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I BACKGROUND 

1.1. Need for Bio-fuel and Fuel Cell Technology Development   

Peak oil theory was originally recognized and described by Dr. M. King Hubbert 

(a geologist from the Shell Oil Company) in 1956 and it implies that the production rates 

of regional oil wells and global total oil reserves both follow roughly symmetrical logistic 

distribution curve (bell-shaped) [1]. The Hubbert model accurately predicted that the 

domestic oil production in the U.S. lower 48 states would ultimately reached its peak in 

1970. Since then, the Hubbert model has been widely used to forecast oil production 

worldwide and refined with many dynamic factors (e.g., oil production rate, oil 

consumption rate, and new oil reservoirs) [2]. A research group from the U.S. Energy 

Information Administration (EIA) modified the Hubbert model by including several 

variables (e.g., oil production growth, reserve to production (R/P) ratio, and technically 

recoverable resources) to predict the global peak oil production. They hypothesized that 

the Hubbert curve extends its production with a constant percentage growth path until the 

production peak is reached, followed by a declined production post-peak at a constant 

R/P ratio. Their modified Hubbert model was presented as an asymmetrical logistic 

distribution curve [2]. Assuming a constant annual production growth of 2% and R/P = 

10, the result from the EIA report indicates world conventional crude oil production 

would be expected to peak in year 2037 at a volume of 53.2 billion barrels per year. The 

report also includes a sensitivity analysis of several key variables and suggests that global 

crude oil production will have its peak between year 2021 and 2112. The bottom line 

conclusion to be drawn from peak oil theory is that inadequate global oil production 

capacity, not oil depletion is the issue of greatest urgency [3]. Worldwide demand for 
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crude oil, due simply to population growth, will fast outpace its supply [2,3]. Inadequate 

supply of crude oil promotes volatility of its price. This not only directly impacts the 

market supply chains of crude oil and other products, but also affects political strategies 

and makes it more difficult to plan long-term investments [1,3].  

 

The U.S. has relied heavily on fossil fuel resources for its energy consumption 

and most of the petroleum is used in the transportation sector. For example, 82% of total 

energy consumption used in the U.S. in 2011 was derived from fossil fuels (summation of 

petroleum, natural gas, and coal). Renewable energy only accounted for 9%; and, the 

remaining portion was derived from nuclear power [4]. Figure 1(a) illustrates the U.S. 

historical energy consumption in terms of end-use sectors and it shows that 

transportation, residential, and commercial sectors have increased due to population 

growth. The industrial sector has not continuously grown since the significant reduction 

in year 1980. This may be due to the strategy of outsourcing production and energy 

saving technology developments [4].  Figure 1(b) suggests the imported energy 

(difference between total energy consumption in U.S. and its domestic energy 

production) went up to 30% in year 2005. However, it was reduced to 19% in year 2011 

and is projected to be further reduced in the next few decades due to the production 

increments of domestic resources (e.g. natural gas, renewable energy). Figure 1(c) shows 

the historical trends in consumption of resources (coal, liquid petroleum, natural gas, 

nuclear, and renewable) in the U.S. Crude oil consumption is projected to decline due to 

the increasing supply of renewable liquid fuels (e.g., ethanol, biodiesel). Since the early 

of 1990s, concerns related to uncertain energy supplies, environmental impacts, and 



  

3 

homeland security have propelled policymakers to intensify their efforts to secure long-

term energy sources. The development of bio-fuels as way to reduce foreign oil 

dependence has been intensively promoted since that time [5]. Figure 2 illustrates the 

historical changes of renewable energy consumption and it shows that the used of bio-

fuel and wind based energy have dramatically increased in the last decade. The use of 

wood as a fuel has gradually declined since the 1980s. The U.S. Energy Policy Act 

(Epact) of 2005 created the renewable fuel standard (RFS), which required production of 

9 billion gallons of bio-fuels in 2008 and 36 billion gallons in 2022 and the blending of 

this bio-fuel with conventional fossil fuels used in transportation applications [6]. 

 

Figure 1: (a) U.S. total energy consumption by end-use sector (1949~2011); (b) U.S. 

total energy consumption and domestic energy production (1980~2040); (c) U.S. energy 

consumption resource categories (1980~2040) [4] 
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Figure 2: Renewable energy consumption by source (1949~2011) [4] 

 

Besides renewable energy developments, system improvement of fuel conversion 

efficiency is another strategy implemented to promote energy utilization. Fuel economy 

enhancements along with stringent exhaust regulations in the transportation sector have 

been promoted by the U.S. legislating bodies. For example, the corporate average fuel 

economy (CAFE) standard was first established by the U.S. Congress in 1975 with the 

intention of improving the average fuel economy of passage cars and light trucks right 

after the oil crisis in 1973 (Arab Oil Embargo) [7]. The CAFE legislation was recently 

refined by the Obama Administration and proposed to increase the fuel economy of 

passage cars from 25 mile per US gallon in 2012 model year of to 35 mile per US gallon 
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by 2016 model year. Alternative technologies to improve fuel conversion efficiency and 

emission reduction have also been promoted, such as fuel cells and batteries. 

 

Fuel cells are electrochemical devices that directly convert chemical energy of 

fuels into electrical energy. They possess high fuel conversion efficiency, because, unlike 

conventional power generation systems, fuel cells avoid the intermediate steps of 

producing heat and mechanical work.  Fuel cells are thus they are not limited by 

thermodynamic limitations imposed by Carnot efficiency [8,9]. Fuel cells have higher 

energy density than batteries and can produce electricity continually, as long as the input 

fuels are supplied. Fuel cells are classified according to the electrolytes used in the cells, 

and they include proton exchange membrane fuel cell (PEMFC), alkaline fuel cell (AFC), 

phosphoric acid fuel cell (PAFC), molten carbonate fuel cell (MCFC), and solid oxide 

fuel cell (SOFC). The choice of electrolyte determines the cell operating temperature 

range and the physicochemical properties of other cell components (e.g., catalyst 

electrodes, interconnects, and current collectors). The power output range and operating 

conditions of different fuel cell types are applied to various application sectors. For 

example, the PEMFC using hydrated polymeric ion exchange membranes as electrolyte is 

typically operated below 100 
o
C and it has been used in vehicles propulsion systems, 

while the SOFC has perovskite ceramics as electrolyte and serves in combined heating 

and power system (CHP) applications with its operating temperature range of 500~1000 

o
C [9].  
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In fuel cells, hydrogen and oxygen from air serve as the reductant and oxidant, 

respectively. Besides the high capital cost of fuel cell systems, insufficient hydrogen 

supply infrastructure is another main factor contributing to the limited market penetration 

to date. The global hydrogen production capacity is around 5×10
10

 kg/year and the major 

portion of hydrogen is used as a chemical raw material. Catalytic reformation with steam 

of methane from natural gas at high temperatures (so-called steam reforming) dominates 

domestic hydrogen production, even though hydrogen generation paths from renewable 

resources (e.g., wind, solar) through water electrolysis have been reported as alternative 

“green” approaches [10]. The methods to store hydrogen and supply on-board fuel for 

fuel cell vehicles have been widely studied, and include conventional high pressure 

condensation [11], cryo-techniques for superinsulated hydrogen at low temperature [10], 

hydrogen adsorption on solid materials of large surface area (e.g., carbon nanotubes) 

[12], hydrogen storage by metal hydrides [13], and catalytic reformation of on-board 

hydrocarbon fuels, such as diesel [14]. Figure 3 illustrates both volumetric and 

gravimetric density of hydrogen storage for these methods and it shows hydrogen derived 

from heavy hydrocarbon liquid fuels (e.g., gasoline, diesel) has both high volumetric and 

gravimetric density, which suggests heavy hydrocarbon catalytic reformation could be an 

effective process for onboard hydrogen supply [10,14].  

 

Fuel catalytic reformation is a process to convert a commonly available 

hydrocarbon (e.g., natural gas, propane, gasoline, diesel, and biodiesel) into a hydrogen-

rich gas stream, which is then supplied to a fuel cell system [15]. Four predominate 

modes of catalytic reforming have been investigated previously, including steam 
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reforming (SR, Equation 1) [16], partial oxidation (POx, Equation 2) [17], autothermal 

reforming (ATR, Equation 3) [14], and dry reforming (DR, Equation 4) [18]. Fuel 

flexibility is one of the outstanding benefits of implementing hydrocarbon catalytic 

reforming techniques, which can provide sufficient hydrogen production from a wide 

range of hydrocarbon fuels in different geographical regions in order to meet the large-

scale demand of fuel cells (after fuel cell technologies become more economically viable) 

[15]. By adjusting the operating conditions of the fuel reformer (e.g., temperature, 

pressure, input fuel flow, input water/air flow, catalyst type, and space velocity), practical 

yields of hydrogen-rich reformate can be achieved for specific types of hydrocarbons [14-

18].    

 

Figure 3: Stored hydrogen per mass and per volume [10] 
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SR: 2 2 22 ( / 2 2 )n mC H nH O nCO m n H                                                 (1)                                                        

POX: 2 2 2 2 2( 3.76 ) ( / 2) 3.76n mC H n O N m H nCO nN                    (2)                                

ATR: 2 2 2 2 2 2( 3.76 ) 2( ) ( / 2 2( )) 3.76n mC H A O N n A H O m n A H nCO AN                 (3) 

DR: 2 22 ( / 2)n mC H nCO nCO m H                                                        (4)                                                                       

  

1.2. Fuel Catalytic Reformation for Solid Oxide Fuel Cells  

Although SOFC-based systems need to be operated at a relative high temperature 

(500~1000 
o
C), they not only enable utilizing non-noble metal as the catalyst electrode 

(i.e., Ni-ZrO2 for anode, Sr-doped LaMnO3 for cathode) and CO with H2 as the directly 

useable fuels, but also combine heat and power to promote the system efficiency (up to 

88% based on lower heating values of input fuels) [19]. Since the electrolyte of SOFC is 

solid, the cell can be cast into various shapes (e.g., tubular, planar, or monolithic) [9]. 

SOFCs have been used in stationary power generation, mobile power, and auxiliary 

power for vehicles applications [9,14,15]. For example, SOFC-based APU systems are 

used in long-haul diesel heavy duty trucks to supply auxiliary electricity for the driver 

during truck idling periods. Anti-idling legislation has been implemented in many states 

to prohibit diesel trucks and buses from long-term idling [20]. SOFC-based auxiliary 

power unit (APU) systems with power range of 2-10 kW serve as a promising alternative 

technology to supply the electrical and thermal needs for trucks during shutdown of the 

diesel engine. Delphi Corporation has developed, for heavy duty commercial trucks, a 5 

kW SOFC-APU with fuel efficiency 40~50% higher than conventional diesel engine 

APUs for heavy duty commercial trucks (shown in Figure 4) [21]. The main components 

of this SOFC-APU include SOFC stacks that convert chemical energy of the reactants 
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(H2 and CO with air) into electrical energy, a fuel reformer that catalytically reforms 

hydrocarbon compounds with an oxidant (water/air) to produce a hydrogen-rich gas 

stream, a desulfurizer bed to remove the sulfide compounds from the input fuels, fuel and 

air supply/control modules, and heat exchange manifolds.  

 

 

Figure 4:  5 kW SOFC-based APU system (Gen 4, Delphi Corporation) [21] 

 

ATR is the thermally-balanced combination of SR (endothermic reaction) and 

POx (exothermic reaction) and has a number of advantages in terms of system 

mechanization [14]. With a well-designed system-integrated configuration, the SOFC-

APU enables self-sustained conversion without any external heating supply [15]. Diesel 

trucks tend to utilize one type of fuel for both diesel engine combustions during traveling 
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and idling service with the SOFC-APU system, because of the complexity of introducing 

an additional tank to carry another type of fuel on the truck. Thus, from a practical 

standpoint, it is necessary for the SOFC-APU to be integrated with a fuel reformer and 

convert petro-diesel into onboard reformate (gas mixture containing H2, CO, CO2, and 

small fractions of light hydrocarbon gases), which is then fed into the anode side of the 

SOFC stacks to generate the auxiliary electricity. Because of the lack of onboard water 

sources in transportation applications, SOFC-APUs partially recycle the exhaust gases 

containing an appreciable amount of steam from the anode side of the SOFC stacks to the 

reformer inlet [14,15]. Therefore, the main effluent byproducts from the SOFC-APU are 

water, carbon dioxide, and nitrogen. 

 

1.3. Dissertation Motivation and Outline 

Rising concern over inadequate supply of crude oil has promoted bio-fuel 

development and technological improvements in energy supply systems with high fuel 

conversion efficiency. The combination of these two initiatives has created numerous 

new opportunities in energy consumption. These opportunities come with many technical 

barriers and social concerns. For example, economic incentives for bio-fuels have spurred 

ethanol production and consumption in transportation applications (approximately 13.9 

billion gallons in year 2011) [22], however, large portions of ethanol production are 

derived from edible food crops, which lead to various social concerns (e.g., food price, 

land use, soil fertility, and water conservation) [23-25]. Therefore, it is necessary to 

develop the methodologies to analyze bio-fuel applications in the advanced energy 

supply systems from environmental, economic, social, and technical perspectives. With 
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this goal in mind, the present dissertation study focuses on investigating bio-fuel options 

and performance in SOFC-based APU systems for truck auxiliary power supply 

applications.  

 

In the last two decades, the United States has witnessed dramatic growth in bio-

fuel production and consumption in the transportation sector. This has been driven by 

political mandates, economic incentives, private and public investments, as well as active 

research and development. However, there are still many challenges to be addressed 

before promoting widespread bio-fuel production, such as the unclear net benefits of bio-

fuels derived from various feedstocks (especially agricultural products), lack of robust 

frameworks to quantify economic feasibility and environmental impacts of bio-fuels, 

geographical variations in bio-fuel selection, and the complexities of compatible energy 

conversion technologies for utilizing bio-fuels, such as fuel cells. To develop a system-

level analysis of bio-fuel production and the potential applications in SOFC-based 

system, this dissertation evaluates the environmental impact, economic feasibility, and 

technological viability of various bio-fuel-to-SOFC pathways by applying a variety of 

sustainability and engineering analytical techniques, including LCA, multi-criteria 

optimization, and equilibrium thermodynamics modeling. These tools are applied in 

conjunction with extensive fuel reforming experiments that analyze the performance of 

converting the bio-fuels or bio-fuels blended with conventional fuels into a hydrogen- 

and carbon monoxide-rich reformate that possible to be used in the SOFC stack. The 

dissertation outline is provided below.  
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Chapter І provides the background on bio-fuel developments and fuel cell 

technologies to alleviate the inadequate crude oil supply in the United States. The 

production and consumption trends of bio-fuels were analyzed within the context of bio-

fuel applications in transportation sector. The current technological challenges of fuel 

cells were reviewed (e.g., hydrogen availability, high capital cost). The combination of 

bio-fuel developments and SOFC-APU systems was specifically focused on and it 

motivated the analysis of bio-fuel options for SOFC applications from environmental, 

economic, and technological perspectives in the present study. .    

 

Chapter II describes the environmental aspects of bio-fuels derived from waste 

feedstock and their applications in SOFC-APU systems. A methodology that integrates 

LCA with thermodynamic analysis was developed to evaluate the environmental impacts 

of producing bio-fuels from waste biomass, including biodiesel from waste cooking oil 

(WCO), ethanol from corn stover, and compressed natural gas from municipal solid 

wastes. SOFC-based APUs using these bio-fuels as the hydrogen precursor enables 

generation of auxiliary electricity for idling heavy-duty trucks. Thermodynamic analysis 

was applied to evaluate the bio-fuel conversion efficiency and determine the amount of 

primary feedstock needed to generate a unit of electrical power. These data were inputted 

to an LCA that compares energy consumption and greenhouse gas emissions of different 

fuel pathways. Compressed natural gas from municipal solid wastes and biodiesel from 

WCO are both suggested as promising bio-fuel options for SOFC-based applications in 

New York State.  When using biodiesel or its blend in transportation applications, no 

further modifications of fueling infrastructures are required due to the similar fuel 
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properties of biodiesel and diesel. Therefore, biodiesel would be a viable fuel for SOFC-

APUs from a practical standpoint, which will be further analyzed in Chapters III and IV 

from economic and technological perspectives, respectively.    

 

Chapter III presents the economic aspect of bio-fuels blended with conventional 

diesel. A nonlinear optimization model was developed to analyze biodiesel–ethanol–

diesel (BED) ternary blending processes. The model establishes optimal blends to 

maximize the system profitability given production costs, market demand, and fuel prices 

while meeting multiple property criteria including kinematic viscosity, density, lower 

heating value, cloud point, cetane number, fuel stability and sulfur content. Pertinent fuel 

mixing rules for predicting the fuel properties of BED blends were extrapolated from 

previous works and applied as constraints to the present model. Several dynamic and/or 

uncertainty factors were explored in depth to quantify their impacts on the fuel 

composition of BED blends, including petro-diesel supply reduction, diesel production 

cost, diesel blend market retail price, and policy changes affecting on bio-fuel subsidies. 

By examining key optimization sensitivity analyses such as shadow prices and 

opportunity costs, the crucial limits or constraints on fuel specifications can be identified 

and used to proactively identify and promote the development of potential additives. The 

model also suggests the government policy of simultaneously implementing bio-fuel tax 

credits and mandates may not have a higher contribution to promoting bio-fuel 

production than the case with only tax credits for the firms with the goal of profit 

maximization. The firms enable 5–8% increase of the optimal profit from BED blends by 

utilizing ethanol derived from food waste feedstocks instead of edible biomass. An 
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optimal blended composition of BED has been identified as 25 vol.% biodiesel blended 

with 10 vol.% ethanol and 65 vol.% diesel (B25E10D65) to achieve system profit 

maximization while satisfying all proposed constraints. This fuel blend optimization 

motivated the investigation of B25E10D65 fuel reformation, which was analyzed in 

Chapter IV.    

 

Chapter IV provides the technological aspects associated with ATR of diesel, 

biodiesel, B-diesel, and BED for SOFC-APU systems. This chapter firstly illustrates a 

new configuration of a mixing chamber integrated with a customized porous nozzle to 

completely vaporize heavy hydrocarbon fuels (e.g., diesel, biodiesel) and achieve 

homogenous mixing of fuel/air/steam. This proposed configuration directly suppresses 

hydrocarbon thermal pyrolysis and solid carbon formation in the fuel vaporization step. 

The porous nozzle promotes the micro-explosion of emulsified fuel and accelerates 

secondary atomization to reduce the droplet size. The mixing chamber with customized 

nozzle was integrated in a single-tube reformer system in order to analyze the effect on 

diesel and biodiesel ATR. The customized nozzle not only improves the hydrogen yield 

and the reforming efficiency, but it also stabilizes the chemical reactions within the 

reformer and prevents the reactor inlet from high temperature sintering. After addressing 

the technical barrier of heavy hydrocarbon fuel vaporization, this chapter analyzes the 

ATR performance of diesel, biodiesel, B-diesel, and BED in a single-tube catalytic 

reformer under various operating conditions (reformer temperature, input fuel flow, air 

flow, water flow, and gas hourly space velocity). A mass spectrometer was used to 

measure the effluent gas composition, while a photo-acoustic micro-soot meter was 
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simultaneously applied to quantify the condensed carbon from the single-tube reactor and 

identify the carbon formation boundaries for ATR of the considered fuels. 

Thermodynamic analysis based on the method of total Gibbs free energy minimization 

was applied to determine the optimum operating regimes with high hydrogen yield and 

minimum solid carbon (soot) formation for fuel ATR. Correlations between solid carbon 

and ethylene (a key precursor of carbon) were also explored in this chapter for these 

studied fuels.  

 

Chapter V summarizes the key findings in this dissertation regarding the viable 

bio-fuel options for SOFC-based APU system applications from economic, 

environmental, and technological perspectives. Future research directions are also 

provided to improve the robustness of SOFC-APU systems prior to their 

commercialization.  
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II LIFE CYCLE ASSESSMENT OF BIO-FUEL OPTIONS FOR SOLID OXIDE 

FUEL CELLS 

2.1. Introduction 

Heavy duty trucks (gross vehicle weight rating above 14,969 kg) serve as a 

common mode of long-distance product delivery within the United States. 

Conventionally, drivers tend to rest inside the truck cabin and keep the full diesel engine 

running to provide the auxiliary electricity. A recent report from the U.S. Environmental 

Protection Agency (EPA) [26], however, indicates that trucks and locomotive engines 

idling for long durations consume over 4.55 billion liters of diesel fuel annually and 

release over 11 million metric tons of carbon dioxide as well as 150,000 metric tons of 

nitrogen oxides, which is equivalent to the greenhouse gas emissions (GHG) from 2.3 

million passenger vehicles each year [27]. Anti-idling legislation was implemented in 31 

states and prohibits running the diesel engine for long periods while the vehicle is at rest 

[20]. A promising alternative technology is the solid oxide fuel cell auxiliary power unit 

(SOFC-APU) to provide power in the range of 2 to 20 kW for heavy duty trucks during 

rest intervals. The SOFC system not only possesses high fuel efficiency, low GHG 

emissions and quiet operation, but the system can also utilize a wide range of fuels and 

reform them into hydrogen-rich gas delivered to the anode side of the fuel cell stack. 

Domestically-derived bio-fuels are considered promising candidates for fuel cell 

technologies in future transportation applications, due to their primary advantages of 

energy security and low direct GHG emissions. Even though the net benefit of some bio-

fuels like corn-based ethanol is still unclear, fuels derived from waste biomass appear 

attractive from both environmental and economic standpoints. For example, Mintz et al. 

recently reported a detailed analysis of landfill gas as a vehicle fuel using the GREET 
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(Greenhouse Gases, Regulated Emissions, and Energy Use in Transportation) model 

provided by Argonne National Laboratory (ANL).
 
They concluded that landfill gas can 

be one of the lowest GHG-emitting fuel options for light and heavy-duty vehicles [28].  

 

LCA is a technique to capture the environmental impacts of a product or service 

during its life cycle stages (from cradle to grave). In terms of bio-fuel LCA studies, these 

considered stages may include feedstock production/acquisition, transportation, biomass 

treatment, bio-fuel delivery, bio-fuel use, and bio-fuel end-of-life [29]. Many LCA 

studies have been conducted to evaluate the environmental perspectives of bio-fuels. 

Soratana and Landis apply a comparative LCA on 20 scenarios of microalgae cultivation 

and indicate the material choice for constructing the algae photobioreactor has a 

relatively high environmental impact [29]. Spatari et al. analyzed the life cycle 

environmental impacts in terms of GHG emissions and fossil energy consumption for 

emerging lignocellulosic-based ethanol technologies and integrated Monte Carlo analysis 

to evaluate the sensitivities of ethanol conversion efficiency and plant scale effects [30]. 

However, because LCA methodology strongly depends on data availability and quality, 

and the quantitative methodologies that enable simulation of the real systematic 

conditions are lacking, the outcomes of many bio-fuel LCA studies are highly dependent 

on data inputs from previous studies or assessments performed in different regions [31]. 

Thus, LCA results often don’t comprehend geographical feedstock variations and 

technological differences in the processes under comparison factors which are crucial for 

bio-fuel analysis [32].  
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Given the geographically indistinct nature of heavy duty freight transportation, 

the specific bio-fuel available as an SOFC feedstock may vary significantly over the 

course of a cross-country trip.  Thus, an LCA intended to evaluate candidate bio-fuels 

must be responsive to expected variations in the technological parameters and fuel 

properties that have been shown to cause most variability in performance of each 

potential feedstocks (e.g. chemical fuel formula, boiling point, viscosity, lower heating 

value, hydrophobicity etc.) [32]. Further, life cycle inventory (LCI) parameters must also 

account for differences in performance and emissions associated with the bio-fuel-

specific conversion efficiency and avoided impacts when bio-fuels are created through 

waste diversion, which also vary according to specific conversion technologies and 

geographic feedstock availability.  Therefore, this study investigates the addition of 

thermodynamic analysis as a front-end estimation tool to determine more 

technologically- and geographically-specific LCA inputs and inventory data.  

 

The addition of thermodynamic analysis in LCA is a rapidly emerging research 

area. Integrating thermodynamics with LCA has recently led to advances in accounting 

for natural resource consumption and ecosystem services [33-35]. Some studies have 

combined LCA with more traditional process design parameters, such as thermodynamics 

and cost, to evaluate process design alternatives [36]. In this study, thermodynamic 

modeling is explored in the context of “design-based” LCI, in which bio-fuel- and 

technology-specific parameters are first estimated using a thermodynamic model and then 

used to parameterize the life cycle study [37,38]. 
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The main goal of this work is to demonstrate the utility of a combined 

thermodynamic and LCA model for comparing waste biomass based bio-fuel options for 

SOFC-APU applications within a specific geographic context (New York State). Given 

this scope, four different fuel pathways to reformed hydrogen for SOFC systems are 

analyzed: compressed natural gas (CNG) derived from municipal solid waste in a local 

landfill, biodiesel from waste cooking oil (WCO) available at local restaurants, ethanol 

from locally grown corn stover (CS), and commercially available ultra-low sulfur diesel 

(ULSD) from crude oil. The baseline of these pathways is the incumbent method of 

ULSD combustion in the primary propulsion internal combustion engine (ICE) during 

truck idling to provide auxiliary electrical power. Thermodynamic analysis using the 

method of total Gibbs free energy minimization is applied to evaluate the fuel conversion 

efficiency and determine the amount of fuel feedstock needed to generate a unit of 

electrical power, before quantifying the attendant environmental impacts. Although this 

study considers only waste biomass available in upstate New York, the methodology 

outlined here can be applied to geographically explicit fuel feedstocks readily available in 

other regions within the U.S. or internationally. 

 

2.2. Methodology 

2.2.1. Life cycle assessment 

Goal and scope definition:  

The goal of this work is to assess bio-fuel options derived from waste feedstock 

for SOFC-based APU applications, including WCO to biodiesel, CS to ethanol, and 

MSW to CNG, in terms of GHG emissions and life cycle energy consumption. The 

system boundary is set from waste-to-electricity (WTE) and the geographical boundary  
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within New York State, as shown on Figure 5. Generally, LCA is conducted on a 

complete cycle from cradle-to-grave; however, the upstream boundary in this assessment 

is established as the existing waste feedstock, which would otherwise be disposed. The 

waste-to-pump (WTP) stage includes collection and transport of the waste feedstock to 

processing sites, processing waste materials into bio-fuels, and distribution to fueling 

stations. Fuels are then further converted into auxiliary electricity with the SOFC-based 

system and supplied for truck applications in the pump-to-electricity (PTE) stage. SOFC 

system start-up is excluded from the system boundary, because the primary on-board fuel 

supply (diesel) is used for reactor warm up in all cases, and resultant impacts will not 

vary among feedstocks. All inputs and outputs are normalized to a functional unit of 1 

kWh electricity generation by the SOFC. 

 

Life cycle inventory and impact assessment:  

To maintain an internally consistent data inventory, the main references for fuel 

pathways are based on the studies reported by the National Renewable Energy 

Laboratory (NREL) and Argonne National Laboratory (ANL), as listed in Table 1. 

Strazza et al. [39] have reported the results of a life cycle assessment (LCA) of a 20 kW 

SOFC-based APU fuelled with methanol for marine shipping applications and they 

suggest that fuel use and fuel production influence the environmental impacts more than 

the manufacturing of the SOFC system itself. Thus, this study evaluates the 

environmental impacts of a proposed 5 kW SOFC-based APU from fuel production and 

SOFC operation stages, excluding maintenance or SOFC manufacturing. The net fuel 

efficiency of the converting system is defined as the ratio of the electricity generated 
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from the system to the energy from the input fuel with respect to its lower heating value 

(LHV). The net efficiency of the SOFC-based APU is then assumed as 30% whereas that 

of the idling diesel ICE is considered to be 10% [40].
 
Electricity inputs are based on the 

New York State average grid mix with primary energy and GHG emission rates of 10.8 

MJ/kWh and 0.31 kg CO2-eq/kWh, respectively [41]. Table 2 provides additional details 

on LCA descriptions for this study. 

 

Table 1. Reference sources for different fuel pathways 

Feedstock Processing Fuel Fuel 

LHV 

(MJ/kg) 

H2S content 

(ppm) 

Main reference source 

Crude oil Refinery 
Diesel 

(C12H23) 
42.6 7-17 

NREL/SR-580-24089 

(NREL, 1998) [42] 

WCO Transesterification 
Biodiesel  

(C14.4H26.76) 
37.1 3.3 

NREL/SR-570-26141 

(Wiltsee, 1998) [43] 

NREL/SR-580-24089 

(NREL, 1998) [42] 

CS Fermentation 
Ethanol 

(C2H5OH) 
27.1 <15 

NREL/TP-510-32438 

(Aden et al., 2002) [44] 

MSW 
Anaerobic 

digestion 

Natural gas  

(CH4) 
47.1 Undetectable 

NREL/SR-570-26037 

(Steinfeld and Sanderson, 

1998) [45] 

ANL/ESD/10-3 (Mintz et 

al., 2010) [28] 

 

To develop accurate inventory flows of energy and GHG emissions for the LCA, 

fuel conversion efficiency and the amount of fuel required to generate the required 

auxiliary electricity are determined by thermodynamic analysis on the SOFC system. LCI 

of upstream chemical materials used in bio-fuel treatment processes are obtained from the 

ecoinvent database V2.2 (ecoinvent Centre, EMPA) and listed in Table 3. In the cases of 

co-products created during bio-fuel production, allocation is avoided by applying system 

expansion, where these co-products are assumed to substitute for other products that  
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the condensed liquid of biodiesel vaporized with conventional direct mix method 

(without the customized nozzle) and that with the customized nozzle, along with the 

original biodiesel fuel. The color of the condensed mixture vaporized with the proposed 

method is lighter than the one with direct mix approach, indicating the customized nozzle 

accelerates the biodiesel decomposition into lower hydrocarbon compounds. Significant 

amounts of carbon particles are found in the condensate of the mixtures with the direct 

mixing method (highlighted on Figure 55b) and these solid carbons would consequently 

flow along with the vaporized gases into the reformer and contaminate the catalyst bed. 

 

Table 18. Gas yields of initial test points for the ATR of different fuels with total 

O/C=1.47, H2O/C=0.6, and GHSV= 34,120hr
-1

 at 950
o
C reformer temperature 

Fuel Gas production rate(10
-3

×mol/s) 

H2 CO CO2 CH4 C2H4 C2H6 Syngas yield 

Diesel 1.705 1.102 0.207 0.012 undetectable undetectable 2.807 

Biodiesel 1.664 1.161 0.217 0.026 0.004 undetectable 2.825 

B25 1.691 1.104 0.222 0.021 0.001 undetectable 2.795 

B25E10D65 1.685 1.143 0.163 0.014 0.001 undetectable 2.828 

 

Table 19 consolidates the gas yields of the experimental test points for the ATR of 

each studied fuel under the initial operating condition with reformer temperature = 

950
o
C, total O/C = 1.47, H2O/C = 0.6, and GHSV = 34,120hr

-1
. With the goal of 

achieving the same syngas yield, the amount of required input fuels can be determined 

and the differences between the actual production rates of syngas and the theoretical 

syngas yields are within 3%. The intensity of the microphone signal from the micro-soot 

meter shows the carbon concentration is below the instrument’s resolution of 5 µg/m
3
 

during these test points, indicating there is no detectable solid carbon formed under the 

initial conditions for the ATR of different fuels. Relatively low or undetectable amounts  
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maintained relatively stable prior to reaching the carbon formation boundary (total O/C = 

1.26, Figure 57b). After entering the carbon formation region, syngas yield drops around 

6.5% and 9.5% with first 12% of air reduction (total O/C from 1.26 to 1.19) and the 

second 12% of air reduction (total O/C from 1.19 to 1.12), respectively. It is pertinent to 

mention that as a major precursor to form solid carbon, ethylene is further accelerated 

with the growth of the carbon concentration in the reformer and its production rate is 

even higher than the grow rate of methane for all the fuels. The system resolution of the 

micro-soot meter (5 μg/m
3
) is also included on Figure 58 and the carbon concentration 

value within this range is considered as zero. After air flow reaches the threshold points 

of carbon formation (with total O/C=1.12, 1.26, 1.24, and 1.16 for diesel, biodiesel, B25, 

and B25E10D65, respectively) and continuously reduces, the measured carbon 

concentration rapidly increases and becomes unstable. Biodiesel ATR requires more total 

O/C than diesel ATR to mitigate the carbon formation due to its higher molecular weight, 

while B25E10D65 ATR needs less total O/C than B25 to avoid solid carbon because of 

the low molecular weight of ethanol. 
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Figure 57: Effect of air reduction on gas compositions from ATR of (a) diesel, (b) 

biodiesel, (c) B25, and (d) 25E10D65 
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Figure 58: Impact of air reduction on solid carbon concentration from ATR of (a) diesel, 

(b) biodiesel, (c) B25, and (d) B25E10D65 

 

 Reformer Temperature Reduction 

After initializing the experimental test points under the conditions of H2O/C=0.6, 

total O/C=1.47, and GHSV=34,120 hr
-1

 at 950
o
C reformer temperature (average of 

TC1~TC5), the furnace temperature controller was gradually reduced with a 0.1
o
C/s 

reduction rate. Figure 59 shows the effects of the reformer temperature on the gas 

composition for the reformation of different fuels and Figure 60 shows the carbon 
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evolution with the reduction of reformer temperature. As the reformer temperature 

reduces, the production of H2 and CO stay fairly stable until the threshold temperatures to 

form solid carbon are reached (825, 900, 860, and 850
o
C for the ATR of diesel, biodiesel, 

B25, and B25E10D65, respectively; see on Figure 60). After entering the carbon 

formation regime, syngas yield is significantly declined, especially for the case with 

B25E10D65 (Figure 59d). C2H6 concentration gradually increases with temperature 

reduction, while CO2 concentration is largely independent of the reformer temperature. 

Figure 59 also shows that there is a sudden large increment in CH4 concentration for 

either diesel ATR (940
o
C) or B25 ATR (930

o
C) or biodiesel ATR (960

o
C) and after that, 

CH4 gas concentration varies in inverse linear proportion with the reformer temperature. 

As the reformer temperature reduces below 850
o
C, syngas production of B25E10D65 

ATR declines significantly, because the temperature of the front end catalyst for 

B25E10D65 ATR is lower than for the reformation of other types of fuels and the 

reformer temperature directly affects overall temperature profiles across the reformer of 

B25E10D65 ATR. When combining Figure 59 with Figure 60, it is seen that C2H4 and 

solid carbon concentration for the reformation of each fuel not only have a similar pattern 

as a function of reformer temperature, but they also both have the instantaneous changes 

(i.e., C2H4 production rate rapidly increases when solid carbon starts to form) under the 

same threshold temperatures. These results confirm the consistency of the experimental 

data acquisition from mass spectrometer and the micro-soot meter, and emphasize the 

strong correlation between ethylene and solid carbon formation. The critical temperatures 

to form solid carbon are generally consistent with the results of the equilibrium models.  


