Coal Production and Utilization Cycle Considered in the 
Analysis of Greenhouse Gas Emissions 
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Table 2.  Greenhouse Gas-Emitting Stages of Coal Consumption 

Process Aspect Creating Emission  Greenhouse Gas 
Primary Direct Emissions   
Coal mining and transport Methane-exposed coal CH4 
Transport mine to rail loading Methane-exposed coal CH4 
Combustion Fuel combustion CO2,CH4,N2O 
Primary Indirect Emissions   
Coal mining and refining Energy used CO2,CH4,N2O 
Fuel preparation Energy used CO2,CH4,N2O 
Transport mine to rail loading Energy used CO2,CH4,N2O 
Rail transport to power plant Energy used CO2,CH4,N2O 
Secondary Direct Emissions   
Transport of combustion waste Energy used CO2,CH4,N2O 
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Within the outer loops are activities that support the primary activities of 
the coal life cycle.  These outer loop activities include secondary emission-
generating activities, such as the manufacture of mining equipment, locomotives, 



and rail cars, or the processing of petroleum into fuel products for use by this 
equipment.  While these activities cause significant emissions on a national 
scale, their contribution is thought to be small in comparison to the contribution of 
the primary direct and indirect emissions of the life cycles of switchgrass and 
coal.  This is particularly true since the temporal scale of this analysis would 
include only a fraction of the life cycles of these products.  For example, a farm 
tractor could be used for decades.  Emissions arising from production of that 
tractor would be factored over each year of use.  The picture is further clouded 
by the difficulty associated with quantifying the emissions from these more 
distant processes, as was discussed in the literature.  A decision on inclusion of 
secondary activities is be reached later. 
 

The switchgrass life cycle is presented in figure 3, with key steps and the 
greenhouse gases emitted, listed in table 3.  Similar structure is utilized within the 
graphic, with primary activities located on the diagonal from upper left to lower 
right.  

Important steps in the switchgrass life cycle include soil preparation 
activities, seeding, fertilization and weed control, through harvest, transport to the 
power plant, preparation of the fuel for combustion in the power plant boilers, and 
transport of ash waste streams.  As in the coal life cycle analysis, the emissions 
from fuel consumed in performing these primary activities are considered an 
indirect emission from the primary activity.    Manufacture of agricultural 
implements, and processing of petroleum products upstream of the final 
consumption are denoted as secondary activities.   

 
 

Table 3.  Greenhouse Gas-Emitting Stages of Switchgrass Consumption 

Process Aspect Creating 
Emission 

 Greenhouse Gas  

Primary Direct Emissions   
Plant growth Carbon uptake CO2 
Fertilizer application  N volatilization  N2O 
Soil Carbon Sequestration Carbon uptake CO2 
Lime application Direct emission CO2 
Alternative land use Alternative land use CO2 
Primary Indirect Emissions   
Soil preparation Energy used CO2,CH4,N2O 
Seeding Energy used CO2,CH4,N2O 
Chemical application Energy used CO2,CH4,N2O 
Fertilizer application Energy used CO2,CH4,N2O 
Mechanical weed control Energy used CO2,CH4,N2O 
Harvest Energy used CO2,CH4,N2O 
Transport to OGS Energy used CO2,CH4,N2O 
Fuel preparation Energy used CO2,CH4,N2O 
Combustion Fuel combustion CO2,CH4,N2O 
Secondary Direct Emissions   
Transport of chemicals to field Energy used CO2,CH4,N2O 
Transport waste to landfill Energy used CO2,CH4,N2O 
Secondary Indirect Emissions   
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Fertilizer production Energy used CO2,CH4,N2O 
Herbicide production Energy used CO2,CH4,N2O 

Figure 3.  Elements of The Switchgrass Production and Utilization Cycle 
Considered in the Analysis of Greenhouse Gas Emissions 
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Determining Greenhouse Gas Emissions from Life Cycle Activities 
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The second step of the process is to determine the gross emissions from each 
major component of the fuel life cycle.  The terminology selected for the analysis is 
intended to provide an indication of the importance of the activity within the life cycle, as 
well as an indication of the spatial and temporal boundaries that will come into play.  
Figures 4 and 5 illustrate the greenhouse gas-emitting events that take place in the fuel 
life cycles.  For purposes of providing an incremental analysis, the emitting processes 
are categorized into levels within the fuel life cycle.  The analysis is centered upon the 
major activity of fuel combustion, and the analysis is then expanded radially from that 



point.  Processes that are most closely linked to preparing the fuel for combustion form 
the primary level of analysis.  The levels defined: 

 
• Primary, direct emissions are those that occur from the activities central 

to the coal or switchgrass life cycles.  For switchgrass, this level includes 
emissions from the farming activities needed to produce the crop such as 
plowing of the soil or nitrous oxide emission from fertilizer application, or 
the energy expended during power plant on-site fuel preparation and 
combustion.   

 
• Primary, indirect emissions are defined as those generated in support of 

primary direct activities.  These primary indirect sources of emissions 
include the fuels combusted during performance of the primary activity.   
Thus emissions from fuels combusted in the agricultural machinery, or in 
transporting the fuels are classifies as primary but indirect sources. 

 
 

Figure 4.  The Coal Life Cycle Emission Pathways 
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• Secondary emissions are defined as those occurring from processes that 
create a product for use within the primary level.  The greenhouse gas 
emissions that arise from the production of a product, such as fertilizer or 
herbicide are considered secondary emissions.  Emission of nitrous oxide 
from fertilizer production is considered a secondary direct emission.  
Emissions from the combustion of fuel sources to create the secondary 
product are secondary, indirect emissions. 

 

Figure 5.  Switchgrass Life Cycle Emission Pathways 
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QUANTIFYING GREENHOUSE GAS EMISSIONS 
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Coal Primary Direct Emissions 



Greenhouse gas emissions from key activities are estimated using the 
most current guidance from USEPA (EIIP, 1999), beginning with emissions 
occurring directly from primary life cycle activities.   
 
Coal Mining (Methane Losses) 

Exposure of a coal seam to the atmosphere allows the escape of 
methane gas trapped within the porous structure of the coal.  The emission of 
this potent greenhouse gas can become significant.  In the Emission Inventory 
Improvement Program document, “Introduction to Estimating Greenhouse Gas 
Emissions,” emission factors are provided to estimate the amount of methane 
lost from opening the coal seam to the atmosphere (EIIP, 1999).  The emission 
factors are specific to location of the coal mine, and the mining method.  Coal 
burned at OGS is a western sub-bituminous coal that is surface-mined.  Emission 
of methane is estimated to occur at the rate of 30.6 cubic feet per ton of coal 
mined (EIIP, 1999). 
 
Coal Transportation (Methane Losses) 

Methane is also lost from the coal as it is transported across the country.  
 During transport, the coal is estimated to emit 5.0 cubic feet per ton of coal, 
which is the equivalent of 4.44 pounds of CO2-eq emission per ton of coal 
transported (EIIP, 1999). 

 
Coal Combustion 

The combustion of coal, as with any fuel, releases several pollutants to 
the atmosphere.  Of principal concern for this modeling effort are the greenhouse 
gases, CO2, CH4 and N2O.  USEPA, the Energy Information Administration (EIA), 
and IPCC provide emission factors for these pollutants (Table 4).   The use of 
stack effluent test data will be utilized where possible, to further reduce 
uncertainties about the estimated emission rates. 

 
Table 4.  Summary of Theoretical GHG Emission Rates From OGS Coal 
Combustion 

Greenhouse Gas Emission Rate
(lbs/MMBtu) 

Source 

Carbon Dioxide 212.7000 EIA, 1999 
Methane 0.0023 EIIP, 1999 

Nitrous Oxide 0.0037 EIIP, 1999 
 
 

Coal Primary Indirect Emissions 
 

Coal Mining and Refining (Energy Use) 
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It takes energy to mine and prepare coal for use as a combustion 
feedstock.  Coal is mined from the earth, washed, crushed, screened and sorted 
prior to loading into transportation equipment.    For a first approximation of the 
magnitude of these emissions, the GREET Fuel Cycle Model is employed 
(Wang, 2000).  Created by Michael Wang of Argonne National Laboratory, the 
GREET model provides estimates of emissions of greenhouse gases related to 
the production and consumption of fuels, fertilizers and herbicides used in 



ethanol production.    
 

Fuel preparation (Energy Use) 
Coal must be handled and prepared at the facility for combustion in the 

boiler.  Typical operations include crushing, conveying and screening.  The coal 
is conveyed to large storage bins for later conveyance into the boiler.  Alliant 
Energy has computed the energy consumed in this process as 2.2 hp/ton.  The 
electricity consumption, which is drawn internally from OGS production, is related 
to greenhouse gas emissions by the fuel combusted in the generation process, 
and by inefficiencies in the process.  As a conventional steam turbine generation 
facility, conversion efficiencies from input energy to output energy are 33 percent. 
 For baseline purposes the input fuel is 100 percent coal. 

 
 

Coal Secondary Direct Emissions 
 

Coal Transportation (Energy Consumption) 
The transportation of coal from mine mouth to power plant involves 

several steps, including transport from the mine to the rail loading point, rail 
transport to the power plant, (or in some cases rail transport to coal piles outside 
of the plant boundary), and truck transportation of coal within the facility (or from 
a remote storage area to the facility).  The GREET model (Wang, 2000) is 
utilized to estimate energy consumption and resulting emissions from the 
transportation activities. 

 
Transport of Coal Combustion Residue to Landfill (Energy Use) 

Unburned materials are collected and must be transported to off-site 
storage facilities.  For coal combustion, the waste stream is composed primarily 
of bottom-ash and captured fly ash.  For our computation of ash generation rates, 
it has been assumed that all of the ash identified in the ultimate analyses (Black 
& Veatch, 1995) will be captured and removed as waste.  The movement of this 
material results in the expenditure of energy in the form of fuel oil for the truck 
hauling the waste.  Transportation fuel consumption data are presented from the 
GREET model (Wang, 2000) and are coupled with fuel oil carbon dioxide 
emission values from USEPA (EIIP, 1999). 

 
 

Switchgrass Primary Direct Emission Mechanisms 
 

Establishment Considerations 
Experience in the Chariton Valley Biomass Project has shown that 

establishment of the switchgrass crop generally requires a two-year period.  For 
fields that are successfully established, first year harvest reaches about 2 tons 
per acre, with second year harvest at near full production of 4 tons dry matter per 
acre.  For the 25 percent of fields that are not successfully established during the 
first year, no production is taken from the land, re-seeding follows with no harvest 
during the second year.  In the third year for these lands, production reaches the 
full 4 tons dry matter per acre.  In keeping with the framework proposed for this 
analysis, the time period reviewed is selected to represent a six-year emission 
trading contract period.  Final greenhouse gas emission reduction calculations 
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therefore account for a 2-year establishment period, followed by full-scale 
production in the remaining years. 

 
Switchgrass Combustion 

Greenhouse gas emissions from switchgrass combustion are not as well 
documented as emissions from coal combustion.  An ultimate analysis of the 
switchgrass is utilized to estimate emissions of carbon dioxide, sulfur dioxide and 
nitrogen oxides from combustion.  The ultimate analyses show an average 
carbon content of 44 percent by weight, with nitrogen content (dry basis) 
averaging about 0.6 percent by weight.   Carbon dioxide emissions are estimated 
by scaling the carbon content with that of coal, which has well-known emission 
factors. 

The impact of N2O emissions on the overall greenhouse gas balance 
between switchgrass and coal has not been calculated due to a lack of data.  
Analysis of the fuel nitrogen contents indicates that fuel nitrogen inputs are 
equivalent, with coal containing 0.93 lbs N per MMBtu and switchgrass 
containing 0.92 lbs N per MMBtu (Black and Veatch, 1995).  Unfortunately, 
preliminary stack testing of emissions from OGS during a co-fire test in late 2000 
did not measure N2O emissions.  The results of the tests are discussed in further 
detail later in this report. 

 
Plant growth (Carbon in harvestable matter) 

During the first two years of establishment, yields are highly variable.  
Crops that establish well can produce 2 tons dry matter per acre at the end of the 
first year, and full production of 4 tons dry matter per acre in the second year.  
Crops that establish poorly are not harvested during the first year, are replanted 
and again not harvested in the second year.  Current yields on established 
grounds have been 3.5 to 4 tons of harvestable dry mass per acre (Braster, 
2000).  These fields have not yet received the level of management expected for 
production fields, for which expected yields would be 4 to possibly 5 tons 
harvestable dry matter per acre.  Of the dry matter harvested, approximately 44 
percent is carbon, per ultimate analysis (Black & Veatch, 1995). 

  
Soil Carbon Accumulation 

The emission of CO2 from switchgrass combustion is offset by the annual 
uptake of carbon during plant growth.  The conversion of annual row-crop 
agricultural land to perennial switchgrass production also has the potential to 
increase the amount of carbon retained in the soil storage reservoir.  Soil carbon 
accumulation studies made by the Oak Ridge National Laboratory have been 
utilized to estimate sequestration rates.  These studies indicate that perennial 
grasses add 1.1 Mg per hectare per year to the top 30 cm of Midwestern soils 
(McLaughlin, 1998).  This value equates to 980 pounds of carbon per acre or 
1.79 tons of carbon dioxide sequestered into the soil per acre.  The studies 
indicate that perennial crops rapidly build carbon into the soil when introduced 
into carbon-depleted soils.   A study of Chariton Valley switchgrass fields has 
revealed that fields with 3 - 14 year switchgrass stands add soil organic carbon 
(SOC) at a rate of 1.5 tons/acre/year.  The study was unable to quantify SOC 
storage rates during the first three years of crop establishment, due to either 
detectability issues or baseline selection (Burras and McLaughlin, 2002).  For this 
analysis, the value of 0.49 tons/acre/year (McLaughlin, 1998) will be used for the 
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establishment case and 1.5 tons/acre/year (Burras and McLaughlin, 2002) will be 
employed for the mature crop scenario. 

 
Fertilizer and Lime Application 

Application of nitrogen fertilizer leads to the formation of nitrous oxide 
emissions form the soil.  No nitrogen is applied during establishment year, 
however, during production years, 100 pounds of nitrogen are applied per acre 
(Braster, 2000).  Greenhouse gas emissions from nitrogen fertilization come from 
two pathways.  Nitrous oxide is emitted directly from soils through nitrification and 
denitrification processes as shown in equations 1 through 3.  Nitrous oxide is 
also emitted indirectly from atmospheric deposition of volatilized nitrogen (NH3 
and NOx) (equation 4) leading to subsequent emissions of N2O from the soil 
(again through nitrification and denitrification).  Lastly, fertilizer nitrogen leaching 
and runoff enters groundwater and surface water systems, a portion of which is 
emitted as N2O (EIIP, 1999).   

 
(1) denitrification   NO3

-  N2(g) 
(2) partial denitrification  NO3

-  N2O  
(3) nitrification   NH4

+ + 2O2   NO3
+ + H2O + 2H+ 

(4) ammonia volatilization  NH4
+

(aq)  NH3(g) + H+ 

 
For commercial fertilizers, 10 percent of applied nitrogen is assumed to 

volatilize.  One percent of these volatilized forms of nitrogen react to form nitrous 
oxide.  Of the 90 percent of nitrogen that remains non-volatilized nitrification and 
denitrification processes release 0.0125 ton N2O per ton nitrogen (EIIP, 1999).   
An estimated 30 percent of non-volatilized nitrogen is assumed to leach or runoff, 
forming 0.025 tons N2O per ton N2 in leachate or runoff (EIIP, 1999).  The 
application of lime also results in a direct emission of CO2 as the lime dissolves 
into the field (see Appendix for calculations). 

 
 

Switchgrass Primary Indirect Emission Mechanisms 
 

Soil preparation (Energy Use) 
During initial soil preparation for the first year of planting, the soil is 

disturbed.   For conversion of corn or soybean acreage to switchgrass 
production, tillage requirements indicate disking once or twice, harrow once, and 
culti-pack.  Lime is also applied for control of pH.  A firm seed bed is needed for 
successful switchgrass seeding.  Each trip over the field utilizes an 80 to 120 
horsepower tractor.  Seeding can also be accomplished in existing pasture or 
through no-till operations with use of herbicides for control of existing vegetation. 
 Soil preparation for re-seeding, which is required in up to 25 percent of fields 
does not involve reopening of the soil.   

 

Table 5.  Summary of Average GHG Emissions from Energy Used For Soil 
Preparation for Establishment of the Switchgrass Field 
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Activity Passes 
per 
acre 

Gallons 
per 

Pass/ac 

CH4 
lb CO2-
eq/ac 

N2O 
lb CO2-
eq/ac 

CO2 
lb CO2-
eq/ac 

Total 
(lb CO2-
eq/ac) 



Lime 
Application 

1.00 0.75 61.7 144.4 16.8 222.9

Disking 1.00 0.75 61.7 144.4 16.8 222.9
Harrowing 1.00 0.55 45.3 105.9 12.3 163.5
Culti-Pack 1.00 0.44 36.2 84.7 9.8 130.8
Note: See Appendix for calculations. 

 
 
In order to ensure that emissions from farming activities are not under-

reported, in all cases where a range of engine sizes is given the higher rated 
engine is assumed.  In addition, it has been assumed that the majority of 
switchgrass to be burned at OGS will be planted on lands requiring initial tilling 
for seeding (a conservative assumption to avoid over-prediction of greenhouse 
gas reductions).   

 
Seeding (Energy Use) 

Recommended seeding rates of 10 pounds of live seed per acre are 
applied mixed with fertilizer using a 60-foot boom truck with flotation tires, or 
using drill or brillion seeder pulled by a 80 to 120 horsepower tractor.  Re-
seeding is required in up to 25 percent of fields using the same methods as in the 
establishment year (see Appendix for calculations). 

 
Chemical application (Energy Use) 

During site preparation an initial application of atrazine is recommended 
at 2 pounds per acre.  Application is accomplished using custom spray 
equipment “Row Gator” sprayer.  During plant growth, an additional 2 pounds per 
acre of atrazine may be applied by Row Gator sprayer.   For up to 25 percent of 
fields re-seeding is required with an additional 2 pounds of atrazine applied per 
acre (see Appendix for calculations). 

 
Fertilizer application (Energy Use) 

During the establishment year, no fertilizer is applied during seeding.  In 
subsequent years, if reseeding is not required, fertilizer application is 
accomplished using a 60 foot boom truck on flotation tires (see Appendix for 
calculations). 

 
Mechanical Weed Control (Energy Use) 

A sickle or rotary mower bush hog pulled by a 50 to 100 horsepower 
tractor is utilized in the establishment year, and then again in subsequent years 
for weed control (Braster, 2000) see Appendix for calculations). 

 
Harvest (Energy Use) 

The crop is mowed and conditioned, raked, and baled, each trip pulled by 
a 80 to 120 horsepower tractor.  The bales are then staged at the side of the field 
using a 100 horsepower tractor with front-end scoop or loader and stabber.  
Alternatively a tractor-pulled bale carrier wagon is employed for fields greater 
than 40 acres which would involve a ¼-mile haul to roadside.  Finally, a 100-hp 
tractor with front-end scoop or loader is used to load the bales on a semi trailer 
for transport to OGS.  Emissions are summarized in table 6. 
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Table 6.  Summary of Greenhouse Gas Emissions from Harvest Activities-Mature 
Case 

Activity Passes 
per 
acre 

Gallons 
per 

pass/ac 

Energy 
(MJ/ac) 

CH4 
lb CO2-
eq/ac 

N2O 
lb CO2-
eq/ac 

CO2 
lb CO2-
eq/ac 

Total 
(lb CO2-
eq/ac) 

Mowing 1 0.57 110,670 46.9 109.8 12.7 169.4
Baling 1 0.47   81,158 38.7 90.5 10.5 139.7
Stacking 1 0.85 64,926 70.0 163.7 19.0 252.7
Note: See Appendix for calculations. 
      
 

Transport to Power Plant (Energy Use) 
A typical load for a semi-trailer is expected to be 18 tons.  Average 

distance traveled is calculated to be 50 miles (Braster, 2000).  A transport fuel 
use rate figure was taken from the GREET model from Argonne National 
Laboratory.  This value, 1,056 Btu per ton per mile, was then applied to the 
average load weight and distance to calculate diesel fuel consumption (see 
Appendix for calculations). 

 
Fuel preparation (Energy Use) 

According to the preliminary design by R.W. Beck, upon reaching the 
power plant site, a 100 horsepower tractor with front-end scoop or loader pulls 
the bales from the trailer.  Three to four lift trucks will then be required to feed the 
bales to the combustion system within the OGS facility.  The fuel handling train at 
OGS, as proposed by designers R.W. Beck (Table 7), includes the following 
equipment for each of two 12.5 ton per hour (TPH) handling trains.   

 
 

Table 7. Switchgrass Processing Equipment Energy Requirements 

Equipment Horsepower Required 
De-Baler 50 
Fluidizing Air Fan 40 
De-Stoner 25 
Vibrating Pan Feeder 25 
Materials Handling Blower (return from baghouse) 5 
Baghouse Blower 10 
Hammermill Shredder 300 
Main Materials Handling Blower 100 
Rotary Lobe Compressor 125 
Rotary Solids Feeder 10 
Materials Handling Blower (return from baghouse) 30 
Total horsepower requirement for two trains (25 TPH) 1440 
Source: R.W. Beck, 1999. 

 
It is assumed that the electric power used to drive these motors will come 

directly from the OGS plant, and the conversion efficiency of the plant is 
assumed to be 33 percent.  Thus it is assumed that a delivered kilowatt-hour, 
equaling 3,413 Btu, was created by input of nearly 10,340 Btu of coal.  As in the 
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case of internal power plant electricity used to process coal, the electricity 
consumption is related to greenhouse gas emissions by the fuel combusted in 
the generation process, and by inefficiencies in the process.  As a conventional 
steam turbine generation facility, conversion efficiencies from input energy to 
output energy are 33 percent.  For baseline purposes the input fuel is 100 
percent coal.  Emission calculations can be found in Appendix. 

 
 

 Switchgrass Secondary Emission Mechanisms 
 

Transport of chemicals to field (Energy Use) 
The Argonne National Laboratory has provided quantification of 

emissions of greenhouse gases related to the transport of fertilizers for 
agricultural use (Wang, 2000).  The figures are incorporated into the GREET 
Model which is a life cycle model designed to return life cycle emission values for 
comparison of various transportation fuels (Wang, 2000).  The transportation of 
fertilizer from production site to farm involves an interim stop at a bulk 
holding/mixing facility.  No appreciable quantities of nitrous oxide (N2O) are 
emitted during the transportation process.  The transport of herbicide is 
analogous to fertilizer transport with values duplicated per pound of herbicide.  
Emission calculations can be found in Appendix. 

 
Transport of Switchgrass Combustion Residue to Landfill 

Unburned materials are collected and must be transported to off-site 
storage facilities.  For switchgrass combustion, the waste stream is composed 
primarily of bottom-ash and captured fly-ash.  For our computation of ash 
generation rates, it has been assumed that all of the ash identified in the ultimate 
analyses will be captured and removed as waste.  The movement of this material 
results in the expenditure of energy in the form of fuel oil for the truck hauling the 
waste.  Fuel consumption data from the GREET model (Wang, 2000) coupled 
with fuel oil carbon dioxide emission rates from EIIP (see Appendix for 
calculations). 

 
 

Switchgrass Secondary Indirect Emission Mechanisms 
 

Fertilizer and Herbicide production (Energy Use) 
The fertilizer production process involves the input of significant amounts 

of energy.  The use of this energy leads to the release of greenhouse gas 
emissions which are characterized from the GREET model (Wang, 2000).  The 
GREET model also provides estimates of emissions from production of four 
major types of herbicide, Atrazine, Metolachlor, Acetochlor, and Cyanazine.  
Switchgrass production utilizes atrazine in a pre- and post-emergence application 
for weed control. 

 
 

Alternative Land Uses 
 

Similar to investigation of the no-action alternative during environmental 
impact assessments performed under the National Environmental Policy Act, the 
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model must consider the greenhouse gas balances in the absence of the 
bioenergy production.  The bioenergy crop in the Chariton Valley will largely be 
planted in place of two alternatives: Conservation Reserve Program set-aside 
(fallow), or traditional row-crop agriculture which is predominantly corn acreage.  
The type of crop and cropping practices used can have significant effect on soil 
carbon sequestration rates as well as emission balances of N2O and CH4 
(Robertson, et al, 2000). 

 
Conservation Reserve Lands 

Lands that are set aside under the CRP program are generally 
undisturbed, and natural biomass cover is allowed to grow.  Some mowing may 
take place during the ten-year contract period.  An analysis of the mature 
switchgrass case can lead to an estimate of the impact of this alternative land 
use.  It is assumed that the land is not actively managed, therefore there would 
be no soil preparation and no energy expended in mowing or harvesting the 
materials from CRP, no fertilizers or herbicides applied, no energy expended for 
fuel preparation and combustion, and no transport of combustion waste to the 
landfill.  This means that CRP lands have virtually no emission of greenhouse 
gases to the atmosphere.  The remaining impact of this alternative land use lies 
in its ability to store carbon into the soil.  Reliable data are not available regarding 
the soil carbon storage potential of unmanaged prairie grasses.  However, 
Garten and Wullschleger (1996) do indicate that soil carbon below fallow plots is 
roughly equivalent to that found under switchgrass plots.  Soil carbon inventories 
below fallow plots range between 87 percent and 107 percent of switchgrass 
plots studied.  Robertson also found that unmanaged, early successional set-
aside plots were effective at storing carbon in the soil (Robertson, 2000). Thus if 
CRP lands are replaced by switchgrass bioenergy production, the emission 
benefit of a coal to switchgrass fuel switch would be reduced by approximately 
3,584 lbs CO2-eq per acre, effectively canceling the soil carbon sequestration 
benefit from the switchgrass production.   

 
Row Crop Agriculture 

Annual row-crop agriculture, using today’s standard farming practices, 
neither stores nor decreases the soil’s organic content (Paustian, 1997 and 
Robertson, 2000).  Row-crop agricultural practices are also more energy 
intensive than those of switchgrass production, with more frequent trips through 
the field, and more application of nitrogen fertilizers.  Thus a conservative 
estimate would be that row-crop inputs are equal to switchgrass.  Addition of 
nitrous oxide emissions created through the standard application rate of 125 
pounds of nitrogen per acre (Hallberg, 1996), adds N2O emissions of 200 pounds 
CO2-eq per acre.  Thus if switchgrass were planted in lieu of row-crop 
agriculture, a minimum additional emission benefit of 200 pounds CO2-eq per 
acre would be realized due to avoided N2O emission.   
 
 
Computing Emission Balances 

 
The wide variety of sources for energy consumption data, and emission 

estimation procedures for the range of activities within the fuel life cycles, lead to 
emission estimates in dissimilar terms.  To facilitate comparison of greenhouse 
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gas emissions between the coal and switchgrass life cycle activities, all emission 
rates are converted to a per energy input value basis (per MMBtu).  This is also 
accomplished to reduce concerns of differing combustion efficiencies per unit 
mass.  Since combustion of both fuels is occurring in the same boilers and 
burner configurations, it is believed that electric generation efficiency will not be 
affected, particularly given the relatively small amount of switchgrass burned in 
the co-firing process.  Table 8 summarizes the greenhouse gas emissions from 
each activity.  The appendix contains details of the computation process.   
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Table 8.  Comparison of ILCA Greenhouse Gas Emissions from the Switchgrass 
and Coal Life Cycles to Determine Net Emission Reductions (lb CO2-eq/MMBtu) 

Activity Bioenergy 
Emission 

 

Bioenergy 
Sequestration 

 

Fossil Fuel 
Emission 
Avoided 

Coal Combustion CO2 - - 212.70
Coal Combustion CH4 - - 0.05
Coal Combustion N2O - - 1.10
Switchgrass Combustion CO2 -137.63 - -
Switchgrass Combustion CH4 -0.73 - -
Switchgrass Combustion N2O -0.29  -
Plant Carbon Sequestration - 144.87 -
Soil Carbon Sequestration - 190.02 -
Fertilizer Application N2O -6.82 - -
Lime Application CO2 -4.17 - -
Coal Mining CH4 - - 1.78
Post-Mining CH4 - - 0.29
Soil Preparation -4.28 - -
Seeding -0.84 - -
Herbicide Application -2.44 - -
Fertilizer Application -1.54 - -
Lime Application -1.29 - -
Mechanical Weed Control -3.95 - -
Harvest -12.19 - -
Bioenergy Transport to Power Plant -0.00 - -
Bioenergy On-Site Prep -8.85 - -
Coal Mining/Refining - - 1.95
Coal Transport - - 1.18
Coal On-Site Prep - - 0.26
Bioenergy Waste Transport -0.02 - -
Fertilizer Production -9.67 - -
Fertilizer Transport -0.28 - -
Herbicide Production -1.30 - -
Herbicide Transport -0.00 - -
Coal Waste Transport - - 0.01
Subtotal -193.97 334.89 219.33
Net Emission Reduction from Using Switchgrass in Place of Coal 
(-193.97 + 334.89 + 219.33) lbs CO2-eq/MMBtu 

360.25

Switchgrass values are computing using a 6-year cycle to account for 
higher greenhouse gas impacts during establishment of the crop, generally, 
years 1 and 2.  The six year period is also selected to represent the lifetime of an 
emission trading contract.  The longer the contract, the more positive effect the 
switchgrass operations have on overall greenhouse gas balances because the 
relative importance of the establishment period decreases over time.  It is also 
important to note that although yields of 4 tons dry matter per acre have been 
assumed for this analysis in mature stands, practical yields are already seen to 
be exceeding this value on a limited basis.  As the growers gain experience with 
the switchgrass crop it is quite feasible that the average yield will be higher, thus 
providing more greenhouse gas reductions. 
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Economic Impacts of Emission Trading 
 
Through emission trading the protection of the environment can be brought 

explicitly into the economic cost-benefit equations that drive personal and business 
decisions.  This will decrease the power of economic arguments against environmental 
protection and will provide an economic boost for clean technologies.   

 
Greenhouse Gas Emission Reduction Trading 
 

At full operation of a 5 percent co-fire the Chariton Valley Biomass Project 
would result in combustion of 200,000 tons of switchgrass, requiring the farming 
of nearly 50,000 acres.  Net greenhouse gas reductions for switchgrass 
displacing coal would total 509,000 tons CO2-eq annually.  Assigning direct 
economic value to these emission reductions is presently difficult given the lack 
of a formally operating marketplace at this time.  This report will utilize the 2010 
forecast price that was derived for compliance with the Kyoto Protocol, $4.96 per 
ton CO2–eq (Yellen, 1998).  Some estimates of greenhouse gas emission 
reduction values ranged as high as $95 per ton CO2-eq.   If the lower price 
forecast is achieved, greenhouse gas emission reductions from the Chariton 
Valley Biomass Project could provide a value of nearly $2.5 million annually, 
adding to the economic value of the switchgrass crop by $3.13 per ton, or $12.50 
per acre. 

 

Table 9.  Comparison of GHG Benefits From Establishment, Mature Crop, and 6-
Year Emission Trading Contract Scenarios 

Case Net Benefit 
(lbs CO2-eq/mmbtu) 

Net GHG Reduction 
(tons CO2-eq/year) 

Establishment 284.285 363,885 
Mature Crop 398.228 509,732 
6-Year Contract 360.247 461,116 

 
Sulfur Dioxide Emission Reduction Trading 

 
The market value of SO2 credits has been defined by nearly a decade of 

emission trading under the Acid Rain Program.  Recently SO2 allowances have 
been trading at $120 per ton.  At 0.3 percent sulfur, the coal burned at OGS is a 
low sulfur coal.  With 1.25 million tons of coal combusted in 1996, a mass 
balance estimate of uncontrolled sulfur dioxide emissions is equal to 7,500 tons 
(assuming full oxidation of fuel-bound sulfur to SO2).  With controlled emissions 
reported as 2,708 tons SO2 for 1996 (Ney and Schnoor, 1998) controls at the 
facility are estimated to remove approximately 64 percent of available sulfur.  
Thus, replacement of five percent coal (heat content basis) with 200,000 tons of 
switchgrass at 0.04 percent sulfur (Black and Veatch, 1995) yields a mass 
balance reduction of 1,040 tons of SO2 before control, or 374 tons of controlled 
SO2 emission.  At the market value of $120 per ton, this reduction possesses an 
emission trading value of $44,880. 
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Nitrogen Oxides Emission Trading 
 
Analysis continues on stack test results from a November/December 

2000 test burn conducted with 2.5 percent switchgrass and 97.5 percent coal.  
The tests appear to confirm that emissions of nitrogen oxides will remain flat or 
decrease slightly, while confirming reductions in CO2, SO2 and particulate 
emissions.  The fuel-bound nitrogen content of coal (0.93 lbs N/MMBtu) is 
equivalent to fuel nitrogen content of the switchgrass (0.92 lbs/MMBtu).   

There is presently no program for NOx emission trading in the state of 
Iowa, where the OGS facility is located.  State and regional trading plans have 
been undertaken east of the Mississippi River in attempt to reduce ozone 
concentrations over the eastern U.S.  Due to the high cost of installing and 
operating control equipment for NOx emission reduction, NOx emission 
allowances are valued from $1,000 to $5,000 per ton, depending on the location 
of the source within the U.S.  Thus changes in NOx emissions from the co-firing 
of switchgrass could have a measurable effect on environmental economics 
should the state of Iowa become involved in a NOx emission trading program. 
 

Summary 
 
It appears that substitution of switchgrass in place of coal for electric generation 

will have positive effects on the environment.  Analysis of the fuel cycles of switchgrass 
and coal using an Incremental Life Cycle Analysis method estimates that every million 
Btu of switchgrass burned in place of coal will reduce greenhouse gas emissions by 239 
pounds.  At a 5 percent co-firing rate in the OGS powerplant this would result in annual 
greenhouse gas emission reductions totaling more than 509,000 tons with mature 
switchgrass fields.  With the advent of emission trading as a tool to achieve compliance 
with future requirements to reduce overall greenhouse gas emissions, the project would 
generate greenhouse gas emission reduction credits worth $2.5 million annually if a 
conservative forecast credit price of $4.96 per ton materializes.  In addition to positive 
impacts on overall greenhouse gas emission balances, the project would also appear to 
lead to a reduction of sulfur dioxide and particulate emissions, while emissions of 
nitrogen oxides may remain flat.   

 22



BIBLIOGRAPHY 
 

APHA/AWWA/WPCF, “Standard Methods For The Examination of Water and 
Wastewater”, 17th Edition, (Method 2540 E. Fixed and Volatile Solids Ignited at 
550±50°C), Washington, D.C., 1989. 
 
Apps, M.J., W.A. Kurz, S.J. Beukema, and J.S. Bhatti, “Carbon budget of the Canadian 
forest product sector,” Environmental Science and Policy, 2(1999) 25-41. 
 
Baron, R., “An Assessment of Liability Rules for International GHG Emissions Trading,” 
IEA Information Paper, October, 1999. 
 
Baron, R., “Market Power and Market Access in International GHG Emission Trading,” 
IEA Information Paper, October, 1999. 
 
Barry, A., “Errors in Practical Measurement in Science, Engineering, and Technology,” 
John Wiley & Sons, Inc., New York, NY, USA, 1978. 
  
Bashford, L.L. and D. P. Shelton, “NebGuide: Fuel Use for Field Operations,” excerpted 
at http://www.ianr.unl.edu/pubs/FarmPower/g578.htm, 1999. 
 
Bernstein, M., P. Bromley, J. Hagen, S. Hassell, R. Lempert, J. Munoz, and D. Robalino, 
“Developing Countries & Global Climate Change, Electric Power Options for Growth,” 
RAND, for the Pew Center for Global Climate Change, June 1999. 
     
Blackmer, A.M., J.M. Bremner and E.L. Schmidt. “Production of Nitrous Oxide by 
Ammonia-Oxidizing Chemoautotrophic Microorganisms in Soil,” Applied and 
Environmental Microbiology. December 1980. 
 
Blackmer, A.M., S.G. Robbins and J.M. Bremner. “Diurnal Variability in Rate of Emission 
of Nitrous Oxide from Soils,” Soil Science of America Journal. Volume 46, no. 5. Sept-
Oct 1982. 
 
Black and Veatch, “Final Report: Biomass Energy Conversion Technology Study,” May 
1995. 
 
Boseck, Jason.  Personal communication, Cantor-Fitzgerald Environmental Brokerage 
Service, New York, 1999. 
 
Braster, M., Email communications, “Summary of switchgrass statistics for the Chariton 
Valley Biomass Project.”  Mar-June 2000. 
 
Bremner, J.M. and A.M. Blackmer. “Composition of Soil Atmospheres. From "Methods of 
Soil Analysis, Part 2. Chemical and Microbiological Properties” - Agronomy Monograph 
no. 9 (2nd Edition). 
 

 23

Bremner, J.M., Breitenbeck and A. M. Blackmer. “Effect of Anhydrous Fertilization on 
Emission of Nitrous Oxide from Soils,” Journal of Environmental Quality, Volume 10, no. 
1. 1981. 



 
Bremner, John M. and Alfred M. Blackmer. “Natural and Fertilizer-Induced Emissions of 
Nitrous Oxide from Soils,” Presentation at the 73rd Annual Meeting of the Air Pollution 
Control Association. Montreal, Quebec. June 1980. 
 
Bretienbeck, G.A., A.M. Blackmer and J.M. Bremner. “Effects of Different Nitrogen 
Fertilizers on Emission of Nitrous Oxide from Soil,” Geophysical Research Letters. 
January 1980. 
 
Brown, R.C. “The Potential for Biomass Production and Conversion in Iowa, Final Report 
to the Iowa Energy Center,” August 1994. 
 
Burras, L. and J. McLaughlin, “Soil Organic Carbon in fields of switchgrass and row 
crops as well as woodlots and pastures across the Chariton Valley, Iowa,” Final Report 
to the Chariton Valley Biomass Project, January 25, 2002. 
 
Cantor-Fitzgerald Environmental Brokerage Service website, www.cantor.com, October 
1999. 
 
Colton, C.J. et al. “Keys to a Successful Carbon Dioxide Market,” The Air Pollution 
Consultant, July-August 1995, pp. 1.15-1.16. 
 
DeLucia, E.H., J.G. Hamilton, S.L. Naidu, R.B. Thomas, J.A. Andrews, A. Finzi, M. 
Lavine, R. Matamala, J.E. Mohan, G.R. Hendrey, and W.H. Schlesinger, “Net Primary 
Production of a Forest Ecosystem with Experimental CO2 Enrichment,” Science, Vol. 
284, pp. 1177 – 1179, May 1999. 
 
Ellington, R.T., M. Meo, and D.A. El-Sayad, “The Net Greenhouse Warming Forcing of 
Methanol Produced from Biomass,” Biomass and Bioenergy, 4(6), pp. 405-418, 1993. 
 
Elliott, D.C., C.G. Holiday, W.R. Barchet, H.P. Foote, and W.F. Sandusky, Wind Energy 
Resource Atlas of the United States,” Pacific Northwest Laboratory, U.S. Department of 
Energy, DOE/CH10093-4, October 1986. 
 
Emission Inventory Improvement Program (EIIP), “Introduction to Estimating 
Greenhouse Gas Emissions, Volume VIII,” October 1999. 
 
Energy Information Administration, “Annual Energy Outlook 1999 with Projections to 
2020,” DOE/EIA-0383(99), December 1998. 
 
Energy Information Administration, “Electricity Generation and Environmental 
Externalities: Case Studies,” DOE/EIA-0598, September 1995. 
 
EPA (United States Environmental Protection Agency) Technology Transfer Network, 
http://www.epa.gov/ttn, accessed January 21, 2001. 
 
Garten, C.T. Jr., and S.D. Wullschleger, “Soil Carbon Inventories Under A Bioenergy 
Crop (Switchgrass): Measurement Limitations,” Journal of Environmental Quality, Vol. 
28, No.4, 1999. 
 
 24

http://www.epa.gov/ttn


Goulden, M.L. et al, “CO2 exchange by a deciduous forest: response to interannual 
climate variability," SCIENCE, 271:1576-1578, 1996. 
 
Goulden, M.L. et al, “Measurements of carbon sequestration by long-term eddy 
covariance: Methods and a critical evaluation of accuracy,” Global Change Biology, 
2:169-182, 1996. 
 
Graedel, T.E. “Streamlined Life-Cycle Assessment,” Prentice Hall, New Jersey, 07458. 
 
Hansen, E.A., “Soil Carbon Sequestration Beneath Hybrid Poplar Plantations in the 
North Central Unites States,” Biomass and Bioenergy, 5(6), pp. 431-436, 1993. 
 
Herzog, H., E. Drake, and E. Adams, “CO2 Capture, Reuse, and Storage Technologie for 
Mitigating Global Climate Change,” Energy Laboratory, Massachusetts Institute of 
Technology, for DOE Order No. DE-AF22-96PC01257, January 1997. 
 
Hileman, B. Chem. Eng. News 1999, 77(39), 25–26. 
 
Hillel, D., “Environmental Soil Physics,” Academic Press, San Diego, CA, 1988. 
 
http://www.TheGLG.com (accessed September 23, 1999). 
 
http://www.pewclimate.org/belc/statement.html (accessed March 20, 2001). 
Hubbs, M., “Testing of CQESTR,” NRCS Soil Quality Institute for the U.S. Department of 
Agriculture, January 2001.  
 
Intergovernmental Panel on Climate Change (IPCC), “IPCC Guidelines for National 
Greenhouse Gas Reporting Instructions,” IPCC WGI Technical Inventories, Volume 1: 
Support Unit, Bracknell, UK, 1995. 
 
Intergovernmental Panel on Climate Change. Climate Change 1995—The Science of 
Climate Change; Cambridge University Press: Cambridge, UK, 1996. 
     
Intergovernmental Panel on Climate Change.  “Summary for Policymakers. A Report of 
Working Group I of the Intergovernmental Panel on Climate Change,” January, 2001. 
 
IEA, “International Energy Agency Statement on The Energy Dimension of Climate 
Change,” International Energy Agency, 1999. 
 
International Renewable Energy Working Party, “The Evolving Renewable Energy 
Market, International Energy Agency, 1999. 
 
IPCC/UNEP/OECD/IEA, “Revised 1996 Guidelines for National Greenhouse Gas 
Inventories” 1997. 
 
IPCC, “Technical Summary of the Working Group I Report,”  Third Assessment, 2001. 
http://www.ipcc.ch/pub/wg1TARtechsum.pdf accessed March 2002. 
 
Kerr, R. A., “Acid Rain Control: Success on the Cheap.” Science, 282 #5391, 1024–
1027, 1998. 
 25

http://www.ipcc.ch/pub/wg1TARtechsum.pdf


Kyoto Protocol, Conference of the Parties to the United Nations Framework Convention 
on Climate Change, December 1997. 
 
Lal, R., at al. The Potential of U.S. Cropland to Sequester Carbon and Mitigate the 
Greenhouse Effect; CRC Press: Boca Raton, 1999; 128 pp. 
 
Lemons, J., “Scientific Uncertainty and Environmental Problem Solving,” Blackwell 
Science, 1996. 
 
Li, C., S. Frolking and R. Harriss. “Modeling carbon biogeochemistry in agricultural 
soils,” Global Biogeochemical Cycles, Vol. 8, No. 3, pp 237-254, September 1994. 
 
Ligon, P., J. Stutz and C. Gilbert, Tellus Institute, “The Role of Waste Diversion in Iowa’s 
Climate Change Action Plan,” for Iowa Department of Natural Resources, April 1999. 
 
Lugo, A.E. and S. Brown, “Tropical forests as sinks of atmospheric carbon,” Forest 
Ecology and Management, 54  239-255, 1992. 
 
Ma, Z., C.W. Wood, and D.I. Bransby, “Carbon dynamics subsequent to establishment 
of switchgrass,” Biomass and Bioenergy, 18(2000) 93-104. 
 
MacLean, H.L. and L.B. Lave, “A Life-Cycle Model of an Automobile,” Environmental 
Science & Technology, July 1, 1998. 
 
Malanson, G.P., Personal Communication, “Iowa Land Cover - Past and Future: GIS 
Infrastructure Development (proposal),” Department of Geography, University of Iowa, 
1998. 
 
Mancuso, M., and J.L. Schnoor, “DRAFT - Global Climate Change Impacts on Iowa 
Agriculture, Literature Review,” Center for Global and Regional Environmental 
Research, University of Iowa, for Iowa Department of Natural Resources, February, 
1999. 
 
Mann, M.K., and P.L. Spath, “Life Cycle Assessment of a Biomass Gasification 
Combined-Cycle System,” NREL, December 1997. 
 
Marland, G. and B. Schlamadinger, “Biomass fuels and forest-Management Strategies: 
How Do We Calculate The Greenhouse-Gas Emissions Benefits?” Energy, Vol. 20, No. 
11, pp. 1131-1140, 1995. 
 
Matthias, A.D., A.M. Blackmer and J.M. Bremner. Diurnal Variability in the Concentration 
of Nitrous Oxide in Surface Air. Geophysical Research Letters. 1979 
 
Matthias, A.D., A.M. Blackmer and J.M. Bremner. A Simple Chamber Technique for 
Field Measurement of Emissions of Nitrous Oxide from Soils. Journal of Environmental 
Quality., Vol. 9 - no. 2. April-June 1980. 
   
McLaughlin, S.B., and M.E. Walsh. “Evaluating Environmental Consequences of 
Producing Herbaceous Crops for Bioenergy,” Biomass and Bioenergy, Vol 14., No 4, pp. 
317-324, 1998. 
 26



 
Ney, R.A., and J.L Schnoor, “Iowa Greenhouse Gas Action Plan,” Center for Global and 
Regional Environmental Research, University of Iowa, for Iowa Department of Natural 
Resources, December 1996. 
 
Ney, R.A., and J.L. Schnoor, “A Study Of The Environmental Impacts Of A Competitive 
Generation Market Scenario,” Center for Global and Regional Environmental Research, 
University of Iowa, for Iowa Utilities Board, November 1998. 
 
Ney, R.A. and J.L. Schnoor, “A Comparison of Life Cycle Greenhouse Gas Emissions 
from Switchgrass and Coal for Electric Generation-DRAFT,” Center for Global and 
Regional Environmental Research, Report to the Chariton Valley RC&D, October, 1999. 
 
Ney, R.A. and J.L. Schnoor, “What Course for Carbon Trading?,” Environmental Science 
and Technology, April 1, 2000, pp. 176-182. 
 
Ney, R.A. and J.L. Schnoor, “Incremental Life Cycle Analysis: Quantifying Greenhouse 
Gas Balances from Bioenergy Systems for Emission Trading,” accepted for publication 
in Biomass & Bioenergy, January 3, 2001. 
 
Ney, R.A., J.L. Schnoor, N.S.J. Foster and D. Forkenbrock “Greenhouse Gas Action 
Plan for the Transportation Sector in Iowa”, Public Policy Center and Center for Global 
and Regional Environmental Research, University of Iowa, December 1996. 
 
Ney, R.A., M. Mancuso and J.L. Schnoor, “A Methodology to Estimate Carbon Storage 
and Flux in Forestland Using Existing Forest and Soils Databases,” accepted for 
publication in Environmental Monitoring and Assessment, July, 2001. 
 
Ney, R.A., J.L. Schnoor, M.A. Mancuso, A. Espina, O. Budhathoki, and T.A. Meyers, 
“Final Report: Greenhouse Gas Phase III – Carbon Storage Quantification and 
Methodology Demonstration,” report to the Iowa Department of Natural Resources, June 
2001. 
 
Nienow, S., K.T. McNamara, and A.R. Gillespie, “Assessing plantation biomass for co-
firing with coal in northern Indiana: A linear programming approach,” Biomass and 
Bioenergy, 18(2000) 125-135. 
 
Owensby, C., J. Ham, A. Knapp and L. Auen, “Landscape-Level Trace Gas Fluxes on 
Grazed and Ungrazed Tallgrass Prairie,” Project Summary, Kansas State University, 
http://spuds.agron.ksu.edu/flux.htm, 1998. 
 
Paul et al. "Soil Organic Matter in Temperate Agroecosystems - Long Term Experiments 
in North America." CRC Press. 1997 
 
Paustian, K., E. Elliott, G. Bluhm and T. Kautza, “C Sequestration with Agricultural 
Conservation Practices,” Colorado State University, USDA NRCS, Summary, 1997. 
 
Perkins, J. A New Crop for Iowa: Carbon. Des Moines Register, Nov 4, 1999, p 1A. 
 
Rasmussen, P.E., K.W.T. Goulding, J.R. Brown, P.R. Grace, H.H.Janzen and M. 
 27



Korschens. “Long-Term Agroecosystem Experiments: Assessing Agricultural 
Sustainability and Global Change.” Science, Vol. 282, October 1998. 
 
Robertson, G.P., E.A. Paul and R.R. Harwood, “Greenhouse Gases in Intensive 
Agriculture: Contributions of Individual Gases to the Radiative Forcing of the 
Atmosphere,” Science, Vol. 289, September 2000. 
 
R.W. Beck, “Final Design Report for the Switchgrass Co-Firing Facility at the Ottumwa 
Generation Station,” June 1999. 
 
Schlamadinger, B., M. Apps, F. Bohlin, L. Gustavsson, G. Jungmeier, G. Marland, K. 
Pingoud and I. Savolainen. “Towards a Standard Methodology for Greenhouse Gas 
Balances of Bioenergy Systems in Comparison with Fossil Energy Systems,” Biomass 
and Bioenergy Special Issue “Greenhouse Gas Balances of Bioenergy from Forestry 
and Wood Industry,” September 1997. 
 
Schlamadinger, B., and G. Marland, “Full Fuel Cycle Carbon Balances of Bioenergy and 
Forestry Options,” Energy Conversion and Management, 37(6-8): pp. 813-818, 1996. 
 
Stavins, R.N., “Economics of the Environment: Selected Readings,” W.W. Norton & 
Company, New York, NY, 2000. 
 
 “Switchgrass Seeding Recommendations for the Production of Biomass Fuel in 
Southern Iowa,” Iowa State University Extension, November 1998. 
 
Teel, A., S. Barnhart and G. Miller.  “Management Guide for the Production of 
Switchgrass for Biomass Fuel in Southern Iowa,” Iowa State University Extension, 
February 1997. 
 
Tietenberg, T., “Environmental Economics and Policy,” Addison-Welsey Educational 
Publishers, Inc., Reading, MA, USA, 1998. 
 
Turhollow, A. F., and R. D. Perlack, “Emissions of CO2 From Energy Crop Production,” 
Biomass and Bioenergy, 1(3): pp. 129-135, 1991. 
 
United States Environmental Protection Agency, Acid Rain Program Regulations, 40 
Code of Federal Regulations, Part 73, 2000. 
 
U.S. Environmental Protection Agency, Interagency Analytical Team, “Economic Effects 
of Global Climate Change Policies DRAFT,”June 1997. 
 
U.S. Environmental Protection Agency, Office of Air and Radiation, “Current and Future 
Methane Emissions from Natural Sources, Report to Congress,” EPA 430-R-93-011, 
August 1993. 
 
U.S. Environmental Protection Agency, Office of Policy, Planning and Evaluation, State 
and Local Outreach Program, “State Workbook:  Methodologies For Estimating 
Greenhouse Gas Emissions, Third Edition, DRAFT,” March 1998. 
 
U.S. Environmental Protection Agency, Office of Policy, Planning and Evaluation, 
 28



“Inventory of Greenhouse Gas Emissions and Sinks: 1990 -1996,” EPA 236-R-98-006, 
March 1998. 
 
U.S. Environmental Protection Agency, Office of Policy, Planning and Evaluation, State 
and Local Climate Change Program, “States Guidance Document:  Policy Planning to 
Reduce Greenhouse Gas Emissions, Second Edition,” May 1998. 
 
United States Environmental Protection Agency (USEPA), Technology Transfer 
Network, Emission Measurement Center, http://www.epa.gov/ttn/emc/  accessed, July 
2000. 
 
Vitousek, P.M., “Beyond Global Warming: Ecology and Global Change,” Ecology, 75(7), 
pp. 1861-1876, 1994. 
 
Wang, M. and D. Santini. “GREET Transportation Fuel Cycle Analysis Model, Version 
1.5,” Center for Transportation Research, Argonne National Laboratory, 2000. 
 
Wang, M., C. Saricks, and D. Santini.  “Effects of Fuel Ethanol Use on Fuel-Cycle 
Energy and Greenhouse Gas Emissions,” Argonne National Laboratory, January 1999. 
 
Wang, M., C. Saricks and M. Wu. “Fuel-Cycle Fossil Energy Use and Greenhouse Gas 
Emissions of Fuel Ethanol Produced from U.S. Midwest Corn,” Center for Transportation 
Research, Argonne National Laboratory. December 1997. 
Wang, M. Q. "GREET 1.0 -- Transportation Fuel Cycles Model: Methodology and Use." 
Argonne National Laboratory for U.S. Department of Energy, Office of Transportation 
Technologies. June 1996 
 
Watts, R. G., “Engineering Response to Global Climate Change, Planning a Research 
and Development Agenda,” CRC Press LLC, Boca Raton, Florida, 1997. 
 
Yellen, J., Testimony before Congress, Council of Economic Advisors, 1998. 

 
 
 
 
 
 

 29

http://www.epa.gov/ttn/


 

A  

 
APPENDIX.  GREENHOUSE GAS EMISSION CALCULATIONS FOR THE 
CHARITON VALLEY BIOMASS PROJECT USING THE                
INCREMENTAL LIFE CYCLE ANALYSIS METHODOLOGY 

 
 


	EXECUTIVE SUMMARY
	INTRODUCTION
	A Review of Potential Analysis Methodologies
	Point-Source Approach
	The Zero-Net Approach
	Life Cycle Analyses

	Analysis of the Chariton Valley Biomass Project
	Defining the Life Cycles
	
	
	
	
	Primary Direct Emissions
	Primary Direct Emissions
	Lime application
	Direct emission
	CO2
	Alternative land use
	Alternative land use
	CO2






	Determining Greenhouse Gas Emissions from Life Cycle Activities
	QUANTIFYING GREENHOUSE GAS EMISSIONS
	Coal Primary Direct Emissions
	Coal Mining (Methane Losses)
	Coal Transportation (Methane Losses)
	Coal Combustion

	Coal Primary Indirect Emissions
	Coal Mining and Refining (Energy Use)
	Fuel preparation (Energy Use)

	Coal Secondary Direct Emissions
	Coal Transportation (Energy Consumption)
	Transport of Coal Combustion Residue to Landfill (Energy Use)

	Switchgrass Primary Direct Emission Mechanisms
	Establishment Considerations
	Switchgrass Combustion
	Plant growth (Carbon in harvestable matter)
	Soil Carbon Accumulation
	Fertilizer and Lime Application

	Switchgrass Primary Indirect Emission Mechanisms
	Soil preparation (Energy Use)
	Seeding (Energy Use)
	Chemical application (Energy Use)
	Fertilizer application (Energy Use)
	Mechanical Weed Control (Energy Use)
	Harvest (Energy Use)
	Transport to Power Plant (Energy Use)
	Fuel preparation (Energy Use)
	
	
	
	Total horsepower requirement for two trains (25 TPH)
	1440





	Switchgrass Secondary Emission Mechanisms
	Transport of chemicals to field (Energy Use)
	Transport of Switchgrass Combustion Residue to Landfill

	Switchgrass Secondary Indirect Emission Mechanisms
	Fertilizer and Herbicide production (Energy Use)

	Alternative Land Uses
	Conservation Reserve Lands
	Row Crop Agriculture

	Computing Emission Balances

	Economic Impacts of Emission Trading
	Greenhouse Gas Emission Reduction Trading
	Sulfur Dioxide Emission Reduction Trading
	Nitrogen Oxides Emission Trading

	Summary
	BIBLIOGRAPHY
	APPENDIX.  GREENHOUSE GAS EMISSION CALCULATIONS FOR THE CHARITON VALLEY BIOMASS PROJECT USING THE                INCREMENTAL LIFE CYCLE ANALYSIS METHODOLOGY

