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Abstract  
Limited sources of fossil fuels accompanied with growing demand for energy increased 
the importance of renewable energies. Biofuel is a renewable energy source that can be 
seen as one of the alternatives energy sources but, still, there is doubt on its sustainability. 
Renewable diesel is a new type of biofuel that due to its similar structure with fossil diesel 
can be used as a drop in replacement of fossil fuels.  

Two types of biomass were considered as an input for renewable diesel production in this 
study, Cornstover and Switch grass. This study used Life cycle Assessment (LCA) tool to 
estimate Greenhouse Gas (GHG) emitted and life cycle energy consumed during the 
whole process of renewable diesel production. To estimate the energy balance, energy 
return on investment (EROI) model was used to calculate energy balance and compare it 
with the ones from fossil fuels. The system boundary of this study starts from harvesting 
of biomass followed by transportation, renewable diesel production and ends up with 
hydroprocessing and wastewater treatment process. Two scenarios were considered based 
on the sources of electricity; first the electricity produced in the system from extra biogas, 
second the US average electricity, which is mainly fossil-based. The functional unit of this 
LCA study was production of 1 MJ of renewable diesel either from cornstover or 
switchgrass. The results showed that GHG emissions of renewable diesel production from 
cornstover and switchgrass are 6.73, 16.20 g CO2 eq./MJ for the scenario with electricity 
consumption in the plant and 12.52, 19.30 g CO2 eq./MJ for with U.S. electricity mix 
respectively. It was also seen that the Energy Return On Investment (EROI) was higher 
for cornstover (11.81, 6.60) than the one for Switchgrass (6.40, 4.30).  

It can be concluded that with using the same technology for renewable diesel production, 
cornstover is a better biomass source than switchgrass from energy and environmental 
aspects. Comparing renewable diesel with other types of biofuels, renewable diesel has 
relatively higher EROI and compared with fossil diesel has a lower amount of GHG 
emission. Future studies can focus on evaluating potential of other types of biomass 
source for renewable diesel production and also on assessing other environmental impacts 
beyond GHG emission. Another area for future study could be finding the best option for 
wastewater treatment produced at the plant. 

 
 
 
 
 
 
 
 
 
 
 



 

 

 

Table of contents:  
1.	  	  INTRODUCTION	   1	  

2.	  METHODOLOGY	   2	  

3.	  COMPARING	  PROPERTIES	  OF	  DIFFERENT	  DIESELS	   4	  

4.	  LIFE	  CYCLE	  ASSESSMENT	   4	  
4.1.	   GOAL	  AND	  SCOPE	  ...................................................................................................	  4	  
4.2.	   ASSUMPTION	  AND	  LIMITATION	  ..................................................................................	  4	  
4.3.	   FUNCTIONAL	  UNIT	  ...................................................................................................	  5	  
4.4.	   TWO	  TYPES	  OF	  LCA	  .................................................................................................	  5	  
4.5.	   SYSTEM	  BOUNDARY	  .................................................................................................	  5	  
1.1.	   LIFE	  CYCLE	  INVENTORY	  FOR	  RENEWABLE	  DIESEL	  PRODUCTION	  ...........................................	  6	  
4.5.1.	   Data	  Collection	  ............................................................................................	  7	  
4.5.1.1.	   Harvesting,	  collection	  and	  transportation	  of	  biomass	  .............................	  7	  
4.6.1.2	   Production	  process	  ....................................................................................	  8	  

4.6.	   ENVIRONMENTAL	  IMPACT	  CATEGORY,	  IMPACT	  ASSESSMENT	  METHOD	  AND	  ENERGY	  FACTOR	  .	  9	  

5.	  RESULTS	   10	  
5.1.	   GREENHOUSE	  GAS	  EMISSION	  (GHG)	  .......................................................................	  10	  
5.2.	   LIFE	  CYCLE	  ENERGY	  AND	  EROI	  ESTIMATION	  ................................................................	  14	  
5.3.	   SENSITIVITY	  ANALYSIS	  ............................................................................................	  18	  
5.4.	   TORNADO	  GRAPHS	  ...............................................................................................	  20	  
5.4.1.	   GHG	  emission	  ............................................................................................	  20	  
5.4.2.	   Life	  cycle	  energy	  (EROI)	  .............................................................................	  21	  

6.	  DISCUSSION	   22	  

7.	  CONCLUSION	   24	  

REFERENCES	   26	  

APPENDIX	   28	  

	   	  
 
 
 
 
 
 



 

 

 
 

 
List of abbreviations 
   
CO2 Carbon Dioxide 
EIO-LCA Economic Input Output- Life Cycle Assessment 
EROI  Energy Return On Investment 
FT Fischer Tropsch 
GHG Green House Gas 

GREET Greenhouse Gas Energy and Emissions in Transportation 
Model 

GJ Giga Joule 
GWP Global Warming Potential 
IPCC Intergovernmental Panel on Climate Change 
ISO International Standards for Organization 
K Potassium 
Kg CO2 eq kg Carbon Dioxide Equivalent 
KWh Kilowatt-hour 
LCA Life Cycle Assessment 
LCI Life Cycle Inventory 
MJ Mega Joule 
N Nitrogen 
N2O Nitrous Oxide 
NH3 Hydrogen Nitride, Ammonia 
P Phosphorus 
  



 

1 

1. Introduction 
Nowadays providing renewable energy sources is one of the most pressing problems in 
communities. Finite sources of fossil fuel, crises of petroleum price and recently global 
protocols to tackle the global warming issues were the starting push to seek for clean and 
renewable sources of energy. Global warming is occurring as a result of an overwhelming 
emission of greenhouse gases such as CO2, N2O and methane into the atmosphere 
resulting from burning fossil fuels (IPCC 2007). To mitigate the global warming problems 
there has been a desire to find clean renewable alternatives as replacements for petroleum-
based transportation fuel. One of the potential alternatives to decrease fossil fuel 
dependency and reduce Greenhouse Gas (GHG) emission is biofuel (Yee et al. 2009). 
Biofuel is one of the challenging alternatives. There has been a debate on whether biofuels 
have the potential to replace fossil fuel and cut down the Greenhouse Gas (GHG) 
emissions or not. Biodiesel is one of the common used types of biofuel because of its 
potential environmental benefits and also having exhibiting similar properties as 
petroleum-derived diesel. Biodiesel can be derived from various renewable biomass 
sources including oil seeds, cornstover, switch grass and animal fats. In United States a 
majority of biodiesel is produced from corn and soybean oil (Hou et al. 2009). However, 
there was a question on sustainability of biodiesel production; the main question asked 
was “Is biodiesel production an environmental friendly process and help to cut down the 
current rate of GHG emissions”. 
Life cycle assessment (LCA) appeared to be a helpful tool to measure the environmental 
impacts and life cycle energy of a product or a process. There have been several studies on 
life cycle assessment of biodiesel production from different types of biomass including 
palm oil and soybean among the most important ones (Yee et al. 2009, Hou et al. 2009). 
Previous studies focused on assessing the environmental impacts of biodiesel production 
but only a few of them considered the energy content of biodiesel and byproducts. Larson 
et al. (2009) conducted a comprehensive study on life cycle assessment of soybean-
derived biodiesel. This study included the energy and carbon content of biodiesel but 
again it did not consider the fertilizers and the energy used for soybean plantation. Yee et 
al. (2009) conducted a life cycle assessment study on palm biodiesel production. This 
study considered the energy content of biodiesel and byproduct and estimated the ratio of 
output energy to the input fossil-based energy, which refers to EROI ratio. It was observed 
that the EROI of palm biodiesel is higher than rapeseed oil but still a way lower than 
petroleum fuels (Yee et al. 2009). Adler et al. (2007) assessed the greenhouse gas 
emission and biomass energy yields for different types of biofuels produced from corn, 
soybean, alfalfa, hybrid poplar, reed canary grass, and switchgrass. The results showed 
that compared with gasoline and diesel, biodiesel derived from corn and soybean reduced 
greenhouse gas emissions by almost 40% and reduced by 115% for switchgrass biodiesel 
(Adler et al. 2007).  

Recently, an innovation in the field of biodiesel industry led to production of a new 
biofuel called “renewable diesel”. Universal Oil Products (UOP) Company developed a 
process for biodiesel production based on conventional hydro processing technologies that 
are used widely in petroleum refineries. This technology employs both transesterification 
and hydrogenation technologies to produce a diesel substitute called as “green diesel” or 
“Renewable diesel” (Hou et al. 2009). Renewable diesel produced in this process has 
higher energy content and lower molecular weight compared with other biofuels. 
Renewable diesel has similar physical and chemical properties to those of petroleum- 
based fuels so it can be used as a drop-in replacement of conventional fuel with no change 
in existing distribution infrastructures and car engines (Kalnes 2008).  
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Renewable diesel is not a conventional fuel yet as there is still a doubt on its 
sustainability. Review on previous study shows that there is a no study on Life Cycle 
Assessment (LCA) of renewable diesel production from crop residues. Therefore, there 
was a need to for a LCA study to evaluate the energy ratio and environmental impacts of 
renewable diesel production process. 
This study aimed to conduct a LCA study to estimate the greenhouse gas emitted and 
EROI (ratio of output energy to fossil fuel input energy) of renewable diesel production. 
The results, then, were compared with those of other biofuels includes soybean diesel and 
corn ethanol and also with those of fossil diesel and gasoline. GHG emission chosen as the 
environmental impact indicator as renewable energy sources hold the promise to cut down 
the GHG emission resulting from fossil fuel-based production and use.  

Biomass source used for biodiesel production plays an important role in determining the 
associated environmental impacts and life cycle energy consumption. Cherubini and 
Ulgiati (2010) showed that using agricultural residues would avoid GHG emissions by 
about 50% and save more than 80% of fossil fuels. Moreover, using agricultural residues 
will solve two problems at the same time, first find an application for the abundant 
lignocellulosic residues left on the field after harvesting and second to support renewable 
energy production. Therefore, two types of agricultural residues, cornstover and 
swicthgrass were chosen in this study based on their availability and lower price in U.S. 
Swanson et al. (2010) analyzed the renewable diesel production from cornstover in U.S. 
This report was used as a technical source for renewable diesel production. Due to the 
similar chemical structure of switchgrass to cornstover, the pathway of renewable diesel 
production for switchgrass and cornstover is the same. 

1.1. Aim of study  

The aim of this study is to conduct a Life Cycle Assessment study to estimate the GHG 
emission and EROI (energy return on investment) of renewable diesel production from 
cornstover and switchgrass in US. In another words, the objective of this research was to 
evaluate potential of renewable diesel production as a replacement of petroleum-based 
fuels from energy and GHG emission aspects. 

1.2. Research question 
Considering the research objective of this study, the research questions defined as:  
Ø What are the amounts of the Greenhouse Gas emission and EROI of renewable 
diesel production either from cornstover or switchgrass in US? 
Ø Which biomass source, cornstover or switchgrass, has a lower GHG emissions 
and higher EROI? 
Ø Can renewable diesel produced from cornstover and switchgrass be used as an 
alternative source for petroleum-based fuels to cut down the GHG emission in US? 

2. Methodology  
The first step was taken in this study was the literature review on previous studies of 
biofuels productions. Review on previous studies was helpful first to become familiar with 
different production pathways and find the gap between previous studies; second to collect 
required data from similar studies. As an example, the required amount of fertilizers to be 
added as a replacement for the residues collected is taken from the study by Spatari et al. 
(2005). 



 

3 

The main results of this study were achieved through using a Life Cycle Assessment 
(LCA) method. Life Cycle Assessment is a method for the assessment of environmental 
impacts of products, technologies or services with a view to their whole life cycle, so 
called from cradle to grave (ISO 1997). 

In this study, LCA method was used to estimate the life cycle energy and GHG emission 
associated with the whole process of renewable diesel production. The first step was to 
draw a flow chart to simplify the work and also to show which processes are included in 
the system boundary and which are not. The system boundary of this study starts with 
harvesting of residuals and biomass production, continue with transportation of biomass, 
and end up with renewable diesel production phase and wastewater treatment (Figure 2).  

Two types of biomass were considered as an input source for renewable diesel production, 
cornstover and switchgrass and two scenarios were considered based on the source of 
electricity used in the system. The first scenario was electricity production in the system 
and the second scenario is using external electricity from US mix grid. The amounts of 
input and output energy and material in each unit process were taken from the technical 
report on renewable diesel production (Swanson et al. 2010). 

The data required for LCA inventory categorized into three sections, materials, electricity, 
equipment and labor. Different database was used to gather data is shown in Table 1.  

 
Table 1. Data type and source in LCA inventory 

Data type Data source Reference 
Materials Simapro database. U.S. Life-Cycle Inventory 

(US LCI) 
NREL (2004) 

Electricity Greenhouse Gas Energy and Emissions in 
Transportation (GREET) 

Wang 1999) 

Equipment and labor The Economic Input-Output Life Cycle 
Assessment (EIO-LCA) 

CPI (2011) 

Simapro software was used to estimate the life cycle energy and GHG emission associated 
with production of materials used in the process of renewable diesel production. The 
database used is Simapro database for US, U.S. Life-Cycle Inventory (US LCI). US LCI is 
one of the databases in Simapro software that contains data modules quantify the material 
and energy flows into and out of the environment for common unit processes (Frey and 
Akunuri 2001). 

To calculate the life cycle energy and GHG emission associated with delivering a unit of 
electricity to the plant, GREET model (Greenhouse Gas Energy and Emissions in 
Transportation) was used.  GREET is a model developed in Argonne center at Chicago 
and has the database for the amount of GHG emission and other environmental impacts 
resulting from energy and electricity production from different sources in US.  
To estimate the life cycle energy and GHG emission contributed to the use of equipment 
and machines and labor employment, a method named Economic Input Output Analysis 
(EIO-LCA) was used. The Economic Input-Output Life Cycle Assessment (EIO-LCA) 
method  
estimates the materials and energy resources required for, and the environmental 
emissions resulting from, activities in our economy (Carnegie Mellon University 2008). 
This estimation is based on economic values of different machinery parts (contactors, 
vessels, etc.) in 2002. The economic values of machinery and engines were adapted from 
Bureau of Labor Statistics and then converted to 2002 dollar with using costumer price 
index before feeding to the model (CPI 2011). 
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Greenhouse gas emission estimated as the environmental impact reprehensive and EROI 
used to assess the ratio of renewable diesel’s energy content over the amount of the non-
renewable energy used in its production process Investopedia . EROI method has applied 
in this study to see how much of fossil fuel energy used in the production of renewable 
diesel will be returned in terms of renewable diesels or by-products. 
 

3. Comparing properties of different diesels 

Biodiesel is one of the most common types of biofuels produced in a huge scale in U.S to 
help meet transportation fuel needs. Biodiesel is typically produced through the reaction 
of a vegetable oil or animal fat with methanol in the presence of a catalyst. Its similar 
physical and chemical properties to fossil diesel makes it possible to be used as an 
additive (typically 20%) to fossil diesel in order to reduce vehicle emissions or in its pure 
form as a renewable alternative fuel for diesel engines (NREL 2012).  

More research on increasing the energy value of biodiesel led to production of a new type 
of biofuel that has higher energy value and lower molecular weight that makes it more 
similar to petroleum diesel, called “Green Diesel” or “Renewable diesel“, which the latter 
one is used in this research. Knoef (2005) showed that the energy value of renewable 
diesel is 95% of petroleum diesel while it is 10 percent more than energy value of 
biodiesel. Kalnes et al. (2007) compared some properties of different diesel fuels, showed 
in Table 2. It can be seen that the energy content of renewable diesel is higher than the one 
for biodiesel and closer to energy content petrodiesel. Moreover, the density of renewable 
diesel is lower than biodiesel but closer to petro diesel. 
 

Table 2. Diesel fuels properties (Kalnes 2008) 
Properties Petrodiesel Biodiesel Renewable diesel 

Density (g/mL) 0.83-0.85 0.88 0.80 
Energy Content (BTU/gal) 129 K 118 K 123 K 

 

4. Life Cycle Assessment 
4.1. Goal and Scope  

The goal was already described in aim of study in the introduction part. However in 
particular, the goal of this LCA study was to estimate the Greenhouse Gas (GHG) emitted 
and life cycle energy used in renewable diesel production processes. This LCA study 
conducted for two types of biomass, switchgrass and cornstover, to compare them from 
energy and environmental aspect with each other and also with petroleum-based fuels. 
The scope of this LCA starts with gathering input-output data from relevant literatures on 
renewable gasification processes (Swanson et al. 2010). Then using relevant database (US 
LCI, GREET, EIO-LCA) life cycle energy and GHG emission of 1 Megajoul :  of 
renewable diesel is calculated. Finally sensitivity analysis was used to evaluate the effect 
of one unit change in uncertain area on the results of this study. 

 

4.2. Assumption and Limitation  
The main limitation in this study was lack of data for the exact energy value of renewable 
diesel produced in US. Since this fuel is not conventional yet, the energy value varied with 
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change in the experiment condition and modification in the pathway. For the purpose of 
this study the typical range of energy value of renewable diesel is taken from the literature 
(Knoef 2005). 
The scientific assumptions made in renewable diesel production are listed below. 

• The distance from the field to the plant assumed to be 30 miles based on the 
assumption in the GREET database.  

• In the technical report used in this study Swanson et al.  2 types of gasifier were 
considered for converting biomass to renewable diesel, low temperature (1000  ºC, 
1800 ºF) and high temperature (1300 ºC, 2372 ºF). As the high temperature process is 
more efficient, the high temperature gasifier with an entrained flow gasifier 
considered as a production process in this study (Achten and Verchot 2011). 

• Fischer–Tropsch is the process considered for renewable diesel synthesis.  
• Based on the previous studies, for soil carbon maintenance, only 62% of the 

cornstover left on the land will collected and used for renewable diesel 
production (Spatari et al. 2005). 

• The primary energy of source used of biomass preparation is diesel. Diesel 
consumed in the processes of harvesting, collection and transportation of 
biomass to the plant (Larson et al. 2009). 

• The U.S electricity mix considered for the first scenario consistent of 50% 
coal, 19% natural gas, 20% nuclear and 10% rest is provided from 
renewable sources. 

4.3. Functional unit 
Functional unit is a consistent unit that all the results are presented based in that 
(Baumann and Tillman 2004). This unit should be chosen according to the function of the 
system or a product. As the product of this process is fuel, functional unit in this study is 
to produce 1 MJ of renewable diesel. GHG emission of renewable diesel is reported in g 
CO2 eq. per MJ of renewable diesel produced and EROI is estimated based on the MJ of 
fossil fuel energy consumed to produce 1 MJ of renewable diesel was calculated.  

4.4. Two types of LCA 
According to Hitch Hiker’s book there are two different types of LCA, accounting LCA 
and change-oriented LCA. The accounting type of LCA answers the question of “what 
environmental impacts can be associated with the production of this product?” while the 
change-oriented LCA compares the environmental impacts resulting from change in 
course of action in the production process. It answers the question of “what would happen 
if…?” (Baumann and Tillman 2004). The type of LCA needs to be identified in each LCA 
study as it helps to modify the system boundary and to clarify the sort of data needed. This 
LCA study is a change-oriented LCA as this research will answer the question of what 
would happen if fossil fuel be replaced with renewable diesel. 

4.5. System Boundary 
System boundary needs to be identified to show which process and course of actions are 
included in the research and which of them are located out. System boundaries need to be 
defined in different aspects (Baumanna  and Rydberg 1994). 

• Geographic boundary 

This study was conducted within the geographic boundary of United States. 
• Time Boundary  

This study was developed in 2011 and the data collected from previous years converted to 
2011. 
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• Boundaries with technical systems 
In this part all the processes and materials were included in the study should be addressed 
such as material production, transportation and by-products. For this study system 
boundary starts from biomass preparation harvesting followed by renewable diesel 
production and ends up with waste stream treatment. Transportation of biomass from field 
to the plant is also considered in the system boundary. It should be noted that wastewater 
needs to be treated before sending to the sewage system. Figure 1 shows the system 
boundary of renewable diesel production.  
 
 

 

 Figure 1. System boundary of the renewable diesel production 

 
 

4.6. Life cycle Inventory for renewable diesel production 
The flowchart for the production process was needed to estimate the energy and material 
used and the equipment employed in each production phase. Figure 2 showed the 
schematic view of the unit processes used in renewable diesel production. The red boxes 
are only existed in the first scenario with electricity production (Scenario1). The first box is 
electricity production from unconverted biogas, which is produced in fuel synthesis 
process, while in the second scenario electricity is provided from U.S. electricity mix and 
unconverted biogas flares. The next red box is oxygen production that is happening in the 
first scenario while oxygen is purchased in the liquid form in the second scenario 
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       Figure 2. Flowchart of the steps used in renewable diesel production 

4.6.1. Data Collection  

Data was collected for each unit process in whole chain of renewable diesel production. 
According to Baumanna  and Rydberg 1994) data collection should include: 

• Inputs of raw materials and energy 
• Products produced as a byproduct or a main product and 
• Emissions to air, water and land and others   

The amounts of resource and materials used and the emission released were normalized to 
the functional unit, which is 1 MJ of renewable diesel. The data collected for each unit of 
renewable diesel production is described separately in the following sections.  

4.6.1.1. Harvesting, collection and transportation of biomass 
• Cornstover  

Cornstover is the residue of corn left on the field after the corn harvesting. As cornstover 
is already left on the field no extra energy required for plantation and cultivation. The only 
energy needed is for harvesting and collection. Cornstover is abundant in US due to large-
scale plantation of corn in US. Spatari et al. (2005) conducted a Life Cycle Assessment 
study on Switch grass and Corn Stover-Derived Ethanol production and showed that only 
62% of the cornstover left on the land could be harvested and collected while the rest 38% 
should be left on the field to lessen soil erosion and to assist in maintaining soil carbon 
additional fertilizers needed to be added to the land (Spatari et al. 2005). 
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Argonne GREET model was used as our data source for the amount of additional fertilizers 
needed.  Required amounts of N, P2O5 and K2O can be seen in Table 3.  Those amounts 
altogether are required to maintain the soil stability. GREET model, then, was used to 
estimate the life cycle energy and GHG emission contributed to adding fertilizers, 
harvesting and collection of cornstover (Wang 1999). 

Table 3. Amounts of fertilizers needed as a replacement for cornstover collected 
Type of 
Fertilizers 

Amount (Kg/ 1 tone of dry corn stover 
collected) 

Source  

N 4.49 GREET 
model 

P2O5 1.63 GREET 
model 

K2O 8.35 GREET 
model 

 
 

• Switchgrass  
Switchgrass is a warm season bunchgrass native to North America and Canada. The data 
for energy consumption and GHG emission of plantation, harvesting and collection of 
switchgrass is taken from the research by Kim and Dale (2004). Kim and Dale (2004) 
calculated the GHG emission and cumulative energy associated with production biofuels 
from different types of biomass including cornstover and switchgrass. The distance 
between land and production plant considered to be 50 miles based on the assumption in 
the GEET model. The type of  
 
transportation is the typical diesel truck used in US. Later in this research sensitivity 
analysis was conducted to estimate the effect of change in distance and type of vehicle for 
biomass transportation on output results.  

4.6.1.2 Production process 

I.Preprocessing 

This preprocess includes chopping, grinding and drying harvested biomass in the steam 
rotary dryer. This process carried out to reduce the size of biomass to 1mm, which is 
required for the specific type of gasifier used in this study. The energy used and the particle 
size is adapted from the research on physical properties of corn stover and switchgrass for 
grinding (Mani and Sokhansanj 2004).  
 

II.Gasification  

 This process employs two equipment, lockhopper and gasifier. Gasification process 
pressurizes dry biomass with the carbon dioxide and then gasified with oxygen and steam 
that were fed into the system. Carbon dioxide used in this process is the by-products 
produced in preprocessing step and oxygen is provided from air separation unit in the first 
scenario and purchased in second scenario. The total energy used in this process was 0.2 
MW that can be provided either from biogas in the first scenario or from external resource 
in the second one (Frey HC 2001, Larson ED 2005). The output product of this process is 
raw syngas and slag that will be treated in slag refinery process. The data for slag refinery 
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process is adopted from U.S. Life Cycle Inventory Database, which is one of the databases 
in Simapro 7.2. (National Renewable Energy Lab 2012). 
III.Syngas Cleaning  
The syngas comes from entrained gasifier contains hydrogen sulfide and some particles 
that are needed to be removed. This happens through the cold gas cleaning process called 
direct quench. Pollutants coming out in forms of water and solid conducted to the waste 
treatment process while the clean syngas flows to Fuel synthesis. The energy used in this 
process is 4.1 MWh (Nexant 2006).  
IV.Fuel synthesis  
This is the area where Fischer Tropsch Vose  unit is applied to convert syngas to liquid 
fuel. First the syngas passes through the compressor to meet the pressure needed for FT 
unit then it flows to the FT process where the liquid is produced through the 
thermochemical process (Spath and Dayton 2003) . A portion of unconverted syngas  
 
goes back to FT unit to process again and the rest goes to power generation unit to produce 
electricity in first scenario. In second scenario, unconverted gas considered as a byproduct 
and will be used out of the system boundary (Swanson et al. 2010). 

V.Hydro processing  

This process includes oil/water separation unit and hydrocracking to produce naphtha and 
renewable diesel. The total output energy of this process is taken from literature and then it 
is allocated to each fuel product (biogas, naphtha and renewable diesel) based on their 
energy content. The energy used in this process is 2.2 MWh (Padrta et al. 1988).  
VI.Air separation unit and power generation 

These two units are only used in the first scenario with electricity production. Power is 
generated from unconverted gas through the gas turbine. The main portion of electricity 
produced in the system is used to produce oxygen in the air separation unit. In another 
scenario the electricity is provided by US average electricity and oxygen is bought in liquid 
form (Swanson et al. 2010). 

4.7. Environmental impact category, impact assessment method and Energy Factor 

In every LCA it is important to state which environmental impacts are taken into 
consideration. ISO 14040 specified the impact categories as ozone depletion, climate 
change, human toxicity, acidification, eutrophication and so on.  

As climate change mitigation and energy security were two most important driving forces 
for biorefinery development and more over biofuel production holds the promise to cut 
down the GHG emissions, this study used climate change as the impact category that 
characterized as global warming potential (GWP) (IPCC 2007).  

Global Warming Potential is measured as the amount of Greenhouse Gas (GHG) emission 
emitted during the whole chain of production process stated in unit of equivalent g of CO2. 
In this study unit of g CO2 per MJ of renewable diesel was used to measure GWP. TRACI 
(Tool for the Reduction and Assessment of Chemical and Other Environmental Impacts) 
method was used to estimate associated Greenhouse Gas emission. TRACI was developed 
by United States Environmental Protection Agency (US EPA) to facilitate the 
characterization of environmental impacts such as global warming, eutrophication, ozone 
depletion, fossil fuel depletion (Bare et al. 2003).  

To compare the energy used in renewable diesel production to the products’ energy value, 
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EROI model was used. EROI is defined as “Energy Return on Investment” and calculated 
by fraction of output energy to the input one.  “Energy input" is the energy consumed to 
produce the energy product and "Energy output" is the energy content of the product. This 
research used Energy return on investment (EROI) factor to measure the ratio of the 
energy content of renewable diesel to the fossil energy used during its production. EROI 
calculation has high importance as sustainability comes  when energy input is less 
than energy output or EROI is higher than 1 (Gupta and Hall 2011). 

5. Results 

5.1. Greenhouse Gas emission (GHG) 

This study estimated the GHG emission of renewable diesel production of different unit 
process of renewable diesel production in two scenarios. Different types of greenhouse 
gases are emitted during the production including carbon dioxide CO2, methane CH4, and 
nitrous oxide N2O. All such GHG flows converted to equivalent CO2 emissions thorough 
using Global Warming Potential (GWP) factors provided by the Intergovernmental Panel 
on Climate (IPCC 1997). The conversion factors are presented in Table 4.  

Table 4. Conversion factor of greenhouse gases to the equivalent of CO2 (IPCC 1997) 

Greenhouse Gas Conversion factor 

CH4 21 
N2O 310 
CO2 1 

The results of GHG emission for two types of biomass is described below. 
• Corn Stover:  

The GHG emission of renewable diesel production from cornstover is shown in Table 5. It 
can be seen that in the scenario with electricity production, biomass preparation and 
transportation of biomass are the main contributors to the GHG emissions. High emission 
of biomass preparation process is mainly due to fertilizers used at the plant and also use of 
diesel to run the equipment required to collect cornstover from the field. The emission 
associated with the transportation process is mainly due to the direct GHG emitted from 
the vehicles carrying the biomass from field to the plant. The type of transportation 
considered is the regular truck run with the diesel fuel. In the scenario with external 
electricity, biomass preparation and renewable diesel production processes are the two 
main contributors. Same as the first scenario, high amount of GHG emitted in biomass 
preparation process is mainly due to fertilizers added to the field to replace the stover 
collected from the land and use of diesel. More detailed on GHG emission contributed to 
each unit process involved in renewable diesel production can be found in the appendix B.  
Comparing two scenarios with different electricity sources showed that, as it was 
expected, GHG emission of the first scenario with electricity production (6.73 g CO2 
e/MJ) is lower than the scenario with external electricity (12.52 g CO2 e/MJ). Moreover, it 
can be seen that the GHG emission of production process of the first scenario is 
significantly lower than the one from production process in the second scenario. The 
reason is in the first scenario biomass-based electricity was used in the production phase 
which emit lower amount of GHG emission compared with the fossil fuel-based electricity 
that was used in the second scenario. However, it should be noted that in the first scenario, 
electricity produced in the system is more than the electricity consumption consumed in 
the production phase. Extra electricity can avoid using portion of electricity consumption 
in the other process out of the system boundary. Therefore, the GHG emission of extra 
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electricity considered to be negative meaning as the avoided GHG emission.  
 

Table 5. GHG emission contributed by each unit process of renewable diesel production from cornstover 

Corn stover Scenario 1: with 
electricity production 

Scenario 2: with external 
electricity  

Processes 
GHG emission 
g eq. CO2/MJ 
of renewable 

diesel 

% Of 
contributio

n 

GHG emission 
(g eq. CO2/MJ of 
renewable diesel) 

% Of 
contribution 

Data 
Source 

Biomass 
Preparation 6.39 86% 6.39 44% GREET 

Model 

Transportation 
of Biomass to 

plant 
0.66 9% 0.66 5% GREET 

Model 

Renewable 
diesel 

Production 
process 

0.07 1% 5.18 40% 

Swanson et 
al. (2010) + 
Simapro 7.2 

(US LCI 
database) 

Wastewater 
treatment 0.16 2% 0.14 1% 

Swanson et 
al. (2010) + 
Simapro 7.2 

(US LCI 
database) 

Equipment and 
labor 0.16 2% 0.16 1% 

EIO-
LCA+US 
Labor of 
statics 

Total 7.43   12.52     

Extra electricity -0.70   N/A   

Swanson et 
al. (2010) + 
Simapro 7.2 

(US LCI 
database) 

GHG emission 
after system 
expansion 

6.73         

 
• Switchgrass 

The process for renewable diesel production from switchgrass is similar to what was used 
for cornstover. GHG emission associated with each unit process of renewable diesel 
production from switchgrass is shown in Table 6. As it was expected GHG emission 
associated with production of renewable diesel in the first scenario (16.2 g CO2 e/MJ) is 
lower than the one in the second scenario (19.3 g CO2 e/MJ). For switchgrass, similar to 
cornstover, the main portion of GHG emission in renewable diesel production is due to 
biomass preprocessing.  The difference for switch grass is there is no need to add fertilizers 
to the land after harvesting because switchgrass is naturally grown and does not deteriorate 
the quality of soil. It can be seen that the main portion of GHG emission is coming from 
preprocessing of biomass (92%) in the first scenario. In the second scenario 72% of GHG 
is related to biomass preprocessing and the rest is due to the electricity used in renewable 
diesel production process that is mainly coal-based power. High GHG emission rate in 
biomass preparation process is due to the use of diesel in the equipment used for 
swicthgrass harvesting. The same  as cornstover, extra electricity produced at the plant 
considered to be negative as it avoids portion of GHG emission in some other parts of the 
plant.  
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Table 6. GHG emission contributed to each unit process of renewable diesel production from switchgrass 

 
 

Comparison of GHG emissions   
• Comparison of two scenarios:  

In this part two scenarios with different electricity source are compared. Figure 3 shows 
the comparison of two scenarios for renewable diesel production from cornstover and the 
comparison for switchgrass can be found in the appendix B.  The most pollutant process in 
the scenario 1 with electricity production is biomass preparation followed by 
transportation. The reason is renewable diesel production process is using the biomass-
based electricity that has lower GHG emission compared with diesel energy use that is 
used in biomass preparation and transportation. In the second scenario with external 

Switch grass Scenario 1: with 
electricity production 

Scenario 2: with 
external electricity  

Processes 

GHG 
emission g eq. 

CO2/MJ of 
renewable 

diesel 

% of 
contrib
ution 

GHG 
emission g 
eq. CO2/MJ 

of 
renewable 

diesel 

% Of 
contrib
ution 

Data 
Source 

Biomass 
Preparation 15.6 92% 13.8 72% GREET 

Model 
Transportation 
of biomass to 

the plant 
1.2 7% 0.8 4% 

Kim and 
Dale 

(2004) 

Production 
process 0.0002 0.001% 4.7 24% 

Swanson 
et al. 

2010,Sim
apro 7.2 
(US LCI 
database) 

Waste water 
treatment 0.0002 0.001% 0.0006 0.003% 

Swanson 
et al. 

2010+ 
Simapro 
7.2 (US 

LCI 
database) 

Equipment and 
labor 0.2 1% 0.2 1% 

EIO-
LCA+US 
Labor of 
statics 

Total GHG 
emission 16.9   19.3     

Extra 
electricity 0.7 4%     

Swanson, 
et al. 

(2010)+ 
Simapro 
7.2 (US 

LCI 
database) 

GHG emission 
after system 
expansion 

16.2         
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electricity, biomass preparation and renewable diesel production have the highest portion 
of GHG emission. The contribution of renewable diesel production is higher in this 
scenario as the energy source in this scenario is US grid electricity that is mainly based on 
fossil fuel and consequently has a higher GHG emission. In both scenarios contribution of 
wastewater treatment is negligible.  

 

 
Figure 3. Comparison of GHG emissions in two scenarios with different electricity source a. Scenario 1 

electricity production at the plant b. Scenario 2 US grid electricity source 
 

• Overall Comparison  

Figure 4 shows the overall comparison of GHG emission associated with renewable diesel 
production from 2 types of biomass in 2 scenarios. As it can be seen the GHG emission of 
renewable diesel production from corn stover is comparatively lower than the one from 
switchgrass. In both types of biomass GHG emission contributed by renewable diesel 
production with electricity production is lower than the one with external electricity.  This 
is mainly because of oxygen production step that is an intensive energy process and 
released a significant amount of GHG to the environment. Furthermore it can be seen that 
for both types of biomass, cornstover and switchgrass, main impacts are related to 
biomass preparation. Contribution of renewable diesel production process is more 
significant in the scenario with external electricity where the fossil fuel based electricity 
source is used.  
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Figure 4.GHG emissions of each process involved in renewable diesel production 

 

5.2. Life cycle energy and EROI estimation  

In this section, life cycle energy used in each unit process of renewable diesel production 
was estimated. It should be noted the life cycle energy includes both direct energy 
(electricity) and indirect (embodied energy of chemicals and materials used). Then, EROI 
(Energy return on investment) ratio was calculated to characterize the efficiency of the 
production system in terms of energy value of products over the energy used to produce it. 
It should be noted that in this study, the energy output is only the energy value of 
renewable diesel not the by-products. Then this energy is divided by the non-renewable 
energy that was used for its production to estimate the EROI value. The input energy is 
also allocated for renewable diesel based on the energy content of each output. The input 
nonrenewable energy source was also allocated to the renewable based on the energy 
content of each output. 

  

𝐸𝑅𝑂𝐼 =   
𝐸!"#,!"#"$%&'"  !"#$#%

𝐸  !",!"!#$!$%&'($  !"!#$%
 

There are different bases for allocation including energy value, price and mass value. 
Since the main purpose of EROI is to compare biofuel energy value, this study used 
energy allocation is the base for allocation.  

The contribution of each output for energy allocation is shown in Table 7.   
 

Table 7. Energy allocation of by-products 
Product Energy allocation Note 

Renewable 
diesel 

62%  

Naphtha 26%  
Biogas 12% Only in the scenario with external electricity 

6.39 5.57 

15.60 
13.80 0.66 

0.57 

1.20 

0.80 

5.02 

4.70 

0 

5 

10 

15 

20 

25 
g 

C
O

2 
eq

/M
J 

Equipment and 
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Biomass 
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With electricity      with external     with electricity          with external     
   Production            electricity          production                   electricity  
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To calculate the EROI ratio, first, the direct energy (electricity) required to produce 1 MJ 
of renewable diesel was taken from Swanson report Swanson et al.  and then the fossil 
fuel energy required to deliver that amount of electricity to the plant was calculated. In the 
next step energy value of renewable diesel was estimated based on previous studies. 
Previous studies showed that energy content of renewable diesel equals to 95 percent of 
the energy content of conventional diesel while it is 10 percent more than biodiesel 
(Kalnes 2008). Therefore, the energy content of renewable diesel is 44 MJ per kg of 
biomass. Knowing the energy content of renewable diesel and the energy used for its 
production, EROI was calculated. A sample of calculation for EROI of renewable diesel 
derived from cornstover in scenario with electricity production is shown below. This 
calculation is based on the biomass mass used daily as Swanson et al. (2010) reported the 
renewable diesel production rates on a daily base. 

Energy content of biomass: 44 MJ/kg of biomass 

Mass of biomass produced each day: 378 ton 
Energy produced each day= 378  ton ∗ 1000 !"

!"#
∗ 44!"

!"
= 1.66 ∗ 10!  MJ 

Energy content of renewable diesel= 0.62 ∗   1.66 ∗ 10! = 1.03 ∗ 10!  MJ 
Input fossil energy allocated to renewable diesel energy= 1.41 ∗ 10!  MJ  
Allocation of input fossil energy to renewable diesel (energy-based)= 0.62 ∗   1.41 ∗
10! = 8.73 ∗ 10!  MJ 

EROI =   
E!"#
E!"

=   
1.03 ∗ 10!

8.73 ∗ 10! = 11.81 

 

• Corn Stover 

The life cycle energy consumed in each unit process for production of 1 MJ of renewable 
diesel is shown in Table 8. As it was expected, EROI for the scenario with electricity 
production (11.81) is higher, more favorable, than the scenario with US electricity mix 
(6.6). This is due to the less fossil energy was used in the production process while the 
output energy was the same in two scenarios.  

In both two scenarios, the major portion of energy is used in biomass preparation while 
the main difference is the energy used in renewable diesel production process. In scenario 
1, the life cycle energy used in the production process is lower as the electricity is 
provided from the biomass-based source and oxygen is produced in the system while in 
the second scenario the life cycle energy is higher as the fossil-based energy is used and 
oxygen is purchased from out of the system boundary. The amount of life cycle energy 
used in processes of biomass preparation (harvesting and collection), transportation and 
wastewater treatment are the same in both scenarios but the contribution is different as the 
total in put energy varied in two scenarios. 

 
Table 8. Life cycle energy consumption of each unit process in renewable diesel production from cornstover 

Unit process 
Scenario1: Renewable diesel 

production with electricity and 
oxygen production 

Scenario 2: Renewable diesel production with 
external electricity 
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Process 
Energy (MJ/MJ 

of renewable 
diesel) 

% Of 
contribution 

Energy (MJ/MJ of 
renewable diesel) % Of contribution 

Biomass 
Preparation 7.17E-02 84% 7.17E-02 47% 

Transportation 
of biomass to 
the plant 

1.13E-02 13% 1.13E-02 7% 

Production 
process 1.25E-03 1% 6.80E-02 45% 

Waste water 
treatment 6.33E-04 0.75% 6.32E-04 0.42% 

Equipment and 
labor 6.14E-08 0.0001% 1.10E-09 0.000001% 

Total input 
energy 0.085 	  	   0.152   

EROI 11.81 	  	   6.6   
 

 
 

• Switchgrass  

The input energy for each unit process and EROI of switchgrass is shown in Table 9.  As 
it was expected EROI in the scenario 1 EROI of the scenario with electricity production 
(6.4) is higher than the one in the scenario 2 with external electricity (4.3). Similar to 
cornstover, biomass preparation has the highest portion of energy consumption in both 
scenarios. The contribution of renewable diesel production process in scenario 2 is higher 
as the source of energy is fossil-based and also because oxygen is purchased from out of 
the system.  

Table 9. Life cycle energy consumption of each unit process in renewable diesel production from switchgrass 

Switchgrass 
Scenario 1: Renewable diesel 

production with electricity 
production  

Scenario 2: Renewable diesel production 
with external electricity 

Unit process 
Life cycle energy 

(MJ/MJ of 
renewable diesel) 

% Of 
contribution 

Life cycle energy 
(MJ/MJ of 

renewable diesel) 

% Of 
contribution 

Biomass and 
preparation and 
transportation  

1.56E-01 
 

99.6% 
 

1.56E-01 67.8% 

Production process 9.13E-06 0.006% 7.35E-02 31.9% 
Waste water 

treatment 6.33E-04 0.4% 6.33E-04 0.3% 

Equipment and 
labor 1.10E-09 0.000006% 9.61E-10 0.0000004% 

Total input 1.57E-01  2.30E-01  
EROI 6.40  4.30  

 
• Comparison of EROI: 

Table 10 shows the EROI of renewable diesel derived from cornstover and switchgrass. It can 
be seen that cornstover has a higher EROI value. It can be explained by the higher input 
energy needed for plantation and harvesting of switchgrass while lower energy was needed 
for harvesting of cornstover as it is already left on the field.  Comparing two scenarios with 
different electricity sources, the first scenario with electricity production has higher EROI. 
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The reason is with the same output energy, the amount of fossil-based energy used as an input 
in the scenario with electricity production is lower than the one with external electricity. 

 
Table 10. EROI of renewable diesel in two scenarios from two types of biomass 

 EROI 
Type of biomass Scenario 1: Biofuel production 

with electricity production 
Scenario 2: Biofuel production with 
external electricity 

Cornstover 11.81 6.60 
Switchgrass 6.40 4.30 

 

This study shows that the EROI of renewable diesel is in range of 4.35 to 11.81 depending 
on the type of biomass used and the source of grid electricity. This range of EROI is higher 
than typical range of EROI for other types of biofuels. This can be explained with the 
higher energy content of renewable diesel compared with traditional biodiesel. EROI of 
different biofuels from previous studies are shown in Table 11.  The lower value of EROI 
for other biofuels can be explained with their lower energy content and also with reviewing 
their  
assumption in the calculation. For instance, in most studies, energy used in the production 
process is fossil-based fuel rather than biofuel. That is one the reason for a low value of the 
EROI and the other reason is the energy needed for biomass production varied depending 
on the geographical location. For instance, the energy used as an input for ethanol 
production in tropical countries is lower because of better growing conditions and the 
lower energy needed for plantation. Consequently EROI value will be higher due to lower 
input energy needed (Garoma et al. 2012). 

 
Table 11. EROI of different fuels 

Biofuel type EROI Reference 
Vermont biodiesel 4.04 Garza 2011) 
Cornstover ethanol 4.16 GREET model 
Soybean biodiesel 4.56 Pradhan 2009) 
Rapeseed biodiesel 3.71 Richards 2000) 
Renewable diesel 4.35-11.81 Zaribaf (2012) 

 
The overall results of EROI for cornstover and switchgrass are presented in Figure 5. As it can 
be seen, the main portion of the input energy is due to the biomass preparation including 
adding fertilizers and harvesting of biomass. For cornstover, the most energy intensive process 
in scenario with electricity production is adding fertilizers and for the scenario with external 
electricity, gasification process is the main energy intense process. For Switchgrass, in both 
scenarios, harvesting and collection has the main portion of input energy followed by the 
gasification process. The main energy used in gasification process is due to the oxygen 
production unit where oxygen is produced at the plant in the first scenario and purchased in the 
liquid form from out of the system boundary. 
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5.3. Sensitivity analysis 
In every research there are some uncertain areas in data collection, parameter values and 
assumptions that are subject to change and error. Sensitivity analysis is the investigation of these 
potential changes and errors and evaluation of their impacts on final results. In the other word, 
sensitivity analysis allows us to assess the impact that changes in a certain parameter will have on 
the model’s conclusions (Taylor 2009). Tornado graph is one of the ways to visualize the output of 
sensitivity analysis. Tornado graph describes how sensitive the value of an output variable is, to the 
input variables of the model.  Moreover, a tornado diagram allows us simultaneously to compare 
sensitivity analysis for many input variables and a single output variable (Vose 2007).  Table 12 
shows different variables, assumed value, maximum and minim value and the   final result of GHG 
emission in the first scenario based on the change in input data. The results of sensitivity analysis is 
shown for the first scenario as it is proved to be more efficient one while the results of sensitivity 
analysis for the second scenario can be found in Appendix C. Table 13 shows the effect of the 
change in input on the EROI results for scenario 1. The parameters are described briefly in the 
following section. 

Table 12 : list of Parameters and their effect on output GHG emission results 

Parameters  GHG (g CO2/ MJ) 
Lower Value 

GHG (g CO2/ MJ) 
(Base value) 

GHG (g CO2/ MJ) 
Higher Value 

Distance between field and plant 
(20, 30, 50 miles) 

Cornstover. 
Scenario1 6.48 6.73 7.23 

Switchgrass 
Scenario1 16.65 16.90 17.40 

Source of data for fertilizers 
added (GREET, Simapro US 

LCI) 

Cornstover. 
Scenario1  6.73 8.18 

Switchgrass 
Scenario1  16.90 N/A 

Vehicle type of transportation 
between field and plant (diesel 

truck, gasoline truck) 

Cornstover. 
Scenario1  6.73 6.88 

Switchgrass 
Scenario1  16.90 17.03 

Waste treatment plant used 
(SimaPro database class 3, 

Class1, Class 5 types of 
treatment) 

Cornstover. 
Scenario1 6.67 6.73 6.76 

Switchgrass 
Scenario1 

16.84 
 16.90 16.92 

Different states (Michigan, 
average, Illinois) 

Cornstover. 
Scenario1 N/A 6.73 N/A 

 
Figure 5. EROI of renewable diesel derived from cornstover and switchgrass 
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Switchgrass 
Scenario1 18.86 16.90 19.5 

 
 

Table 13 : list of Parameters and the effect of different change on EROI results 

Parameters  EROI 
lower input energy 

ERO 
(Base value) 

EROI 
higher input energy 

1.Distance between field and 
plant (20, 30, 50 miles) 

Cornstover. 
Scenario1 12.29 11.81 11.11 

Switchgrass 
Scenario1 6.91 6.38 5.52 

Source of data for fertilizers 
added (GREET, Simapro US 

LCI) 

Cornstover. 
Scenario1  11.81 10.06 

Switchgrass 
Scenario1  6.38 6.30 

Vehicle type of 
transportation between field 

and plant (diesel truck, 
gasoline truck) 

Cornstover. 
Scenario1  11.81 11.73 

Switchgrass 
Scenario1  6.38 6.36 

Waste treatment plant used 
(SimaPro database class 3, 

Class1, Class5 types of 
treatment) 

Cornstover. 
Scenario1 11.82 11.81 11.78 

Switchgrass 
Scenario1 6.40 6.38 6.30 

Different states (Michigan, 
average, Illinois) 

Cornstover. 
Scenario1 12.53 11.81 11.43 

Switchgrass 
Scenario1 6.59 6.38 6.27 

 
 

5.3.1. Distance between field and plant  

Transportation is needed to deliver biomass from land to the plant. The distance could affect the 
environmental impacts since more distance results resulted in more fuel consumption and 
consequently more GHG emissions. In this study distance is chosen to be 30 miles based on the 
average assumptions in reviewed articles and also to be consist with the GREET model. Then this 
distance was changed first to 20 miles and 50 miles to see how change in distance could affect the 
energy consumptions and GHG emissions.  As it was expected, GHG emission has the highest 
value with 50 miles distance and has the lowest one with 20 miles. The effect of change in distance 
on the results is more significant on GHG emission rather than EROI number.  

5.3.2. Source of data for additional fertilizers  
 
Fertilizers needs to be added to increase soil fertility as a replacement of the corn stover collected 
from the land. For the base scenario, GREET model was used for the amount of fertilizers needed. 
For sensitivity analysis, data from study by Kim and Dale (2004) was used for the amount of 
fertilizers needed and Simapro software was used to calculate GHG emission and input energy 
(Kim and Dale 2004). As it can be seen in Table 12, GHG emissions of renewable diesel production 
from cornstover is lower and EROI is higher in the scenario with GREET database while when 
Simapro database is used, GHG emission increased and EROI decreased. However, the effect of 
change in data source for fertilizer on the results is significant.   
 
 
 

5.3.3. Vehicle type of transportation between field and plant 

Vehicle type of transportation is important as the type of fuel used in the truck will affect the life 
cycle energy required and the GHG emitted. In this study, diesel truck is used as the base scenario 
and gasoline truck is used in another scenario. According to the data from Table 12, scenario with 
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gasoline-powered truck has the higher GHG emission and lower EROI compared with diesel truck. 
In spite of higher emission from gasoline truck, in some areas that is the only option for biomass 
transportation. However, the change in the transportation vehicle does not change the results that 
much.  

5.3.4. Waste treatment plant used  
 
Wastewater stream is produced during the renewable diesel production process. Wastewater 
disposal includes the treatment and disposal of the sludge and black water produced during direct 
syngas quench. In the base scenario basic wastewater treatment is considered and sludge is used for 
land application. In other two scenarios, other two classes for wastewater treatment were considered 
that also considered anaerobic digestion of sludge handling for methane production. For all three 
scenarios, Simapro database was used. Although the change in GHG emission and EROI results is 
not significant, more research is required to find the optimum process of wastewater treatment.  

 
 

5.3.5. Different location (different states) 

Kim and Dale (2004) evaluated the switchgrass production from different state in US. In this study 
average data was used for switchgrass and in this section sensitivity analysis was used to specify the 
states needs the lowest energy for swicthgrass-biomass production (Michigan) and the state highest 
level of energy needed for switchgrass-biomass production (Illinois). This sensitivity analysis for 
this section is only conducted for switchgrass, as the assumption was no energy was needed for 
cultivation of cornstover. Switchgrass production in the state of Michigan has the highest GHG 
emission while Illinois has the lowest amount of GHG emission for the same amount of 
switchgrass. This may due to the local energy mix used in each state and also local potential of each 
state for switchgrass cultivation and biomass production. The effect of change in the state on the 
results of GHG emission is significant while it does not have a significant effect on EROI results.  
 

5.4. Tornado Graphs 

Tornado graph is used to show the change in one parameter while the rest is kept the same. This 
graph helps to show the effect of all impacts parameters in one graph.   
 

5.4.1. GHG emission 

Figure 6 and 7 are the tornado graphs show the results of sensitivity analysis of GHG emission. It 
can be seen that the results are more sensitive to transportation distance for both types of biomass 
source. Fertilizers’ database for cornstover and change in geographical area (different states) for 
switchgrass are also the sensitive area.  

One of the benefits of conducting sensitivity analysis is identifying the areas for future improvement. 
In this study, the best improvement can be made by building the biofuel production plant is built as 
close as possible to the field to cut down the distance, using environmental friendly fertilizers and 
finally considering the local condition of area for cultivation of appropriate type of biomass. It can 
also be seen that, the results are not sensitive to the waste treatment type and also the vehicle type 
used for transportation.  



 

21 

 
    

 Figure 6. Tornado graph for sensitivity analysis of GHG emission of cornstover derived renewable diesel 
 

 
        Figure 7. Tornado graph for sensitivity analysis of GHG emission of switchgrass derived renewable diesel 

5.4.2. Life cycle energy (EROI) 
Figures 8 and 9 compare the effect of change in input parameters on EROI of cornstover 
and switchgrass respectively. Figure 8 shows that change in fertilizer’s database has the 
highest effect on EROI results. Biomass production state is the second important factor 
that has the potential to change the EROI results. Therefore, the fertilizer’s database and 
the location of cornstover derived biomass production should be chosen carefully. It was 
also seen that change in wastewater treatment type does not have a significant impact on 
EROI result. Figure 9 shows that change in transportation distance has the highest effect 
on EROI results while the type of wastewater treatment has the lowest impact on EROI 
results.  
Overall, the results also show that using environmental friendly fertilizers, decreases the 

Vehicle type for  
trasportation of corn  

stover (Diesel, 
Gasoline) 

Corn stover 
transportation       

distance (20,30,50 
miles)  

Fertilizer Energy 
Database (GREET, 

Simapro 7.2) 

6.0 6.5 7.0 7.5 8.0 8.5 

Waste treatment type  

Different state 
(Michigan, Base, 

illinoise) 

Waste treatment 
type  

15.5 16.0 16.5 17.0 

Switchgrass 
transportation distance 
(20,30,50 miles) 

Vehicle type of 
transportation (diesel, 
gasoline) 

Different state (Michigan, 
Base, illinoise) 
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distance between field and plant and considering the local condition for the type of 
biomass used can reduce input energy and increase the EROI enormously. 
 
 

 
Figure 8. Sensitivity analysis for EROI of renewable diesel derived from cornstover 

 

 
Figure 9.Sensitivity analysis for EROI of switchgrass derived renewable diesel 

 

6. Discussion  

This study reveals that renewable diesel has the potential to be considered as an 
environmental friendly and energy efficient fuel to serve as a replacement or combination 
with fossil fuel diesel.  

However, to understand if the renewable diesel is an environmental friendly fuel it needs 
to be compared with other fuels. Table 14 show the GHG emission and EROI of different 
fuels. As the scenario with electricity production showed to be a more environmental 
friendly process that demand a lower value of input energy, this scenario is chosen for the 
comparison with other fuels.   

Vehicle type for  
trasportation of corn  
stover 

Corn stover 
transportation       
distance (20, 30, 50 
miles)  

Wastewater treatment 
type  

Fertilizer database 

9.5 10.0 10.5 11.0 11.5 12.0 12.5 13.0 

Biomass production in different states 
(Illinoise,Average, Michigan) 
 

5.2 5.7 6.2 6.7 7.2 

Switchgrass 
transportation 
distance 

Waste treatment type  

Biomass production in different 
states (Illinoise,Average, 
Michigan) 

Fertilizer Database  

Vehicle type of 
transportation 
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Table 14 shows that the process of renewable diesel production, for both biomass types, 
has a lower GHG emission compared with fossil fuel based fuels. Comparison of GHG 
emission of renewable diesel with other biofuels does not seems to be fair as the system 
boundaries considered in previous biofuel production studies varied. However, the GHG 
emission of other biofuel productions, as of now, is higher than renewable diesel 
production.   

Comparing EROI of renewable diesel with fossil fuel based fuels is important as one of 
the problems associated with biofuel production was the low energy of biofuels compared 
to the energy used in the production process. Table 14 shows that EROI of renewable 
diesel is comparatively higher than other biofuels and closer to the one from fossil fuels. It 
means that renewable diesel was successful in increasing the energy content of biofuels to 
make them similar to fossil fuels. 

Figure 10 visualizes the comparison of EROI and GHG emission of renewable diesel with 
petroleum-based fuel and other types of biofuels. It should be noted that EROI and GHG 
emission are largely depending on assumptions and pathway of production; therefore this 
graph is a rough comparison of fuels. 

Generally, GHG emission contributed to biofuel production is relatively lower than the 
one from petroleum fuels while on the other hand petroleum fuels have relatively higher 
EROI due to their high-energy value. It could be concluded that petroleum fuels are the 
more energy efficient fuels and biofuels are more environmental friendly. Renewable 
diesel lies between petroleum fuel and other biofuels. EROI of renewable diesel is lower 
than fossil fuel but higher than biodiesel and ethanol and its GHG emission is lower than 
petroleum fuels and higher than other biofuels. 

 
Table 14. GHG emission and EROI of different fuels 

Fuel GHG emission (g 
CO2/MJ) EROI 

Petroleum gasoline 96.90 Nexant 2006 25Delucchi 2003 

Petroleum diesel 82.30 Nexant 2006 20 Delucchi 2003 

Corn ethanol 68.58 Nexant 2006 1.62 Macedo 2008 

Soybean biodiesel 49 Nexant 2006 4.56 Pradhan 2009 
Corn stover ethanol 42 Spatari et al. 2005 4.16 Sheehan et al. 2004 

Microalgae Biodiesel 75 Batan et al. 2010 0.57 Beal 2012 
Corn stover Renewable diesel (with electricity 

production) 7.47(Zaribaf, 2012) 12.52(Zaribaf, 2012) 

Switchgrass Renewable diesel  (with electricity 
production) 16.20 (Zaribaf, 2012) 6.40 (Zaribaf, 2012) 
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Figure 10. Comparison of EROI and GHG emission of biofuels and Petroleum-based fuels 

 

7. Conclusion  

Review on previous study reveals that there is a lack of study on environmental impacts 
and life cycle energy of study on renewable diesel production. Therefore, this study used 
LCA method to assess the GHG emitted and life cycle energy used during the process of 
renewable diesel production. Two types of biomass considered, switchgrass and 
cornstover, as the biomass source in order to analyze which one has a better potential to be 
used as an input biomass.  

The results of life cycle study shows that GHG emission of cornstover derived renewable 
diesel is 6.73 g CO2 e/MJ of renewable diesel in the best scenario while the GHG 
emission of swicthgrass is 16.2 g CO2 e/MJ in the best scenario. The results of life cycle 
energy study show a higher EROI for cornstover (11.81) rather than swicthgrass (6.40). 
This answered the first research question on assessing the GHG emission and EROI of 
renewable diesel production from either type of biomass source. 

The results of LCA study show a lower GHG emission and higher EROI of cornstover 
derived renewable diesel rather than the one from switchgrass derived renewable diesel. 
This is mainly due to the higher energy needed for Switchgrass biomass harvesting. It can 
be concluded that cornstover is a better alternative for biomass source rather than 
switchgrass. This answered the second research question asked early in this study.   

Since the energy source plays an important role in determining the GHG emission and 
EROI of biofuels, two scenarios were considered for renewable diesel production based 
on energy source. In the first scenario electricity is produced in the system and in second 
scenario electricity provided from US average electricity that is mainly produced from 
fossil fuels. The results show that the scenario with electricity produced in the system 
from unconverted biogas has a lower value of GHG emission and higher EROI.   
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Finally GHG emission and EROI of renewable diesel compared with other types of fuels. 
The comparison show that the GHG emission associated with renewable diesel production 
is significantly lower than the one from fossil fuels.  The EROI of renewable diesel is 2-3 
times higher than other fuels due to the higher energy content of renewable diesel. This 
comparison shows confirms the potential of renewable diesel to be used as an alternative 
source to meet the increasing energy demand. However, there are still some areas for 
improvement including determining the exact energy content of renewable diesel and 
finding a suitable wastewater treatment process for gray water treatment. 

Sensitivity analysis conducted to find the most sensitive data sources that are also the 
areas where improvement can have a significant effect on the output results. The results 
show that biomass transportation data, fertilizer data source and the location of study are 
the factors that have the highest effect on the results. Therefore, decreasing the distance 
between field and plant, using environmental friendly fertilizers and choosing an 
appropriate location for biomass production will decrease the environmental impacts and 
required input energy enormously.  

Future studies can focus on finding more sustainable ways for wastewater treatment and 
sludge handling. Also, other studies can assess other environmental impacts, beyond GHG 
emission, (ex. eutrophication, acidification...) resulting from renewable diesel production. 
Another area for future studies can be evaluating potential of other type biomass with 
similar chemical structure that can be used for renewable diesel production and comparing 
the results with the results of this study. 
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Appendix  
Appendix A 
 Technical details of renewable diesel production: 

 
Renewable diesel production in scenario 1 with electricity 
production  

 

	  	  	  	  	  	  	  	  	  	  Produced out of the system boundary 
           Produced in the system boundary 
	  	  	  	  	  	  	  	  	  	  Re-used in the system 
            System boundary  
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	  	  	  	  	  	  	  	  	  	  Produced out of the system boundary 
           Produced in the system boundary 
	  	  	  	  	  	  	  	  	  	  Re-used in the system 
            System boundary  
  

Renewable diesel production in scenario 2 with external electricity  
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Appendix B 

GHG emission 
GHG emission of Cornstover for each unit process  

 
 Corn stover 

Scenario 1: with 
electricity production 

% of 
contribution 

Scenario 2: with 
external electricity 

% of 
contribution 

Data Source 

Processes GHG emission (g eq. 
CO2/MJ)   

GHG emission g eq. 
CO2/MJ per process   

  

1.Additional 
Fertilizers 2.98 40% 2.6 35% GREET 

2.harvesting and 
collection 3.32 44% 2.69 36% GREET 

3.Tranportation 
of Corn Stover to 
plant  

1 13% 0.87 12% GREET 

4. Drying and 
grinding 
processes 

2.49E-05 0.0003% 1.60E-01 2.1442% 
Swanson et 
al. (2010) + 
Simapro 

5. Lock hopper 2.77E-03 0.0371% 8.25E-03 0.1106% 
Swanson et 
al. (2010)  
Simapro 

6. Gasifier 1.42E-07 0.0000% 9.16E-04 0.0123% 
Swanson et 
al. (2010)  
Simapro 

7. Oxygen  8.25E-05 0.0011% 4.70E+00 62.9864% 
Swanson et 
al. (2010) + 
Simapro 

8.Syngas 
Cleaning  2.92E-05 0.0004% 1.88E-01 2.5195% 

Swanson et 
al. (2010) + 
Simapro 

10.Fuel Synthesis  1.42E-06 0.0000% 2.29E-02 0.3069% 
Swanson et 
al. (2010) + 
Simapro 

11.Hydro 
processing 1.56E-05 0.0002% 1.01E-01 1.3535% 

Swanson et 
al. (2010) + 
Simapro 

9. Waste water 
treatment  1.59E-01 2.1308% 1.39E-01 1.8628% 

Swanson et 
al. (2010) + 
Simapro 

TOTAL 7.46   11.5   
Swanson et 
al. (2010) + 
Simapro 

Extra elec.  0.7         
GHG emission 
after system 
expansion 

6.77 

     
 
 
 
 
 
 
 
 
 

GHG emission for 
renewable diesel 
production from 
Switch grass  

Scenario 1: Biofuel 
production with 
electricity production % of 

contribution 

Scenario 2: 
Biofuel 
production 
with external 
electricity 

% of 
contribution 

Data 
Source  
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  GHG emission (g eq. 
CO2/MJ)  

GHG emission 
g eq. CO2/MJ 

per process  
  

Harvesting and 
collection of 
Switch grass 15.60  13.80 

 

Swanson 
et al. 
(2010) + 
GREET 

Transportation of 
Switch grass 1.20 7% 0.80 4% 

Kim and 
Dale 

(2004) 
Drying and 
grinding processes 3.90E-08 0.00000023% 1.60E-04 0.001% 

Swanson 
et al. 
(2010) + 
GREET 

Lock hopper 

2.01E-09 0.00000001% 8.25E-06 0.000043% 

Swanson 
et al. 
(2010) + 
GREET 

Gasifier 

2.23E-10 0.00000000% 9.16E-07 0.000005% 

Swanson 
et al. 
(2010) + 
GREET 

Oxygen  

3.49E-05 0.00020774% 4.70E+00 24.4% 

Swanson 
et al. 
(2010) + 
GREET 

Syngas Cleaning  

4.57E-08 0.00000027% 1.88E-04 0.001% 

Swanson 
et al. 
(2010) + 
GREET 

Waste water 
treatment  1.59E-04 0.00094643% 6.20E-04 0.003% 

Swanson 
et al. 
(2010) + 
GREET 

Fuel Synthesis  

2.23E-09 0.00000001% 2.29E-05 0.000119% 

Swanson 
et al. 
(2010) + 
GREET 

Hydro processing 

2.45E-08 0.00000015% 1.01E-04 0.001% 

Swanson 
et al. 
(2010) + 
GREET 

Total 16.8  19.3  
  

With system 
boundary 
expansion 

16.1    
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Comparison of GHG emissions in two scenarios for switchgrass 

 
 
  

92%	  

7%	  
1%	  

GHG	  emission	  g	  eq.	  CO2/MJ	  of	  renewable	  
diesel	  

Biomass	  
PreparaIon	  

TransportaIon	  of	  
biomass	  to	  the	  
plant	  

ProducIon	  process	  

Waste	  water	  
treatment	  

Equipment	  and	  
labor	  

72%	  
4%	  

24%	  

1%	  

GHG	  emission	  g	  eq.	  CO2/MJ	  of	  renewable	  
diesel	  

Biomass	  
PreparaIon	  

TransportaIon	  
of	  biomass	  to	  
the	  plant	  

ProducIon	  
process	  

Waste	  water	  
treatment	  

Equipment	  and	  
labor	  
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Appendix C 
Sensitivity analysis for EROI 
 
Sensitivity analysis of EROI for Waste treatment type (Switchgrass) 

Waste treatment type 
Treatment, sewage, 
unpolluted, to wastewater 
treatment, class 3 

Waste   
disposa
l 

Treatment, sewage, to 
wastewater treatment, 
class 1 

rE for Cornstover With 
electricity Production 

6.512 6.53 6.52 

rE for Cornstover With 
external electricity 4.432 4.44 4.43 

 
 
Sensitivity analysis for GHG emission 
 

Sensitivity Analysis of GHG emission for Waste treatment plan (Switchgrass) 
GHG emission (g CO2/MJ) switchgrass 
With electricity production 16.14 16.2 16.82 
With external electricity 19.30 19.3 19.36 

 
 
Sensitivity analysis of GWP for vehicle type of transportation (Switchgrass) 

Vehicle type of 
transportation for 

switchgrass Transport, single unit 
truck, diesel powered/US 

Transport, 
combination truck, 

gasoline 
powered/US 

Transport, 
combination truck, 

average fuel mix/US 
GHG With electricity 

production (g 
CO2/MJ) 

17.5 16.2 17.5 

GHG With external 
electricity (g CO2/MJ) 20.15 19.34 20.15 

 
 
Sensitivity analysis of GWP for transportation distance of switchgrass 
Transportation of Switch grass (MJ/dry kg)  Distance 
 20 mile 30 mile 50 mile 
GHG With electricity production (g CO2/MJ) 14.4 16.2 19.48 
GHG With external electricity (g CO2/MJ) 17.2 19.3 21.02 
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Appendix D 
Tornado Graphs: 
 
GHG emission: 

 
Sensitivity analysis for GWP associated with renewable diesel production from cornstover with external electricity  

 
 
 

 

11.5 12.0 12.5 13.0 13.5 14.0 

GHG emission (g CO2/MJ) of Cornstover 
renewable production  with external electricty  

Type of electrcity 
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Fertilizer Energy  

Waste 
treatment type  

Different state 
(Michigan, 
Base, illinoise) 

Cornstover transportation 
Disctance 

Waste treatment type  

Production of 
Switchgrass in 
different states 

Vehicle type of 
transportation 

Distance between 
field and plant	  

18.0 19.0 20.0 

GHG emssion(g CO2/MJ) Swicthgrass with external 
electricty 

Type of Electricity 
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Sensitivity analysis for GWP associated with renewable diesel production from Switchgrass with external electricity  
Life cycle energy (EROI) 

 
Sensitivity analysis for EORI of renewable diesel production from cornstover with external electricity 

 
Sensitivity analysis for EROI of renewable diesel production from Switchgrass with external electricity 
 

Vehicle type for  
trasportation of corn  

stover 

Corn stover 
transportation       

distance  

Type of electricity 
used  

Waste treatment type  

6.1 6.6 7.1 

EROI Cornstover with external electricty  

Fertilizer Database  

5.2 5.7 6.2 6.7 7.2 

EROI Swicthgrass with electricty production  

Switchgrass 
transportation 
distance 

Waste treatment type  

Biomass production in 
different states 
(Illinoise,Average, Michigan) 

Fertilizer Database  

Vehicle type of 
transportation 
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Sensitivity analysis for EROI of renewable diesel production from cornstover with external electricity  

 
 

 

Vehicle type for  
trasportation of corn  

stover 

Corn stover 
transportation       

distance  

Type of electricity 
used 

Waste treatment type  

6.1 6.6 7.1 

EROI Cornstover with external electricty  

Fertilizer Database  


