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ABSTRACT 

A model is presented for the production of switchgrass and its conversion to bio-oil using 

fast pyrolysis. Switchgrass is a leading energy crop because of its high biomass yield in a variety 

of soil conditions. For switchgrass growth, a typical growing cycle that includes sunlight, seed, 

planting, application of herbicide and fertilizers, mowing, harvesting and post-harvest processing 

is evaluated. The output biomass is then considered as input to the USDA Agricultural Research 

Service fast pyrolysis system that has been developed for processing energy crops and 

agricultural residues for bio-oil production on an experimental basis. In addition to specific 

energy and exergy content, the analysis uses cumulative energy and exergy demand to provide 

an evaluation of the environmental impact of the process in a manner analogous to life cycle 

assessment. Resources contributing to energy losses and exergy consumption are identified. 

INTRODUCTION 

The U.S. biomass initiative depends on lignocellulosic conversion to boost the quantities 

of biofuels in order to achieve energy security. With current challenges in fermentation of 

lignocellulosic material to ethanol, other methods of converting biomass to usable energy have 

received consideration nationally. One thermochemical technique, fast pyrolysis, is being 

considered by the USDA Agricultural Research Service (ARS) for processing energy crops and 

agricultural residues to produce bio-oil (pyrolysis oil or pyrolysis liquids). A 2.5 kg/hr biomass 

fast pyrolyzer has been developed at ARS and tested for biomass conversion [1]. The unit has 

provided useful data such as energy requirements and product yields that can be used for larger 

systems. Switchgrass is a currently available renewable bioenergy feedstock successfully 

converted to bio-oil in the ARS pyrolyzer. 
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In a prevIOus E90 paper by Logan Osgood-Jacobs, a model has been reported for 

evaluating mass balance and chemical exergy inputs and outputs for the ARS pyrolyzer. Here the 

analysis is extended to include the production of switchgrass. Evaluation of typical inputs 

including sunlight, seed, planting, application of herbicide and fertilizers, mowing, harvesting 

and post-harvest processing is major focus. A typical growing cycle and yield is considered. The 

output biomass is then input to the ARS pyrolyzer. In addition to the specific energy and exergy 

content of the input items, the investigation also considers cumulative energy demand (CED) and 

cumulative exergy demand (CExD) for all inputs. CED is the sum of the energy, and CExD is 

the sum of the exergy consumed to produce a process or product. These values are found by 

accessing the ecoinvent database through a software interface known as SimaPro available at 

Drexel [3]. In summary, this model includes the production of switchgrass and its conversion to 

bio-oil using fast pyrolysis. The analysis uses cumulative exergy and energy consumption to 

provide a more complete assessment of the environmental impact of the process. 

Switch grass Production 

Switchgrass has been identified as a leading dedicated energy crop because it tolerates a 

wide range of environmental conditions and offers high biomass yield compared to many other 

perennial grasses and conventional crop plants. It is native to the continental United States, and 

as it is a perennial, it requires a single planting season. In the east, it performs well on shallow 

and droughty soils. Switchgrass can thrive on land that does not produce economically viable 

yields for other crops. It is planted using seed drills or broadcast spreaders. Weed control is 

accomplished by mowing and use of herbicides such as Atrazine. Depending on the soil, 

nitrogen, phosphate, and potassium fertilizers are applied, but no nitrogen fertilizer is used in the 

establishment year in order to limit weed competition. Harvest typically occurs yearly with full 
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productivity of mature stands after three years growth. Switchgrass can be mowed and harvested 

using standard hay equipment (mower and baler). Post-processing may include production of 

finely grolUld biomass prior to conversion [4]. 

Fast Pyrolysis System 

Fast pyrolysis is achieved in an electrically heated reactor with a bubbling fluidized bed 

of quartz sand at temperatures in the 400-550 C range. The system (Fig.I) consists of an auger 

feed hopper, the reactor vessel, two cyclones in series for gas cleanup, four condensers in series 

that are cooled by a dty ice/water bath and an electrostatic precipitator (ESP). The fimctions of 

each of the components are detailed in [1]. 

Auidized be d 
reactOf 

Figure 1: USDA Bench-scale Fast Pyrolysis System 

Typical biomass feed rates are 2.2 kglhr. Feed stock consists of energy crops such as 

switchgrass and other agricultural residues such as barley hulls and alfalfa stems. Char is 

recovered from the cyclones and bio-oil from the condensers and electrostatic precipitator. The 

latter collects the largest fraction of bio-oil. Non-condensable gases (NCG) are removed after 

electrostatic precipitation. Pyrolysis oil is analyzed for elemental carbon hydrogen nitrogen 
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oxygen composition by ultimate analysis, liquid fuel characteristics and chemical composition 

(including water and other pertinent compounds). The char is analyzed for its fuel characteristics 

and composition as well as ash constituents. The uncondensed gas composition is analyzed by 

gas chromatography. 

Previous measurements indicate about 60-85% mass balance. This may be attributed to 

several factors. The biomass and char may become trapped in the sand bed in the reactor. 

Cyclone inefficiencies prevent all the char from capture. Short run times, relatively small 

production capacity, and the viscous nature of the bio-oil also contribute to non-recovery of 

product. The recycle and utilization of the char and NCG would improve overall efficiency [2]. 

TECHNICAL DISCUSSION 

Energy Theory 

Energy inputs are characterized by resource, including non-renewables (fossil, nuclear, 

primary forest) and renewable (biomass, wind, solar, geothermal, and hydro). Energy content for 

fossil, forest, and biomass is based on higher heating values. Hydro energy is based on the 

potential energy of water, wind energy is based on the rotational energy of the turbine blades, 

solar energy is based on electric energy produced by photovoltaics or thermal energy delivered to 

hot water storage and geothermal energy is based on thermal energy harvested from brine water 

heat exchangers. 

In this study, specific energy values in MJ/kg were compiled for all inputs from the 

literature. However, the analysis is primarily concerned with Cumulative Energy Demand (CED) 

in an attempt to account for all energy inflows in the production process. This is a life-cycle 

perspective, quantifying the cumulated energy consumption of a process from "cradle to grave". 

In this regard, it is similar to a life cycle assessment (LCA). In the production of electricity, for 
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example, the energy in the fuel and its conversion is only a part of the energy considered. Other 

energy consumed in the power plant, transportation, electricity transmission, etc. is also 

included. Ultimately, the energy of all energetic raw materials extracted from the environment is 

accounted for. Methodologies for computing CED or its equivalent are well developed [5,6,7]. 

The values published by the ecoinvent database available in SimaPro are utilized here [5]. 

Exergy Theory 

Exergy is an expression of the maximum theoretical work available from a substance if it 

were to achieve equilibrium with the environment. Exergy is an important concept for evaluating 

the potential use of energy resources. For a fluid stream per unit mass, exergy is: 

The first four terms are the thermo-mechanical exergy. The last term is the chemical exergy. 

Chemical exergy is usually found by formulating the reactions of a given chemical with the 

elements in the environment and finding the maximum theoretical work that could come from 

this reaction [6]. However, in the present application, the composition of the biomass, char, and 

bio-oil are all not as well defined. Statistical methods have been applied and regression equations 

reported for a large number of organic compounds and fuels [6]. These equations show a relation 

between the atomic ratios or mass fractions of HIC, OIC, N/C, and SIC and the chemical exergy. 

The general form of these exergy equations is: 

Exch = ~(LHV) 

where LHV is the lower heating value. 
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The equations used are as follows with z indicating mass fraction. 

1.0412 + 0.2160~ - 0.2499 Zo [1 + 0.7884~l + 0.0450 ZN 
Zc Zc Zc Zc 

Aiormss = z 
1-0.3035~ 

Zc 

ZH Zo ZN 
Pmar = 1.0437 +0.1896- +0.0617- +0.0428-

Zc Zc Zc 

f.? ZH Zo Zs ( ZH) /"bio-au = 1.040 1 + 0.1728- + 0.0432- + 0.2169- 1-2.0628-
~ ~ ~ ~ 

The chemical exergy of the non-condensable gases are found by standard relationships [6]: 

The specific exergy values for everything except the seeds, biomass, and biofuel outputs 

are determined from the initial literature survey. These values allow one to get a handle on the 

exergy of the input items themselves and in aggregation, but specific exergy in and of itself is 

insufficient for assessing the true use of exergetic resources. Cumulative Exergy Demand 

(CExD) is introduced to indicate the total exergy removal from nature to provide a product [6,7]. 

The current study once again utilizes the ecoinvent database found in SimaPro to obtain CExD 

values [5]. Exergy inputs are categorized by energy and material resources. Non-renewable 

energy resources include fossil, nuclear and primary forest. Renewable energy resources include 

wind, solar, potential (hydro), and biomass. Material resources include water, metals, and 

minerals. Details of the CExD methodology are found in [8]. 
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Mass Closure Theory 

As discussed above, the fast pyrolysis process cannot achieve mass balance due to the 

system's small size and complexity. Previously, [2] details of an optimization model that uses 

experimental data to achieve improved closure of elemental balances without losing the overall 

representation of the pyrolysis products has been developed. A linear programming model using 

a multi-goal weighted method is run through Excel Solver. This program looks for the optimal 

solution using the simplex method. Eleven decision variables are used, which correspond to the 

eleven different outputs of the system. Five constraints are applied on measured inputs, 

calculated and measured outputs. Three constraints are loose constraints that can be broken. The 

amount that each of these constraints deviates from the given constraint is what makes up the 

objective function. In the objective function, each deviation term is assigned a weight. A range of 

weights is tested. Results are selected that predict the range of minimum to maximum results for 

bio-oil. This mass closure theory is implemented in the present work insofar as its results 

contribute energy and exergy evaluations of the fast pyrolysis system when considering either 

just the bio-oil useful or all of output products useful thus improving overall efficiency. 

RESUL TS AND DISCUSSSION 

Switch grass Growth Model 

As discussed above, switchgrass is harvested yearly. A typical first-year stand may only 

yield 30% to 40% of a mature field stand, while second year yields range from 70% to 80% [4]. 

The model considers cumulative energy and exergy values tracing back to the resources 

extracted from the environment. From a resource standpoint, this includes sunlight (for growing), 

seeds (planted), diesel fuel (for machinery involved in planting, mowing, baling, fertilizing), 

fertilizers, herbicides and electricity (for post-processing). A flow diagram is shown in Figure 2. 
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Figure 2: Flow Diagram of Switchgrass Production showing Cumulative Energy and Exergy 
inputs and Biomass output 

Accounting is similar to earlier studies [9,10]. Sunlight is evaluated considering average 

daily values for Harrisburg, Pennsylvania with the exergy to energy ratio of 0.933 [6]. The total 

amount of each of these inputs was accumulated from the literature onto an Excel spreadsheet. 

By importing these amounts into SimaPro on a per kg of output basis, cumulative values from 

the ecoinvent database were determined [5]. 

Fertilizers are urea (nitrogen), triple superphosphate (phosphate) and potassium chloride 

(potassium). Inputs are amassed appropriately to reflect typical switchgrass growth, i.e. no 

nitrogen fertilization in the establishment year. The herbicide is considered to be Atrazine with 

equal application each year. Post-processing includes electricity for coarse chopping and fine 

grinding, as well as power for conveyors, cooling and lighting. Representative values are used 

for diesel fuel and (overall) US values are used for electricity. A total yield of 14.7 Mg per 

hectare was assumed [11]. The output energy is computed from the higher heating value and the 

output exergy is computed by the biomass relation given above. Specific energy and exergy 

results can be found in the appendix. 
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Results for cumulative energy (CED) and cumulative exergy (CExD) input with energy 

and exergy output in MJ/hectare (1 hectare ~ 2.47 acres) are given in Table 1. It is obvious that 

direct sunlight for growing (hereafter referred to as sunlight) is the major input source of energy 

and exergy, accounting for more than 99.9%. Agricultural products are largely renewable. 

N on-sunlight inputs are further illustrated in Figures 3 and 4. These figures also show the 

contribution of resources for each input. It should be noted that CED includes energy resources 

(fossil, nuclear, hydro, wind, biomass, geothermal and solar) and does not include material (non-

energetic) resources. CExD includes material (minerals, metals and water) resources as well as 

energy resources. Note the large contribution of energy and exergy associated with electricity 

(for post-processing) and fertilizers. Figure 3 illustrates that fossil fuel is a major energy 

contributor, reflecting its use in post-processing, fertilizer and fuel production. Renewable 

resources have minor contributions. Figure 4 demonstrates that water resources are major 

contributors to exergy. This water is used for processing and not for hydropower. Figures 3 and 4 

illustrate the potential usefulness of our analysis in identifying sources of energy depletion and 

exergy destruction in switchgrass production. 

Total Cumulative Energy (MJ/ha) Total Cumulative Exergy (MJ/ha) 

Seeds 408 2830 

Nitrogen Fertilizer 4900 19900 

Phosphate Fertilizer 990 11900 

Potash Fertilizer 133 1070 

Herbicides 402 3500 

Diesel Fuel 952 1570 
Post-Processing Electricity 6250 79000 

Total (without sunlight) 14000 l20000 

Sunlight 2.47E+07 2.30E+07 

Total (with sunlight) 2.47E+07 2.31E+07 

Output Biomass 2.65E+05 2.77E+05 

Table 1: Cumulative Energy and Cumulative Exergy Inputs and Energy and Exergy Outputs for 
Switchgrass Production 
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Figure 3: Cumulative Energy (CED) Inputs showing resource allocation for Switchgrass 

Production (not including sunlight) 

Further quantification of results can be illustrated by numerical comparisons of overall 

inputs and outputs. Table 1 shows that if all inputs are considered, switchgrass biomass 

production has extremely low energy efficiency. The ratio of energy output/total energy 

consumed, including sunlight, is 0.0l. There is a large destruction of exergy. Total exergy 

consumption (including sunlight) /exergy output is a factor of 83. Another assessment of 

performance is expressed in terms of breeding factor (BFen or BFex). This is the ratio of energy 

or exergy output to non-sunlight inputs. For energy, the value is 18.9 and for exergy it is 2.3. 

These are favorable values if one considers sunlight "free". A true analysis must also consider 

addition processes necessary for biomass conversion to a useful product. 
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Figure 4: Cumulative Exergy (CExD) Inputs showing resource allocation for Switchgrass 
Production (not including sunlight) 

Bio-oil Production using Fast Pyrolysis 

I now extend the analysis to include production of bio-oil, char and non-condensable 

gases from switchgrass biomass. Figure 5 shows overall inputs and outputs for the total process. 

Non-Dirw: Sunlight 
Growth IDpIIl$ 

Switchgrass 

Production 

RUClal Pow... .. Fast Pyrolysis 
Elec;:uicil:y ~ ______ ~ Proc~s .. 

.. P""I-Proc~sing 

E1«Uicily 

Bio-Oil 

Figure 5: Flow Diagram of Switchgrass Production and the Fast Pyrolysis process showing 
Cumulative Energy and Exergy inputs and Pyrolysis outputs. 
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The biomass produced is considered to be input to the USDA fast pyrolysis system shown in 

Figure 1. Note this is a bench scale system. Full-scale systems will operate with significantly 

higher efficiencies. The analysis uses results predicted by the mass model for maximum bio-oil 

output as detailed in [2]. Outputs include bio-oil, char and non-condensable gases (NCG). The 

power for the reactor provides energy and exergy input. The exergy and energy associated with 

fluidizing gases, the electrostatic precipitator, water produced and heat losses are small and 

neglected. Table 2 shows cumulative energy and exergy inputs and energy and exergy outputs on 

a MJ/kg basis. The entry Switchgrass Production includes all cumulative values (except sunlight) 

for growing and harvesting, including post-processing of biomass. Neglecting sunlight, process 

electricity for pyrolysis dominates cumulative inputs. Figures 6 and 7 illustrate the sources of 

cumulative energy and exergy inputs. Energy consumption is dominated by fossil and other non-

renewable sources. Exergy consumption is dominated by water usage. 

InllUt Energy (MJ/kgl InllUt Exergy (MJ/kgl 

Switchgrass Production 0.958 8.17 

Pyrolysis Electricity 12.4 157 

Total (without sunlight) 13.3 165 

Sunlight 1.68E+03 1.57E+03 

Total Input 1.69E+03 1.57E+03 

OutQut Energy (MJ/kgl OutQut Exergy (MJ/kgl 

Bio-oil 12.9 13.5 

Char 4.02 4.ll 

Non-Condensable Gases 2.70 2.24 

Total Output 19.9 19.8 

Table 2: Cumulative Energy and Cumulative Exergy Inputs and Energy and Exergy Outputs for 

production ofbio-oil, char and non-condensable gases from switchgrass using Fast Pyrolysis 
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Figure 6: Cumulative Energy (CED) Inputs showing resource allocation for production of bio

oil, char and non-condensable gases from switchgrass using Fast Pyrolysis (not including 

sunlight). 
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Figure 7: Cumulative Exergy (CED) Inputs showing resource allocation for production of bio

oil, char and non-condensable gases from switchgrass using Fast Pyrolysis (not including 

sunlight) 
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Figures 6 and 7 illustrate the potential usefulness of our analysis in identifying sources of energy 

depletion and exergy destruction in switchgrass growth and production of bio-fuel using a fast 

pyrolysis process. 

Comparisons of input and output are dependent on the usefulness of output. Here, it is 

assumed only the bio-oil is useful output. Possible future uses for char and non-condensable 

gases (NCG) are possible. For example, there is a potential for recycle of the char and/or NCG to 

partially replace the electricity used for reactor power. For the total process, including sunlight, 

the ratio of energy output to input is 0.008, a very low energy efficiency. Exergy destruction 

(including sunlight) is also very high. The ratio of exergy consumed to exergy output is 116. One 

can again access performance using breeding factors. The ratio of energy output to non-sunlight 

input energy (BFen) is 0.97, indicating no energy gain for the process. The exergy breeding 

factor (BFex) is 0.08, indicating considerable exergy destruction of resources. The major 

contributor to this poor performance is the large amount of energy and exergy associated with 

reactor power. Recycle of char and NCG (mentioned above) would improve performance 

considerably. The model also uses data for a small bench scale fast pyrolysis system. 

Considerable improvement in performance is expected for larger scale systems. 

CONCLUSIONS 

A model is presented that illustrates the use of cumulative energy and exergy analysis to 

identify contributors to energy consumption and exergy destruction for the production of 

switchgrass and conversion to bio-oil using the fast pyrolysis process. For switchgrass growth, 

fertilizer and post-processing of the harvest consume a large portion of the energy and exergy. 

For the overall process, including conversion to bio-oil, most of the energy and exergy is 

consumed by pyrolysis reactor power. Primary resources contributing to energy losses are non-

17I Page 



renewable fossil fuels. The main source of exergy destruction is water. If sunlight for growing is 

considered, the production of switchgrass and production of bio-oil from switchgrass is 

extremely energy inefficient with high exergy destruction. If one is to consider the sunlight 

"free", favorable breeding factors (ratio of output to non-sunlight input) exist for switchgrass 

production. The energy breeding factor is 18.9 and the exergy breeding factor is 2.3. For the 

overall process of production of bio-oil from switchgrass, the energy and exergy breeding factors 

are less than 1. Energy and exergy destruction is contributed to the electric power consumed in 

the fast pyrolysis process. 

The methodology used here can be beneficial in identifying sources of energy depletion 

and exergy destruction and can be combined with LeA to provide a better understanding of the 

sustainability of processes. 

NOMENCLATURE 
Ex ~ exergy 

M ~ molecular weight 

R ~ universal gas constant 

T ~ absolute temperature 

e ~ standard chemical exergy 

g ~ gravity constant 

h ~ enthalpy 

s ~ entropy 
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v ~ velocity 

x ~ calculated mass fraction of product 

y ~ partial pressure 

z ~ height in exergy equation 

z ~ mass fraction in of element in exergy regression relations 

tl ~ regression equation for chemical exergy 

Subscripts 

i,j ~ summation indices 

ch ~ chemical ( also superscript) 

o ~ environmental condition 
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APPENDICES 

Specific Energy and Exergy of Non-Sunlight Inputs 

Seeds 491 177 

Fertilizer 8152 4074 

Herbicides 2127 169 

Planting 140 127 

Mowing 920 851 

Baling 1230 1127 

Post-Processing (Electricity) 2708 2708 

Total 15768 9233 
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