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ABSTRACT

Municipal solid waste (MSW), comprising food waste, residential rubbish and commercial
waste, has been identified as a potential feedstock for the production of alternative fuels.
Conversion of MSW to fuel could displace petroleum-derived fuels to mitigate greenhouse gas
(GHG) emissions from transportation, and also avoid the GHG emissions associated with
existing waste management strategies such as landfilling. This thesis quantifies the lifecycle
GHG emissions and economic feasibility of middle distillate (MD) fuel, including diesel and jet
fuel, derived from MSW in the United States via three thermochemical conversion pathways:
conventional gasification and Fischer-Tropsch (FT MD), plasma gasification and Fischer-
Tropsch (Plasma FT MD) and, conventional gasification, catalytic alcohol synthesis and alcohol-
to-jet upgrading (ATJ MD). Expanded system boundaries are used to capture the change in
existing MSW use and disposal, and parameter uncertainty is accounted for with Monte Carlo
simulations.

The median lifecycle GHG emissions are calculated to be 32.9, 62.3 and 52.7 gCO2e/MJ with
standard deviations of 7.2, 9.5 and 13.2 gCO.e/MJ for FT, Plasma FT and ATJ MD fuels,
respectively, compared to a baseline of 90 gCO.e/MJ for conventional MD fuels. These results
are found to be sensitive to MSW composition, the waste management strategy displaced, plant
scale and associated fuel yield, feedstock transportation distance and the co-product allocation
method. Median minimum selling prices are estimated at 0.99, 1.78 and 1.20 $ per litre and
standard deviations of 0.14, 0.29 and 0.27 $ per litre with the probability of achieving a positive
net present value of fuel production at market prices of 14%, 0.1% and 7% for FT, Plasma FT
and ATJ MD fuels, respectively. The sensitivity of these results to the discount rate, income tax
rate, implementation of carbon price, feedstock cost, scale and process efficiency indicate that
policy measures, MSW tipping fees and technological advancements can improve the economic
viability of MSW fuels. Considering a societal perspective (e.g. social opportunity cost of
capital, social costs of GHG emissions) increases the probability of positive net present value of
fuel production to 93%, 67% and 92.5% for the FT, Plasma FT, and ATJ MD fuels, respectively.
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Title: Associate Professor of Aeronautics and Astronautics
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Chapter 1 Introduction

Transportation accounted for approximately 27% of total greenhouse gas (GHG)
emissions in the United States (US) in 2013 [1], with fossil fuels constituting over 95% of the
sector’s primary energy consumption [2]. Alternative fuels offer the potential to reduce GHG
emissions from transportation compared to petroleum-derived fuels and have received
considerable attention from academia, industry and regulators. Diesel and jet fuel make up
approximately 35% of US transportation’s energy consumption, which is projected to increase to
44% in 2040 [3], and federal agencies in the US have put in place mandates and goals specific to
alternative diesel and jet fuel. For example, 60% of the fuel production mandates of the
Renewable Fuels Standard (RFS2) in 2022 could be met with alternative diesel and jet fuel
production [4], and the Federal Aviation Administration (FAA) has a goal of 1 billion gallons of
alternative jet fuel consumption by 2018 [5].

Contrary to traditional crop-based feedstocks, waste-based feedstocks for alternative fuel
production do not require additional land and do not directly compete with food production.
Municipal solid waste (MSW), in particular, could offer a significant environmental advantage
because the conversion of MSW to fuels would not only displace petroleum-derived fuels, but
also avoid the GHG emissions associated with existing waste management strategies. In 2013,
34% of the total generated MSW in the US was recycled and composted, while the remaining
150 million tonnes (metric tons) of MSW, comprising food waste, residential rubbish and

commercial waste, were discarded [6]. 80% of the discards were transferred to landfills [6],
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where waste of biogenic origin releases anthropogenic methane, thereby making landfills the
third-largest anthropogenic source of methane emissions in the US [7].

Along with environmental advantages, the economics of using MSW as a feedstock are
potentially favorable, as US municipalities generally pay to dispose MSW in landfills. Average
landfill tipping fees in the US amounted to $55/tonne in 2013, having increased every year since
2004 [6]. Charging tipping or processing fees may translate to a negative feedstock cost or
source of revenue for MSW-derived fuels.

Finally, in contrast to fuels from other waste streams such as waste fats and greases [8],
MSW derived fuels could replace relatively large shares of petroleum-derived MD fuel supply,
as the energy content of the US national MSW discards in 2013 is equivalent to approximately
70% of same year US jet fuel consumption and 20% of the same year US transportation demand
for all middle distillate fuels [2, 6, 9].

This analysis evaluates three thermochemical pathways that convert MSW to middle
distillate (MD), i.e. diesel and jet, fuel: conventional gasification and Fischer-Tropsch (FT MD),
plasma gasification and Fischer-Tropsch (Plasma FT MD) and, conventional gasification,
catalytic alcohol (ethanol) synthesis and alcohol-to-jet upgrading (ATJ MD). Figure 1-1
illustrates the major technologies in each of the conversion pathways. These technologies are
suited to the heterogeneity of MSW and have attracted commercial interest in recent years.
Private corporations engaged in commercialization of these thermochemical processes include
Fulcrum Bioenergy Inc., Solena Group Corp., Alter NRG Corp., Enerkem Inc. and Byogy
Renewables Inc.

Despite the potential advantages and commercial interest in MSW MD fuels, only two

peer-reviewed studies have addressed components of environmental and/or economic feasibility
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for a limited number of pathways. Pressley et al. modeled conventional gasification and Fischer-
Tropsch (FT) of MSW to MD, and carried out a lifecycle assessment to quantify the global
warming potential of the conversion process [10]. Niziolek et al. also studied the same pathway,
as well as methanol synthesis and conversion to gasoline and distillate as an alternative to FT,
optimizing the process topology to estimate lifecycle CO, emissions of the plant and the break-
even oil price [11]. No peer-reviewed analysis exists to date on the MSW to Plasma FT MD and

the MSW to ATJ MD pathways.

Plasma > Fischer- * Plasma FT MD 2
asification
8 . Tropsch . FT MD 1
MSW Alcohol to Jet » AT) MD 3
Conventional . Catalytic
gasification alcohol synthesis

Figure 1-1: MSW to MD fuel pathways considered

Moreover, in contrast to previous studies, this thesis expands the system boundary to
capture the change in the overall MSW lifecycle that results from using MSW to produce MD
fuels rather than its existing use. Therefore, this work accounts for changes in GHG emissions
and costs associated with the replacement of existing waste management strategies, additional
recycling, end-of-life combustion and co-products.

Additionally, this thesis quantifies the uncertainty associated with the environmental and
economic evaluation of these pathways. MSW-derived MD fuels have not yet been produced at a

commercial scale owing to unresolved technical challenges, primarily the heterogeneity of the
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feedstock, the lack of maturity of the conversion technologies resulting in low efficiency and
yields, and high capital costs [9, 12]. Since no empirical data is available on the commercial
performance of these technologies, the parameters in this analysis have large associated
uncertainties. Moreover, costs and revenues occurring during future operation of the conversion
plant are inherently uncertain. This analysis accounts for uncertainty in feedstock characteristics,
technology performance and costs and revenues.

Though analyses of MSW MD fuels have been limited in the literature, lifecycle
assessments (LCA) and techno-economic analyses (TEA) have been previously applied to
thermochemical pathways that convert MSW to electricity and MSW to ethanol [13-18].
Moreover, a number of studies exist on thermochemical conversion of biomass to MD fuels [19-
27]. The technology process models in these literature sources are referenced to estimate the
material and energy balances associated with production of MSW MD fuels. Using US average
MSW discards composition estimates [6], these balances are applied in conjunction with the US
Environmental Protection Agency’s (EPA) Waste Reduction Model (WARM) [28] and Argonne
National Laboratory’s Greenhouse Gases, Regulated Emissions, and Energy Use in
Transportation (GREET) model [29], to calculate lifecycle GHG emissions.

The material and energy balances are also combined with historical market data, capital
cost estimations and waste management industry heuristics in a discounted cash flow rate of
return (DCFROR) model to calculate the minimum selling prices (MSP) of the fuels and net
present value (NPV) of plant operation. Parameter uncertainty is captured using probability
distributions and Monte Carlo simulations, and sensitivity analyses are used to assess the effect

of variability of critical parameters. The results of this analysis provide information on the
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potential of MSW MD fuels to reduce the GHG emissions intensity of transportation, their

economic viability, and how these measures are affected by uncertainty and variability.
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Chapter 2 Methods

2.1  System boundary

The analysis quantifies the change in GHG emissions and costs resulting from diverting
MSW away from the prevailing waste management strategy to alternative MD fuel production
[30, 31]. In this respect, it differs from other biomass-to-fuel LCA studies. MSW has a pre-
existing lifecycle that is altered when it is used as fuel feedstock, whereas in the case of crop-
based biomass, additional feedstock is cultivated for the purpose of fuel production. Therefore,
this analysis excludes processes that occur irrespective of the waste management such as
collection and existing sorting for recycling and composting. The system boundary does include
the effects of eliminating waste management processes such as landfill, and accounts for the
impacts of MSW conversion to MD fuels and their end-use.

The system boundary is shown in Figure 2-1. The system boundary is set where the
MSW discards exit the sorting facility. Approximately 66% of the MSW generated in the US is
discarded after the recycling and compost streams are separated out [6], and only these discards
are included in this analysis. The US EPA’s estimates of the composition of discarded MSW in
the US in 2013 are used. The primary constituents are food waste (21.1%), plastics (17.7%),
paper and paperboard (15.1%), rubber, leather and textiles (11.6%), metals (9.1%), yard

trimmings (8.1%), wood (8%) and glass (5%) [6]. Future projections of MSW composition for
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OECD countries show negligible change from the current empirical data, although the rate of
MSW generation is expected to increase [32]. Therefore, the 2013 discards composition data
from EPA is held constant throughout the analysis when future year projections are made for the

TEA.

MSW R labl
MSW » collection ecyclables
. and compost
and sorting
# Lifecycle system boundary
MsSw | Displaced Displaced
Discards WM strategy virgin
ﬁ production
Production N T
process boundary Transport :
e e Recycling
v I T
Additional
| solrting ! Recyclables i ¥ Transport
| — Rejects
| utiliti = |
ities,
fuels and Fuel —* Ash, wastes [~ Transport
| . production |—
chemical e |
; Other fuel
inputs :
| — and energy | Landfill
| co-products
MD fuel ] | Displaced
| L » Non Er;ergty ....... N virgin
S R R ﬁ-piucs_ I production
Upstream —* Transport
production lL
Combustion

Figure 2-1: Expanded system boundary of the MSW to MD fuels lifecycle (solid line boundary)
and fuel production process boundary (dashed line boundary). Double lined arrows indicate the
primary material flow path. Single line arrows indicate secondary input and co-product material
flows. Dotted line arrows connect to displaced processes. Processes are indicated with grey
background.
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The system boundary also includes the impact of displacing the existing management
strategy for discards, which is a combination of landfill (approximately 80% of the discards) and
incineration (the remainder) in the US [6]. The model accounts for transport of the feedstock to
the fuel production plant. At the plant, further classification is required to adjust the feedstock
composition in order to prevent contamination of equipment [11]. Non-combustibles such as
metals, glass and other inorganics are sorted out, resulting in a higher heating value feedstock,
which is then sized to meet the requirements of the gasifier. The pre-processing system is based
on the Refuse Derived Fuel (RDF) facility model presented by Jones et al. [13] Major equipment
includes conveyors, shredders, a magnetic separator for ferrous metals, an eddy current separator
for aluminum, disc screens to sort by size, and air classification to sort the feedstock by weight.
Assuming an average sorting efficiency of 90% [10], approximately 15% of the MSW feed is
separated out during the pre-processing.

The recyclable scrap metals and glass removed from the feedstock are sold for recycling,
and the rejects are sent to landfill. The GHG emissions impacts, revenues and costs associated
with material recovery and disposal of rejects are included within the system boundary. The pre-
processed feedstock is then directed to the fuel production process. The material, energy and
carbon balances for the conversion technologies are incorporated into the model to account for
inputs such as utilities and catalysts, as well as the output fuels and co-products such as excess
electricity, higher alcohols, sulfur and slag. The electricity generated by the plant is used to
satisfy its own utility requirements, and any excess electricity is considered a co-product that can
be sold to the grid. Slag is sold as construction aggregates [33]. Waste streams generated by the

fuel production process, such as spent catalysts and ash, are disposed in landfills, which are
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included in the system boundary. Transportation and distribution, and combustion, of the

finished MD product make up the last stages of the fuel lifecycle.

2.2 Conversion technologies

This thesis analyzes three thermochemical pathways to convert MSW to MD fuels.
Gasification technologies can accept heterogeneous feedstock, including both the biodegradable
and non-biodegradable portions of MSW. Although classification to remove inorganics, sizing,
and drying of feedstock is necessary for thermochemical pathways, these pre-processing steps
can be less energy- and cost-intensive than the pretreatment required for biochemical pathways,
wherein the biodegradable and non-biodegradable content of MSW must be separated [12].
Schematics of the pathways are included in Appendix A. The data to calculate the material and
energy balances for each pathway are obtained from literature for a facility size of approximately
3000 tonnes per day of raw MSW feed (2000 tonnes per day of dry, processed MSW), based on

the size of large landfills in the US that receive more than 30% of the nation’s MSW [9].

2.2.1 Conventional gasification and Fischer-Tropsch synthesis

Gasification refers to partial oxidation of the pre-processed feedstock in limited amounts
of air or oxygen at elevated temperatures to produce syngas, a mixture of carbon monoxide and
hydrogen. The syngas is cooled and conditioned, and then synthesized to fuels and wax using a
FT catalyst [34], and the products are refined to yield naphtha, jet and diesel. The naphtha is

further reformed to gasoline. The FT process is highly exothermic; the resultant energy as well as
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combustion of unconverted syngas is used for feedstock drying and power generation [11, 19].
Conventional gasification and FT are mature technologies [24, 25], with a wealth of literature
assessing the use of this pathway for biomass-to-fuel conversion (e.g. [19-27]).

The previous two peer-reviewed works that studied conversion of MSW to MD fuels,
Niziolek et al. [11] and Pressley et al. [10], modeled this pathway, and these studies are used to
calculate material and energy balances. In order to establish a range of parameter values for
uncertainty quantification, this work draws upon additional studies that model this pathway for
the production of MD fuels from biomass [19-27]. A number of conversion efficiency scenarios
are included in the sensitivity analysis and in Appendix G. Other material inputs and outputs in
this pathway include water, catalysts and cleaning chemicals, sulfur cake (sulfur is cleaned from
the syngas to prevent poisoning of the FT catalyst) [19] and ash or slag. Bed catalyst materials
such as olivine are included in the analysis though their effect is found to be negligible,

contributing to less than 1% of the lifecycle GHG emissions and MSP.

2.2.2 Plasma gasification and Fischer-Tropsch synthesis

In the case of plasma gasification, plasma torches are used to create the high temperatures
necessary for decomposing and oxidizing the feedstock [35]. Plasma gasification is a less mature
technology but because it renders toxic substances non-hazardous and provides cleaner syngas
with no tars, it has received considerable interest in waste management [36-38]. Some plasma
gasifiers also do not require additional pre-sorting, lowering the feed handling costs [39].

However, as with previous studies of the pathway [35, 37, 40], this analysis includes the same
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pretreatment (classification, sizing and drying) procedure as for conventional gasification
methods, in order to recycle valuable scrap metals and glass and prevent maintenance challenges.

Only one existing study [40] contains material and energy balance data for this pathway,
but several studies have modeled plasma gasification for waste to energy projects [35, 37, 41-
44]. This thesis uses the cold gas efficiency data from plasma waste to energy studies by
Minutillo et al. and Zhang et al. [37, 42], and combines it with energy balances from FT studies
[45, 46] to provide a range of fuel and electricity yields. Other inputs and outputs in this pathway
include natural gas, water, catalysts and cleaning chemicals, sulfur cake and slag. Petroleum

coke is used as a bed catalyst in this pathway, and is accounted for in the LCA and TEA.

2.2.3 Conventional gasification, catalytic alcohol synthesis and Alcohol-to-Jet

In this pathway, the syngas is converted to ethanol via mixed alcohols synthesis. Higher
alcohols such as propanol, butanol and pentanol are produced as by-products. A series of
chemical upgrading steps collectively referred to as Alcohol-to-Jet (ATJ), comprising
dehydration, oligomerization and hydroprocessing, convert ethanol to jet fuel, diesel and naphtha
[47]. Reforming of naphtha to gasoline is included based on a model by Niziolek et al. [11] The
fuel yield of the pathway is lower (approximately 25% lower than the FT MD pathway, see
Table 2-1) due to low ethanol yields and losses in the additional conversion steps. However,
catalytic synthesis of alcohols is less capital-intensive than FT, thereby attracting commercial
interest [24]. Enerkem built a full-scale commercial MSW-to-alcohol plant in Edmonton,
Canada, but Enerkem uses methanol synthesis instead of mixed alcohols synthesis [48]. The

methanol is converted to ethanol via carbonylation and hydrogenolysis [49]. There is limited data
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on the Enerkem pathway, and therefore it is only included under the conversion efficiency
scenario analysis in Appendix G.

For this pathway, the material and energy balances are determined from a techno-
economic study by Jones et al. that models the production of mixed alcohols from MSW [13].
Additional data on material inputs and conversion yields are obtained from LCA and TEA
studies that use biomass or waste paper feedstocks for the production of mixed alcohols [50-53].
The ethanol yields are combined with ATJ process balances from Staples et al. to calculate the
balances for the overall pathway [47]. The analysis accounts for other inputs and outputs such as

water, catalysts and cleaning chemicals, sulfur cake and ash.

2.3  Lifecycle GHG emissions analysis

GHG emissions are calculated as mass of GHG per unit of energy (lower heating value).
This thesis considers carbon dioxide (CO.), methane (CHa4) and nitrous oxide (N20O) emissions.
CHs and N20 emissions are converted into CO, equivalents (CO¢e) using the 100-year global
warming potentials of the three gases [54]. Climate impacts of non-CO> MD fuel combustion
emissions are not included in the analysis.

When products use joint processes, emissions are allocated amongst fuels and energy
products on the basis of their relative energy contents [55]. This thesis assesses the sensitivity of
the LCA results to the allocation approach by comparing results to the displacement method for
electricity and higher alcohols co-products, in which excess generated electricity is assumed to
displace US average grid electricity, and higher alcohols are assumed to displace virgin higher

alcohol production from fossil energy [22, 29, 50]. In order to allocate emissions to non-energy
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products, such as elemental sulfur and construction aggregates, the displacement method is used.
An alternative method that has been used for allocating emissions among products that are used
for dissimilar purposes (such as fuels and construction aggregates) is market-based allocation [8,
47]. However, it is found that for the pathways assessed in this thesis, the use of market-based
allocation for these co-products changes mean results by less than 0.01 gCO2e/MJ compared to
the displacement method.

The calculated mass and energy balances are integrated with lifecycle inventories and
databases to compute the GHG emissions. Fuel transportation and distribution emissions are
obtained from the GREET model (.NET 2015) [29]. Jet and diesel fuel combustion CO, emission
factors are obtained from the Intergovernmental Panel on Climate Change (IPCC) [56]. The
MSW-related emission factors for feedstock transportation, landfill, incineration and recycling,
as well as the lifecycle GHG emissions for production of construction aggregates are obtained
from the US EPA’s WARM model [28]. In order to capture the uncertainty associated with LCA

parameters, probability distributions shown in Table 2-1 are employed.
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Table 2-1: Parameter distributions for Monte Carlo analysis (Uniform: [Low, High],
Triangular/Pert: [Low, Mode, High], Normal: [Mean, Standard deviation], Lognormal: [Log
mean, Log standard deviation]). MSW subscript refers to as received raw feed and PMSW
subscript refers to pre-processed and dried gasifier feed.

Parameter Nominal range Units Distribution
Pre-processed and dried MSW characteristics
Energy content (LHV) [57-61] [19.99,21.79] MJ/kgpmsw Uniform
Carbon content [60-64] [0.48,0.54] ko/kgemsw Uniform
Non-biogenic proportion of carbon [57, 60-64] [0.37,0.48] kag/kgc Uniform
Sulfur content [60-64] [1.5,3.4] o/kgpmsw Uniform
Ash/inorganic content [60-64] [0.07,0.14] ka/kgemsw Uniform
Emission factors
Jet fuel combustion [56] [69.8,71.5,74.4] gCO26/MJsel Triangular
Diesel fuel combustion [56] [72.6,74.1,74.8] gCO2e/MIsyel Triangular
gg]p'aced waste management strategy credit [28, v 195 31 16729 142.14] kgCOseftonnemsw  Triangular
Recycling credit [6, 28] [-242.51,-144.55,-77.16]  kgCOze/tonnemsw  Triangular
US average grid electricity [29, 66] [144.09,160.1,176.11] 9CO2e/MJelec Triangular
Material and energy process inputs
Utility for MSW pre-processing [10, 67, 68] [0.06,0.13,0.15] MJ/Kgmsw Triangular
Natural gas [40] [6,0.6] o/kgpmsw Normal
Petroleum coke [40] [50,5] o/kgpmsw Normal
Olivine [13, 50, 52] [1.37,2.07,4.96] o/kgpmsw Triangular
Tar reforming catalyst [50-52] [0.005,0.006,0.045] o/kgpmsw Triangular
Material and energy process outputs
Fuel yield — FT MD [10, 11, 19, 27] [49.70,53.54,57.16] % MIsuels'MImsw Pert
Fuel yield — Plasma FT MD [37, 40, 42, 45, 46] [32.16,38.45,45.68] % MIruels/MImsw Pert
Fuel yield — ATJ MD [13, 47, 50, 51] [24.40,31.45,39.96] % MJtuets/ MImsw Pert
Scrap aluminum [6] [5.9,14.1,15.1] a/kgmsw Triangular
Scrap iron and steel [6] [3.2,3.6,26.7] g/kgmsw Triangular
Scrap glass [6] [29.6,32.9,45.2] a/kgmsw Triangular
Material and energy prices
Gasoline price in analysis start year (2017) [3] [0.43,0.57,0.91] $/L Pert
Gasoline price growth rate projection [3] [0.92,2.1,2.32] % Pert
Gasoline price yearly deviations [69] [0,0.077] $/L Normal
Natural gas price yearly deviations [69] [0,74.4] $/tonne Normal
Electricity price yearly deviations [69] [0,0.00314] $/kWh Normal
Higher alcohols [53, 70, 71] [0.34,0.53,0.79] $/L Triangular
Petroleum coke [72] [4.1046,0.1886] Based on $/tonne Lognormal
Sulfur [73] [4.5898,0.3407] Based on $/tonne Lognormal
Scrap aluminum [13, 74-77] [771,1858,2457] $/tonne Triangular
Scrap iron and steel [13, 74-77] [136,342,491] $/tonne Triangular
Scrap glass [75, 78] [7,22,30] $/tonne Triangular
Construction aggregates [73] [7.81,10.20,18.34] $/tonne Triangular
Olivine [13, 24, 53] [234,254,332] $/tonne Triangular
Tar reforming catalyst [13, 24, 53] [12655,15112,20788] $/tonne Triangular
Alcohol synthesis catalyst [13, 24, 53] [12900,14227,15677] $/tonne Triangular
Water [13, 79, 80] [0.10,0.57,0.73] $/tonne Triangular
Capital and fixed costs
Total capital investment — FT MD [11] [473,598,887] M Pert
Total capital investment — Plasma FT MD [11,
13, 40, 68, 81-83] [515,643,965] M Pert
Total capital investment — ATJ MD [11, 13, 47] [302,377,566] M Pert
Fixed operating expenses [53, 81, 84-88] [4.2,7.74,12.3] % of total capital Pert
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2.3.1 MSW feedstock characteristics

The US average MSW discards composition in 2013 [6] is used to calculate the feedstock
characteristics for the analysis. There are a number of literature references that can be used to
calculate lower heating value (LHV) of the feedstock. When using the method presented by the
US Energy Information Administration (EIA), the LHV is found to be approximately 13 MJ/kg
[57]. The LHV of the pre-processed and dried MSW is approximately 20 MJ/kg. This value and
the LHV values calculated using other references are used to establish the probability
distribution for LHV [58-61]. Similarly, carbon, ash (inorganic), moisture and sulfur content of
the feedstock are calculated [60-64]. An important distinction between MSW and biomass as
feedstocks for alternative MD fuel is that a portion of the carbon in MSW is not biogenic by
origin, attributable to plastics and rubber [57]. Therefore, the non-biogenic proportion of carbon
in the feedstock is calculated to determine the non-biogenic share of process and combustion
emissions that have to be counted in the analysis. The MSW composition is not varied for the
stochastic analysis because this thesis considers the composition of the total discards in the US as
an average representation. Due to lack of uncertainty estimates, arbitrary bounds are not

assigned, and instead, sensitivity of results to MSW composition in different cases is assessed.

2.3.2 Replaced waste management strategy

Converting MSW to MD fuels avoids the GHG emissions that would have otherwise
resulted from landfilling and incinerating the MSW, but also eliminates existing GHG emission

benefits that currently occur if landfill gas is recovered and displaces fossil energy use.
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Landfilling waste of biogenic origin releases biogenic CO_, as well as anthropogenic methane,
which would not have otherwise been released. However, depending on the material considered,
between 12 and 95% of the carbon in the landfilled waste is sequestered in the soil, which is
foregone if MSW is used for MD fuel production. The only GHG emissions associated with
landfilled waste of non-biogenic origin are due to transport and machinery usage [89]. Emission
factors that account for all of the above effects are obtained from the WARM model for each
material type [28]. For landfill gas recovery, the emission factors reported for US average
landfill gas recovery rates are used, based on the average landfill type mix. Sensitivity of LCA
results to landfill gas recovery rates is assessed.

EPA reports estimates of the composition of MSW that was incinerated or combusted for
energy recovery in 2013 [6]. This is combined with WARM model emission factors for
combustion with energy recovery to calculate the GHG emissions avoided. The combustion
emission factors for each material type take into account non-biogenic combustion CO, and N.O
emissions, transportation GHG emissions, avoided electric utility GHG emissions, and avoided
emissions due to steel recycling, if applicable [58]. Apart from the materials that are combusted
for energy recovery, the remaining discards are assumed to be disposed in landfill. Combining
this with the landfill emission factors provides the avoided landfill emissions. For the US 2013
MSW discards composition [6], even after accounting for GHG benefits from landfill gas
recovery and carbon sequestration, the net avoided landfill GHG emissions amount to 162 gCO.e
per tonne of raw MSW and the net avoided combustion GHG emissions amount to 5 gCO.e per
tonne of raw MSW [28]. The sum of these is used as the GHG credit from the replaced waste
management strategy in this analysis. Lower and upper bounds for the GHG credit are applied

for the stochastic analysis based on IPCC guidance [65].
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2.3.3 Classification and recycling

The energy requirements for classification and sizing of the MSW feedstock are derived
from simulation models of refuse-derived fuel facilities by Pressley et al. and Caputo et al. [10,
67, 68] The inorganics stream that is separated from the MSW feed comprises approximately
55% metals and 30% glass. The composition breakdown by material (ferrous, aluminum etc.)
and product type (cans, packaging, durable goods etc.) is used in conjunction with the
appropriate GHG emission benefit factors from recycling in the WARM model [6, 28]. For
product types that have not been modeled in WARM, similar products are relied on as proxies
[90]. In order to capture the associated uncertainties, a range of recycling rates is employed. The
rates vary from recycling only aluminum cans, steel cans and glass bottles (approximately 30%
of total scrap by weight) at the lower bound to recycling approximately 80% of the total metals
and glass by weight. The most likely estimate is assumed to correspond to recycling aluminum
cans, aluminum in durable goods (as aluminum ingot), steel cans and glass bottles

(approximately 40% of total scrap by weight).

2.3.4 Fuel production process

The material and energy balances calculated for each conversion pathway are used to
estimate the process-related GHG emissions, the GHG emissions associated with production of
inputs, and the allocation of emissions amongst co-products. Process CO, emissions are
calculated based on carbon balances. The carbon converted to fuels, alcohols, tars and dissolved

hydrocarbons is accounted for and any remaining carbon from the input feedstock and catalysts
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is assumed to be converted to CO> [50]. GHG emissions associated with production of inputs are
determined from the GREET model [29]. The energy product slate used for allocation of
emissions by share of energy for each pathway is given in Appendix B. Excess electricity
generation is calculated from the literature, and correlated to fuel yield. The result is an inversely
proportional relationship since lower fuel yield implies that more unconverted syngas can be
combusted for electricity [91].

If the simulation models used to calculate the energy balances for the conversion
technologies are missing data on some of the material inputs and outputs, these are estimated
with uncertainty ranges from other studies, referenced in Table 2-1. Emissions associated with
disposal of rejects, ash and spent catalysts in landfills are accounted for using the WARM model,
and since these materials are inorganic they do not contribute to anthropogenic methane
emissions [89]. The mass of rejects, ash, slag and sulfur are calculated from the feedstock
composition based on sorting efficiency (90%), the calculated inorganic content and sulfur
content in pre-processed MSW, as well as elemental sulfur recovery rates from the literature

[19].

2.4  Techno-economic analysis

To quantify the economic performance of MD fuels produced from MSW, this analysis
calculates minimum selling prices and net present value of plant operation by adopting the
discounted cash flow rate of return (DCFROR) model from Pearlson et al. [79] A 20-year plant
built using 20% equity financing and a 10-year loan with 10% interest is assumed. The discount

rate or cost of capital is assumed to be 15%. The financing assumptions are based on market
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research by Blazy et al. [92] An income tax rate of 16.9% is adopted from an empirical analysis
by the Government Accountability Office (GAQO) [91, 93]. Further financial assumptions are
listed in Appendix C. The DCFROR model is solved under these assumptions to find the MSP of
MD fuels such that the production facility has an NPV of zero. The MSP provides the MD fuel
price that the fuel producer needs to sell at in order to achieve the target rate of return. The
DCFROR model is also solved assuming market prices of MD fuels to calculate the NPV of the
production. A positive NPV indicates profits above the target rate of return, and a negative NPV
indicates profits (or actual losses) below the target rate of return. All prices are expressed in 2014
USD.

The TEA follows the same approach as the LCA in order to consider the results of
diverting the MSW to fuel production. The TEA calculates production costs and net present
value from the plant perspective (Figure 2-1), and changes to the MSW lifecycle are accounted
for if they lead to a change in the costs of inputs or to a change in revenues. The replaced waste
management strategy affects the feedstock cost because replacing existing or new landfills may
allow the plant to charge similar tipping fees for the MSW feedstock. From the fuel producer
perspective this could represent a negative feedstock cost, or a source of revenue. At the same
time this could lead to the commodification of MSW and, in the long run, result in a positive
feedstock cost. MSW-to-fuel technologies have not entered large-scale commercial production in
the US yet, making it difficult to predict future MSW feedstock prices. Existing empirical
evidence shows the emergence of long-term, zero-cost MSW feedstock contracts [94], and the
present work therefore follows Jones et al. [13], assuming zero feedstock cost for the baseline

analysis but quantifying the sensitivity of results to positive and negative feedstock costs.
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The economic effect of further classification at the plant is accounted for in terms of
revenue generation from the sale of recyclables. Costs of production are calculated at the plant
gate, which differ from at-pump prices by the costs of transportation of the fuel to the gas station

or airport, and end-user taxes.

2.4.1 Capital cost estimation

Facility capital cost estimates are obtained from the literature referenced for material and
energy balances for each pathway [11, 13, 40]. In some cases, the estimates are supplemented
with additional capital costs of the processes that are not modeled in the particular studies, such
as MSW pre-processing, naphtha reforming to gasoline, and alcohol-to-jet conversion. The
capital costs associated with MSW pre-processing are estimated from empirical waste
management industry data on equipment costs of RDF facilities and material recovery facilities
(MRF) [11, 13, 68, 81-83]. These costs are normalized to the input feed capacity in tonnes/day
(approximately $34K for 1 tonne/day feed capacity), contributing 15-25% of the total capital
investment for MSW MD fuel production. Due to capacity limits and maintenance requirements,
parallel production lines are employed, which limits the potential for economies of scale [95].

The additional capital costs for upgrading naphtha to gasoline are estimated from
Niziolek et al. [11] The capital costs of the dehydration, oligomerization and hydroprocessing
equipment necessary to convert ethanol to MD fuel are estimated from Staples et al. [47] All

capital costs are converted to 2014 USD using the Chemical Engineering Plant Cost Index [96].
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2.4.2 Operating costs and revenues estimation

The material and energy balances calculated for the LCA are carried over to the TEA in
order to calculate operating costs and sales revenues. The prices of gasoline, jet fuel, diesel,
electric power and natural gas are based on EIA historical and projected data [3, 69, 97, 98]. The
United States Geological Survey (USGS) mineral commodity summaries provide price estimates
for sulfur and construction aggregates [73]. Prices for scrap iron, aluminum and glass are
estimated from USGS data, market data from scrap traders, and the literature [13, 74-77]. The
price of petroleum coke, water, catalysts and higher alcohols are estimated from the literature
cited in Table 2-1. In addition, price estimates for inputs such as cleaning chemicals, water-gas-
shift (WGS) catalyst, FT catalyst, pressure swing adsorption packing, and wastewater treatment
costs and solid waste disposal costs are obtained from the literature [13, 19, 24, 52]. All prices
are adjusted to 2014 US dollars (USD) using consumer and producer price indexes from the
Bureau of Labor Statistics (BLS) [99].

Fixed operating costs are estimated as a function of capital expenses. Insurance, local
taxes, maintenance and contingency costs are estimated using heuristics from the petroleum
refining industry from Gary et al. [88] Employee salary levels, staffing distributions and
overhead are estimated from Phillips et al. [53] and adjusted to 2014 USD using the BLS
employment cost index [100]. Additional staffing for the MSW classification process at the plant
is estimated from empirical data for RDF and MRF facilities [81, 84-87], and a range of
estimates is used in order to capture the associated uncertainty. The total fixed operating costs
are assumed to vary between approximately 4% and 12% of the capital investment, with 7.7% as

the most likely estimate.
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2.5 Uncertainty assessment

This thesis implements stochastic analysis using Monte Carlo simulations, wherein
parameters are randomly sampled from their probability distributions for 10,000 iterations of the
model calculations. This translates the uncertainty in the input parameters to uncertainty in the
results. Parameter uncertainty in this study stems primarily from data limitations. Uniform
distributions are assigned when available data are considered equally likely. When data is
available to estimate minimum and maximum bounds, as well as a most likely value, triangular
or pert distributions are assigned. A second type of parameter uncertainty in this analysis is
statistical uncertainty associated with availability of a large number of data samples, for
example, availability of historical data for commodity prices. In this case, the uncertainty

distributions are dictated by the samples, based on best fit using the Anderson-Darling test [101].

2.5.1 Fuel yield uncertainty

The uncertainty associated with the conversion efficiency of the pathway is captured by
assigning probability distributions to the overall fuel yield (including MD fuels, gasoline and
higher alcohols). Due to lack of empirical data on the fuel vyields achievable from
commercialized production, previous studies assign pert, triangular or beta general distributions
based on theoretical or simulation results reported in literature [91, 102-104]. In this thesis, pert
distributions are assumed, similar to Bittner et al. [102], deriving the minimum, maximum and
mode values from the literature referenced in Table 2-1. The values calculated from the limited

number of MSW-specific studies are typically used as the mode for each pathway, and biomass-
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to-MD fuel literature is referred to for other bounds where additional MSW-specific data is not
available. Following Motycka, normal probability distributions are assumed for the natural gas

and petroleum coke inputs to the Plasma FT MD pathway [40].

2.5.2 Capital cost uncertainty

The capital cost estimates from literature used for this analysis are based on empirical
data or chemical engineering models that apply equipment factor estimates and cost all major
equipment individually. The error associated with these estimates is typically assumed to be
+20% [88]. Capital costs of similar equipment from biomass-to-MD fuel literature fall within
this margin [19-21, 23, 24, 51, 52]. Previous studies that have estimated capital cost uncertainty
employed triangular, pert or normal distributions with the point estimate from the capital cost
analysis serving as the mode or mean [91, 102, 105, 106]. One approach is to use symmetrical
and unbiased probability distributions with the minimum and maximum bounds capturing the
accuracy range of the estimation method [106]. However, Brown reports that an asymmetrical
distribution with positive skew may be more representative of reality, basing his analysis on the
frequency of cost overruns in general energy and construction projects (mean overrun of 5%)
[107]. Therefore, a pert distribution is assigned with the point estimate of capital costs as the
mode, a lower bound of 80% of this value and the upper bound (150%) is selected to represent a

5% mean overrun.
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2.5.3 Fuel and energy price uncertainty

The present work applies Geometric Brownian motion (GBM), as presented in detail in
Zhao et al. [91], to project the prices of gasoline, natural gas and electricity from the analysis
start year of 2017 until the end of the 20-year valuation period for the plant. A normal
distribution is fitted to the year-to-year price variations of the past 20 years from 1996 to 2015.
This distribution is randomly sampled from in order to predict price deviations in future years.

The EIA Annual Energy Outlook (AEO) 2015 is referenced to project prices in the
analysis start year (2017) and real price growth rates from 2017 to 2037 [3]. The AEO 2015
projects prices for three scenarios: reference, low oil price and high oil price. Uncertainty in
2017 prices and future growth rates is accounted for by assigning pert distributions for both
parameters, with the reference scenario values as the modes and the other two scenarios as
minimum and maximum bounds. This is implemented for gasoline price and growth projections,
and the same parameters for natural gas and electric power are calculated by correlation. Pert
distributions are used to assign more of the probability density closer to the mode of the
distribution (the reference case). The 2017 prices of gasoline, natural gas and electricity from
the AEO 2015 reference case projections are $0.57/L, $5.02/GJ and $0.07/kWh (2014 USD).

Historical data from EIA shows that diesel and jet fuel prices have been highly correlated
to the price of gasoline (greater than 99% for wholesale refiner prices) [69]. Therefore, diesel
and jet fuel prices are projected for the NPV analysis based on their historical regression
relationship with gasoline prices (in $/liter),
Diesel price = 1.1450 x Gasoline price — 0.0558, 1)

Jet fuel price = 1.1315 x Gasoline price — 0.0542. (2)
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Chapter 3 Results and discussion

3.1 Lifecycle GHG emissions

The results for net lifecycle GHG emissions for the three MSW to MD fuels pathways are

summarized in Table 3-1. The median results of 32.86, 62.34 and 52.74 gCO2e/MJ for FT,

Plasma FT, and ATJ MD fuels, respectively indicate that they have the potential to reduce

lifecycle GHG emissions compared to the conventional MD baseline of 90 gCO.e/MJ [108].

However, parameter uncertainty translates into ranges that 95% of the Monte Carlo simulation

results lie within: 18.45 — 47.33, 43.55 — 81.47, and 26.44 — 79.32 gCO.¢e/MJ, for FT, Plasma FT,

and ATJ MD fuels, respectively.

Table 3-1: Lifecycle GHG emissions, MSP and NPV results

Conversion Pathway Median Mean  Std. Dev.

_ o FT MD 32.86 32.89 7.22
'—'fecyc(gec%';'gl\%‘;'ss'ons Plasma FT MD 62.34 6251 9.48
ATJMD 52.74 52.88 13.22

FT MD 0.99 1.00 0.14

Mi”im“mﬁi‘)"”g price Plasma FT MD 178 181 0.29
ATJMD 1.20 1.22 0.27

FT MD -0.339  -0.344 0.312

Net present value ($B) Plasma FT MD -0.753  -0.761 0.252
ATJMD -0.247 -0.247 0.163
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The probability density functions of the lifecycle GHG emissions were calculated using
MATLAB’s kernel smoothing function and are shown in Figure 3-1 [109]. The histograms and
estimated skewness and kurtosis of the distributions are given in Appendix D and Appendix E.
The conventional gasification and FT pathway has the highest fuel yield of the three pathways;
approximately 50-57% of the input MSW energy is converted to fuels (with 54% as the mode of
the fuel yield probability distribution). The other two pathways have lower fuel yields, implying
that more of the non-biogenic carbon in the MSW feedstock is converted to CO2 during the
process. Higher emissions during fuel production, which are then allocated over lower fuel and
energy co-product yields, results in higher net lifecycle GHG emissions for the other two
pathways.

Table 3-2 shows the results for each pathway broken out by lifecycle step. The credits
from the replaced waste management strategy and recycling are major contributors to the overall
GHG emissions. These credits, as well as the emissions associated with feedstock transport, are
the same for each of the three pathways on the basis of per tonne of input MSW but vary when
they are allocated over the fuel and energy co-product yield. The displacement credit from non-
energy co-products, such as sulfur and construction aggregates, contributes less than 0.3% to the
net emissions. The emissions associated with disposal of process waste products, and fuel
transportation and distribution (T&D) also contribute relatively little to the overall emissions

(less than 3% each).
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Figure 3-1: Probability (kernel) distributions of the lifecycle GHG emissions, MSP and NPV

results
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Table 3-2: Lifecycle GHG emissions (gCO2e/MJ) results breakdown by lifecycle step

FT MD Plasma FT MD ATJ MD
Median Mean  Std. Dev. Median Mean  Std. Dev. Median Mean Std. Dev.

gﬁg’t'g‘g;d waste management 2209  -22.11 1.53 2717 27271 2.06 -40.13  -40.31  4.36
Additional recycling 2011 -2041 453 2488 -2528  5.63 -36.61 -37.21  8.87
Non-energy co-products -0.10 -0.10 0.02 -0.12 -0.12 0.02 -0.02 -0.03 0.01
Feedstock transport 3.76 3.76 0.13 4.61 4.64 0.20 6.84 6.85 0.61
Fuel production 39.05 39.21 4.20 74.24 74.85 7.22 89.95 90.76 12.54
Disposal of rejects, ash and 0.38 0.38 0.03 046 046 0.04 115 116 012
Fuel T&D and combustion 3214 3215 2.17 35.25 3523 2.03 31.67 3166 215
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The fuel production and combustion steps are major sources of GHG emissions in all
three pathways. The Plasma FT MD pathway has the highest fuel production emissions per tonne
of input MSW. The mode of the fuel yield probability distribution for this pathway is
approximately 38%. At this fuel yield, the pathway generates more excess electricity than the
other pathways (almost 9% of the input MSW energy) but at the upper bound of fuel yield of
46%, the plant has to import electricity to meet plasma power requirements. This results in
increased net GHG emissions due to the high carbon intensity of the US average grid mix (160.1
gCO2e/MJ) [29]. Fossil fuel inputs such as petroleum coke and natural gas further increase the
GHG emissions associated with fuel production in this pathway.

For the ATJ MD pathway, the fuel yields vary between 24 — 40% of the input MSW
energy with 31% as the mode, the lowest of the three pathways. Therefore, on a per MJ of MD
fuel basis it has higher fuel production emissions, which are offset by higher credits per MJ,
resulting in a 15% lower median GHG emissions than the Plasma FT MD pathway. Fuel
combustion emissions attributable to the non-biogenic portion of the MSW feedstock are similar
for the three pathways and vary only because of the different proportions of diesel and jet fuel
produced by each pathway. Different combustion CO, emission factors are used for the two fuels
from IPCC [56].

In addition to the standard deviation measures listed in Table 3-2, this thesis also
quantifies the contributions of the parameters that are sampled for the stochastic analysis to the
overall variance of the results. Uncertainty associated with the non-biogenic proportion of carbon
in the feedstock contributes approximately 47%, 41% and 41% of the total variance of lifecycle
GHG emissions for FT, Plasma FT, and ATJ MD fuels, respectively. This translates to larger

standard deviations for the fuel production and combustion steps where the non-biogenic share
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of emissions is counted. Other major contributions to variance are 39%, 34% and 38% from the
recycling credit; 8%, 8% and 9% from the feedstock carbon content; 1%, 8% and 8% from fuel
yield; and 4%, 3% and 4% from the replaced waste management strategy credit for FT, Plasma
FT, and ATJ MD fuels, respectively. Detailed results are presented in Appendix F.

Sensitivity analysis is conducted to quantify variability within the pathways. Figure 3-2
shows the five drivers that are assessed by varying each one in isolation. The parameter that
produces the largest change in results for all three pathways is the MSW composition,
characterized by the non-biogenic proportion of carbon in the feedstock and the LHV of the
feedstock. The 0% non-biogenic case assumes absence of all plastics and rubber. This reduces
the energy content of the feedstock to approximately 8 MJ/kg, and is accompanied by a reduction
of almost 40% in the quantity of fuel produced per tonne of raw MSW, relative to the baseline.
Overall, the absence of non-biogenic carbon emissions during fuel production and combustion
reduces the median lifecycle GHG emissions by 180-320% overall, depending on the pathway.
The 65% non-biogenic case assumes the absence of food wastes, yard wastes and wood, and this
reduces the replaced waste management credit since the landfill emissions due to these biogenic
wastes are not avoided. Additionally, the non-biogenic CO2 emissions from both fuel production
and combustion are higher, resulting in a net increase of 60-100% in the median lifecycle GHG
emissions. These results reflect the sensitivity of lifecycle GHG emissions of the MSW MD fuels
to variability in the composition of MSW that may occur in different geographic regions.

In the baseline case, US national average landfill gas recovery rates have been assumed
in order to calculate the replaced waste management credit in the baseline stochastic analysis.
Figure 3-2 shows two other potential cases: one with no landfill gas recovery (replaced waste

management credit of 603 kgCOze per tonne of MSW) and the other with all replaced landfills
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assumed to have landfill gas recovery for energy with aggressive gas collection. In the latter
case, replacing the waste management strategy results in GHG emissions of 23 kgCO.e/tonne
[28].

For the conventional gasification and FT pathway, material and energy balances are
estimated for a larger facility scale from Larson et al. [11] and a different fuel yield case at the
same 3000 tpd scale from Vliet et al. [26] At the larger 7000 tonne per day (tpd) feed capacity
scale, a lower fuel yield of 34% (23% excess electricity) leads to higher lifecycle GHG emissions
by approximately 11 gCO2e/MJ compared to the baseline median. On the other hand, generating
additional excess electricity while maintaining high fuel yield (52% fuels and 8% excess
electricity) at the 3000 tpd scale, results in lower net GHG emissions (31.5 gCO2e/MJ).

In the case of the plasma gasification and FT pathway, the 1000 tpd facility with a fuel
yield similar to the baseline generates additional excess electricity, and therefore has lower
lifecycle GHG emissions (by 8%) [44, 45]. The second case assesses the effect of increased fuel
yield at the 3000 tpd scale that requires additional electricity to be imported from the grid [37,
45], resulting in 56% higher lifecycle GHG emissions. Due to data limitations, this work assesses
only the effect of different conversion efficiencies for the ATJ MD fuel pathway. The higher fuel
yield is based on future projections by Mu et al. [50] and the lower fuel yield is based on the
conservative estimate by Jones et al. [13], which also forms the lower bound in the uncertainty
assessment. These cases and other conversion efficiency scenarios are detailed in Appendix G.

Using the displacement method instead of energy allocation generates a carbon credit for
the excess electricity exported to the grid, and the produced higher alcohols, making the Plasma
FT and ATJ MD pathways more sensitive than the FT MD pathway to the emissions allocation

method. The baseline analysis uses the default feedstock transport distance of 20 miles from the
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EPA WARM model. Varying the parameter between 10 and 70 miles based on literature
estimates correspondingly reduces (4-8%) and increases the associated emissions (21-37%)

[110].
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Figure 3-2: Lifecycle GHG emissions sensitivity analysis showing the resultant median values.
The variables and assumptions are listed on the left axis (low, baseline, high).
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3.2  Minimum selling price and net present value

The MSP and NPV results for the three MSW to MD fuels pathways are summarized in
Table 3-1. The median MSP results are 0.99, 1.78 and 1.20 $ per liter for FT, Plasma FT and
ATJ MD fuels, respectively. Parameter uncertainty results in ranges of values that 95% of the
Monte Carlo simulation results lie within: 0.72 —1.28, 1.24 — 2.39 and 0.68 — 1.75 $ per liter for
FT, Plasma FT, and ATJ MD fuels, respectively. These results, even at the lower bound, are
above the approximate average US price of conventional middle distillate fuel in January 2016 of
0.27 $ per liter (refiner price) [69]. However, there is volatility associated with fuel prices in the
short and long term, and this volatility is accounted for in the NPV calculations. The probability
of achieving positive NPV for the project is calculated from the NPV results to be 14%, 0.1%
and 7% for FT, Plasma FT, and ATJ MD fuels, respectively.

The probability density functions (kernel distribution) of the MSP and NPV results are
shown in Figure 3-1, and the histograms and estimations of skewness and kurtosis are provided
in Appendix D and Appendix E. Table 3-3 and Table 3-4 show the results for each pathway,
disaggregated by type of cost and type of revenue. Capital costs and fixed operating expenses,
which are a function of the capital costs, are the major cost contributors for all three pathways,
making up 70-75% of total expenses. The net capital costs are highest for the Plasma FT MD
pathway and the lowest for the ATJ MD pathway but when normalized to the MD fuel yield, the
FT MD pathway has the lowest median capital cost per liter of $0.89/L.

The variable operating expenses attributable to water, catalysts, cleaning chemicals and
disposal of wastes are only 2-3% of MSP for all three pathways. Comparison of the results

indicates that revenues from the sale of gasoline, and of scrap metals and glass, vary among the
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three pathways due to technology-specific differences in conversion process product slates and
plant feed capacities. The Plasma FT and ATJ MD pathways have higher co-product revenues
from higher export of excess electricity and sale of higher alcohols, respectively (see Table 3-4).
Non-energy co-products such as slag and construction aggregates contribute less than 3% to
reducing the overall cost.

Similar to the LCA results, contributions to variance are quantified for the MSP and NPV
results. The major contributions to variance of MSP are 73%, 70% and 54% from capital costs;
11%, 10% and 10% from fixed operating costs; 3%, 12% and 24% from fuel yield; and 3%, 2%
and 3% from the price of scrap aluminum for FT, Plasma FT, and ATJ MD fuels, respectively.
The primary contributions to variance of NPV are 51%, 35% and 35% from year-to-year fuel
price variations; 21%, 14% and 15% from the analysis start year (2017) fuel prices; 20%, 40%
and 30% from capital costs; 3%, 6% and 5% from fixed operating costs; and 1%, 1% and 6%
from fuel yield for FT, Plasma FT, and ATJ MD fuels, respectively. Detailed results are
presented in Appendix F.

The majority of variance in the NPV results arises from uncertainty associated with fuel
prices. Since the fuel yields are higher for the FT MD pathway, the total variance and standard
deviation are also greater than that of the other two pathways. On the other hand, the MSP of the
FT MD pathway has the lowest standard deviation (0.14 $/L) of the three pathways because
calculation of the MSP divides the net costs over the fuel yield, thereby resulting in an inverse
relationship. Following from the fuel yields and the capital costs (shown in Table 2-1 and
explained in Section 3.1), the FT MD fuel has the lowest median MSP and the Plasma FT MD

fuel has the highest median MSP of the three pathways.
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Table 3-3: MSP ($/L) results breakdown by cost and revenue contributors

FT MD Plasma FT MD ATJMD
Median Mean  Std. Dev. Median Mean  Std. Dev. Median Mean Std. Dev.
Capital costs 0.89 0.91 0.113 1.75 1.77 0.248 1.41 1.43 0.221
Fixed operating expenses 0.25 0.25 0.048 0.47 0.48 0.099 0.39 0.39 0.083
Variable operating expenses 0.02 0.02 0.001 0.06 0.06 0.008 0.02 0.02 0.008
Income tax 0.10 0.10 0.013 0.20 0.21 0.028 0.16 0.17 0.025
Revenue from gasoline -0.12 -0.12 0.019 -0.31 -0.32 0.046 -0.22 -0.22 -0.032
Revenue from scrap recyclables -0.13 -0.13 0.030 -0.20 -0.21 0.051 -0.30 -0.30 -0.079
Revenue from other co-products -0.03 -0.03 0.004 -0.20 -0.18 0.065 -0.27 -0.27 -0.046

Table 3-4: NPV ($M) results breakdown by cost and revenue contributors

FT MD Plasma FT MD ATJ MD
Median Mean  Std. Dev. Median Mean  Std. Dev. Median Mean Std. Dev.

Capital costs -1206.9  -1221.2 148.3 -1312.2  -1328.6 161.1 -769.9  -779.3 945
Fixed operating expenses -330.6 -331.7 63.0 -358.8  -3615 69.3 -2126  -213.7 40.5
Variable operating expenses -30.2 -30.3 1.2 -43.0 -43.9 6.8 -11.8 -13.7 5.6

Income tax -74.6 -79.1 49.4 -25.6 -30.1 24.9 -42.1 -44.3 24.3
Revenue from MD fuels 976.3 987.7 287.0 542.9 548.0 163.7 393.9 399.3 121.3
Revenue from gasoline 123.2 124.6 33.7 168.5 169.9 47.5 86.4 87.5 24.9
Revenue from scrap recyclables 169.4 170.5 40.5 154.0 154.8 36.9 166.1 166.6 39.6
Revenue from other co-products 34.5 35.0 5.0 143.2 130.4 42.3 148.7 150.8 27.3
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The ATJ MD pathway has the least negative median NPV because the relative reduction
of net capital costs outweighs other costs compared to the other two pathways. However, to
achieve a positive NPV, the ATJ MD pathway requires a higher selling price for the fuel than the
FT MD pathway, because the lower fuel yield implies that each unit of fuel needs to be sold at a
higher price.

Figure 3-3 presents the results of the sensitivity analysis for the MSP and NPV in terms
of discount rate, income tax rate, feedstock cost, plant scale and associated technology
parameters, and carbon pricing as an example of a policy driver (detailed results are provided in
Appendix H). The discount rate, which is dictated by the rate of required return for equity and
loan interest rate for debt, has the greatest impact on the results. From an investor’s perspective,
Blazy et al. suggest that the discount rate could be up to approximately 22% for novel alternative
fuel technologies with significant associated risks [92]. This reduces the probability of positive
NPV to 0-0.4% and increases the MSP by 40-60% depending on the conversion pathway. To
assess sensitivity in the opposite direction, the social opportunity cost of capital is used based on
long-term treasury bond rates from the US Office of Management and Budget as the discount
rate (3.2% nominal) [111]. This decreases the MSP by 50-70%, and increases the probability of
positive NPV above 80% for the FT and ATJ MD pathways.

The plant scale and conversion yield cases assessed for NPV and MSP are the same as for
the LCA sensitivity analysis, except for the FT MD pathway, wherein the 3000 tpd case (other
than the baseline) considered for the economic sensitivity analysis is based on data from Zhu et
al. [24] At larger feed input capacities, economies of scale are achieved for the conversion
technologies. At the same feed capacity and level of capital investment, improvements in fuel

yield increase the probability of positive NPV to greater than 50%. In the case of the FT MD
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pathway, at the same feed capacity, lower fuel yield (39%) and 8% higher capital costs than the
baseline results in a decrease of the probability of positive NPV to 0.4%.

In order to quantify the impact of feedstock cost, the 2013 US average landfill tipping
fees is used [6], first as a source of revenue that lowers the median MSP by 20-46% and raises
the probability of positive NPV to 2.5-55% and second, as a positive cost associated with the
feedstock as it gains value due to end-use as fuels, yielding the opposite effect. The latter
increases the median MSP by 25-50% and lowers the probability of positive NPV to 0-2%.
Income tax expenses have a similar effect, raising the median MSP by 24-32% when the tax rate
is raised to match the 2015 US combined corporate income tax rate of 39%, as reported by
OECD [112]. In the discount rate and feedstock cost cases, the ATJ MD pathway demonstrates
the lowest median MSPs ($0.34/L, $0.64/L) and highest probability of positive NPV (87%, 55%)
compared to the other two pathways.

Figure 3-3 also presents the results of implementing a carbon price of $48.56 (2014
dollars) based on the revised social cost of carbon guidance provided by the US Interagency
Working Group on Social Cost of Carbon [113]. This ties together the results of the LCA and
TEA analyses. The carbon price improves the median MSP of the FT MD pathway by 11%
compared to 3-4% for the other two pathways because of its greater lifecycle GHG savings

potential of 63% compared to 30-40% (median estimates).
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Variable and values
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Figure 3-3: MSP sensitivity analysis showing the resultant median values. The variables and
assumptions are listed on the left axis (low, baseline, high). On the right axis, the probability of
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Chapter 4 Conclusions

This thesis quantifies the lifecycle GHG emissions and costs of production of diesel and
jet fuels derived from MSW via three thermochemical pathways. The results show that MSW
MD fuels have potential to reduce lifecycle GHG emissions when compared to conventional
diesel and jet fuels. Although there is substantial parameter uncertainty, the probability of
lifecycle GHG emissions from MSW MD exceeding lifecycle GHG emissions from conventional
MD fuels baseline is less than 0.5%. The lifecycle GHG emissions can be minimized by
technology selection and improvement in conversion pathway efficiencies. The mature
conventional gasification and FT technologies demonstrate higher conversion efficiencies in the
literature, leading to the lowest median lifecycle GHG emissions of the three pathways (32.86
gCO2e/MJ). Improving fuel yields while maintaining sufficient electricity generation to meet the
plant’s utility needs could reduce the lifecycle GHG emissions of all three pathways.

Drawing a larger system boundary allows for analysis of the change in GHG emissions
that occurs due to conversion of MSW to fuels, relative to the existing waste management
strategy. Therefore, the total lifecycle GHG emissions of the MSW MD fuels are dependent on
the waste management being replaced, credits from additional recycling, and combustion
emissions attributable to the non-biogenic content of the feedstock. The results presented in this
thesis represent the current US average characteristics of MSW feedstock; the MSW composition
and credit from replaced waste management strategies may vary significantly at different spatial

and temporal scopes [9, 114].
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The results of the TEA show that MSW MD fuels have higher costs of production than
conventional MD fuels. The probability of positive NPV is less than 15% for all three pathways.
Based on capital costs and conversion yields, the conventional gasification and FT pathway has
the greatest probability of positive NPV (14%) and lowest median MSP ($0.99/L). MSP can be
reduced, and NPV increased, by improving conversion efficiencies and the sale of recyclables
for all three pathways. The ATJ MD pathway has the lowest net capital costs for the scale
considered, and therefore, the least negative median NPV of -247 million USD.

This analysis accounts for the volatility associated with conventional petroleum-derived
MD fuel prices in the NPV analysis, and it is noted that MSW MD fuels will be more
economically attractive if conventional MD fuel prices rise over time. Moreover, being able to
charge fees similar to landfill tipping fees for the MSW feedstock can improve economic
viability. However, in the absence of higher crude oil prices and feedstock-related revenues,
policy mechanisms will be necessary to improve the economic feasibility of MSW MD fuels. For
example, policy incentives that enable de-risking of the investment through loan guarantees and
offtake agreements can lower the discount rate. Other potential policy mechanisms may include
tax waivers, capital subsidies, low carbon fuel standard and carbon pricing. Carbon pricing is of
particular interest in this work because it combines the lifecycle GHG emissions results and
economic results by assigning an economic value to the GHG benefits of MSW MD fuels. Based
on the results of the sensitivity analysis, if the societal perspective is considered rather than an
investor’s perspective, assuming the social opportunity cost of capital, corporate income tax
waivers and implementation of carbon pricing, the probability of positive NPV increases to 93%,

67% and 92.5% for the FT, Plasma FT, and ATJ MD pathways, respectively.
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This work only addresses lifecycle GHG emissions, whereas additional analyses could
include criteria such as air quality and non-GHG climate impacts [115]. Furthermore, this work
compares the GHG benefits of MSW MD fuels only to conventional petroleum-derived fuels,
and not to MSW-to-electricity or MSW-to-ethanol pathways. The GHG benefits of different
waste management strategies depend on a number of factors, such as MSW composition, carbon
intensity of the grid electricity, conversion efficiencies and feedstock pretreatment requirements
[116, 117].

The results of this analysis indicate that diesel and jet fuels produced from MSW offer
the potential to reduce the GHG emissions intensity of transportation, but policy mechanisms
may be necessary to ensure economic viability. There is significant uncertainty associated with
the results because the technologies are still in the early stages of development and are yet to be
commercialized. Therefore, the uncertainty and variability of parameters should be taken into
account for decision-making and technology selection. For example, the FT MD pathway may be
more economically attractive at a 15% cost of capital rate but the ATJ MD pathway may become
more attractive at lower discount rates or when feedstock revenues are available. Overcoming the
technical and economic challenges, the impacts of which have been quantified in this thesis, will

be key to commercializing diesel and jet fuel production from MSW.
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Appendix A Conversion pathway schematics

The following schematics show the major conversion processes, inputs and outputs,
based on models from literature [10, 11, 13, 19, 37, 40, 42, 50, 51]. Heat and power inputs and
generation (by combustion of unconverted syngas and/or steam cycle) are not shown, since the
processes vary between the literature models for each pathway. However, net power requirement
or generation is incorporated into the analysis. High temperature gasification produces slag
whereas low temperature gasification produces ash. Water, wastewater and wastes such as spent

catalyst beds are also not shown in the schematics, but are accounted for in the analysis.
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Figure A-1: Schematics of the MSW to MD fuel pathways considered in this study, (a) FT MD,
(b) Plasma FT MD, (c) ATJ MD
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Appendix B Energy product slates

For each pathway, the share of energy of each product in the energy product slate is used
for allocation of GHG emissions. Table B-1 below details the energy share of the product slate
corresponding to the mode of the fuel yield probability distribution. For the uncertainty analysis,
the overall fuel yield is varied but the energy split of jet fuel, diesel, gasoline and higher alcohols
as proportions of the overall fuel yield remains constant. The excess electricity yield values vary
inversely with overall fuel yield. Note that the excess electricity yield values listed here are not

inclusive of the utility requirement for additional sorting (see Table 2-1 for the latter parameter’s

distribution).

Table B-1: Proportion of product in the energy product slate by share of energy for the FT,

Plasma FT and ATJ MD pathways

Energy product FT MD [10, 11] Plasma FT MD [40] ATJ MD [13, 47]
Jet fuel 12.0% 26.2% 48.1%
Diesel 73.0% 35.7% 13.1%
Gasoline 10.7% 19.3% 13.6%
Excess electricity 4.0% 18.8% 2.2%
Higher alcohols 0% 0% 23.0%
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Appendix C

Economic assumptions for techno-economic analysis

Table C-1: Financial and economic assumptions adopted for calculation of MSP and NPV

Parameter Assumption
Equity fraction [92] 20%
Loan term [92] 10 years
Loan interest rate [92] 10%
Discount rate (nominal) [92] 15%
Inflation rate [79] 2%
Working capital [79] 5% ﬁ]fvte%tt%gﬁg ital
Depreciation period [79] 10 years

Depreciation method [79]

Construction period [79]

Proportion of capital expenses in year 1 of
construction [79]

Proportion of capital expenses in year 2 of
construction [79]

Proportion of capital expenses in year 3 of
construction [79]

Income tax rate [91, 93]
Production ramp-up: Startup period [91]
Startup production rate [91]
Startup variable costs [91]
Startup fixed costs [91]

Plant operating level [11, 118]

Variable declining balance

3 years
8%
60%
32%

16.9%

6 months

50%
75%

100%

90% (330 days/year)
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Appendix D Histograms of the Monte Carlo simulation results

This section presents the lifecycle GHG emissions, minimum selling price and net
present value results in the form of histograms. The height of each bar in the histograms

represents the relative number of iterations for which the results fall within the bin. The bar

heights add up to 1 [119].
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Figure D-1: Histogram of the lifecycle GHG emissions results of FT MD fuel
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Figure D-2: Histogram of the lifecycle GHG emissions results of Plasma FT MD fuel
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Figure D-3: Histogram of the lifecycle GHG emissions results of ATJ MD fuel
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Figure D-5: Histogram of the MSP results of Plasma FT MD fuel
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Appendix E Skewness and kurtosis of the Monte Carlo

simulation results

Skewness measures the asymmetry of the results about the mean and kurtosis measures
how outlier-prone a distribution is. The skewness of a normal distribution is 0 and the kurtosis of
a normal distribution is 3 [120, 121]. Skewness between -0.5 and 0.5 indicates that the
distribution is approximately symmetric [122]. As shown in Table E-1, the skewness measures of
the lifecycle GHG emissions and net present value results are well within this margin. This is
reflected in Figure E-1 and Figure E-3, where the estimated probability distributions (kernel
density) are compared to fitted normal probability distributions [109]. However, the minimum
selling price results display positive skewness closer to 0.5 and the shift from the normal
distribution can be observed in Figure E-2. The minimum selling price distributions are skewed
positive/right primarily due to the positive skew of the capital investment probability
distribution. The net present value distributions do not display similar skewness because the
variance contributions from fuel price uncertainty are greater than the variance contributions
from capital cost uncertainty (quantified in Appendix F).

The kurtosis of the resultant distributions is similar to that of normal distributions
(approximately 3), as shown in Table E-1. The lifecycle GHG emissions distributions are slightly
platykurtic (negative kurtosis with reference to the normal distribution, i.e. kurtosis value lower
than 3) [123]. Distributions with negative kurtosis have lower, flatter peaks and lighter tails,

indicating that the distribution may be less outlier-prone or that less of the variance is due to
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extreme values as compared to the normal distribution [123, 124]. The minimum selling price

distribution for the FT MD pathway is also slightly platykurtic.

Table E-1: Skewness and kurtosis measures of the Monte Carlo simulation results for lifecycle
GHG emissions, MSP and NPV. Skewness and kurtosis are unitless measures.

Conversion Pathway Skewness Kurtosis
FT MD -0.0072 2.6318
Lifecycle GHG emissions Plasma FT MD 0.0709 2.7871
ATJ MD 0.1701 2.8591
FT MD 0.2967 2.7898
Minimum selling price Plasma FT MD 0.4145 2.9386
ATJMD 0.4371 3.1163
FT MD -0.0264 2.9802
Net present value Plasma FT MD -0.1239 2.9413
ATJMD 0.0094 2.9682
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Figure E-1: Probability distributions of the lifecycle GHG emissions results of FT, Plasma FT
and ATJ MD fuels. The solid lines represent the kernel-estimated distributions and the dashed
lines represent normal distributions fitted to the data.
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Figure E-3: Probability distributions of the NPV results of FT, Plasma FT and ATJ MD fuels.
The solid lines represent the kernel-estimated distributions and the dashed lines represent normal
distributions fitted to the data.
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Appendix F Contributions to variance

This section details the contributions of parameter uncertainty to overall variance of
lifecycle GHG emissions, minimum selling price and net present value results for the three

conversion pathways.
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Figure F-1: Contributions to variance of lifecycle GHG emissions results for (a) FT MD, (b)
Plasma FT MD, and (c) ATJ MD fuels
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Figure F-2: Contributions to variance of MSP results for (a) FT MD, (b) Plasma FT MD, and
(c) ATJ MD fuels
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Figure F-3: Contributions to variance of NPV results for (a) FT MD, (b) Plasma FT MD, and
(c) ATJ MD fuels
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Appendix G Sensitivity of results to conversion efficiency

parameters

In the following tables, the conversion efficiency parameters are calculated directly from
the cited sources or estimated in combination with other references. The electricity yield values
listed here are not inclusive of the utility requirement for additional sorting (see Table 2-1 for the
parameter’s distribution). The net electricity yield is positive if excess electricity is generated and
negative if additional electricity has to be imported from the grid. The results are calculated with
the deterministic point estimates for the conversion yields given in the tables and pert
distributions for the total capital investment with the estimate in the tables as the mode, the
minimum being 80% of the mode and the maximum being 150% of the mode. All other
parameters are randomly sampled based on their probability distributions from Table 2-1. Note
that ‘MSW’ subscript refers to as received raw feed and ‘PMSW’ subscript refers to pre-

processed and dried gasifier feed.
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Table G-1: Conversion efficiency parameters and results for the FT MD pathway. The baseline is based on the case from Pressley et
al. [10] (combined with data from Niziolek et al. [11]). The cases that are demonstrated in the sensitivity analysis are the 7000 tpd case

from Larson et al. [21], the case from Vliet et al. [26] and the case from Zhu et al. [24]

Pressley et Vlietet Swansonet Kreutzet Larsonet Zhuetal. Hamelinck et
al. [10] al. [26] al. [19] al. [20] al. [21] [24] al. [23]
Scale (tpdmsw) 3200 [11] 2500 3100 4300 7000 3100 3500
M j,e,{,,‘}ifﬂ'sw) 6.8%  0.0% 0.0% 0.0% 0.0%  0.0% 0.0%
Con_\/Pi(rjsion M J?,\',fjf“'ﬂsw) 16.0%  442%  34.9% 28.1%  21.1%  30.4% 28.13%
yields i
and other M‘jf‘,f,%"”e 30.8%  7.8% 14.8% 18.1% 13.1%  8.8% 4.38%
parameters ( PMSW)
'?',&tﬁ,'\ﬁﬁmgu 2.2% 7.9% 3.5% 5.7% 231%  6.4% 12.3%
Total capital
investment ($M) 597 [11] 522 684 844 1015 643 532
Ligﬁ%?'e Median 32.48 31.51 37.61 33.27 43.95 45.63 4754
emissions Mean 32.50 31.58 37.62 33.23 44.02 45.67 47.43
(9C0O26/MJ)  standard deviation 7.09 6.65 7.52 7.51 7.46 8.84 9.02
- Median 1.00 1.29 1.48 1.35 0.63 1.68 1.13
Minimum
selllg%_prlce Mean 1.01 1.31 1.49 1.36 0.65 1.69 1.14
(/L) Standard deviation 0.32 0.18 0.23 0.26 0.27 0.25 0.19
Median -0.336 -0.456 -0.656 -0.675 -0.056 -0.701 -0.312
Net present
value ($B) Mean -0.338 -0.458 -0.662 -0.683 -0.055 -0.707 -0.315
Standard deviation 0.310 0.230 0.300 0.384 0.454 0.263 0.227
Probability of positive NPV 14% 2% 1% 4% 45% 0.4% 8%
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Table G-2: Conversion efficiency parameters and results for the Plasma FT MD pathway. The baseline is based on the first 2900 tpd
case from Motycka [40]. The cases that are demonstrated in the sensitivity analysis are the first 1200 tpd case from Juniper
Consultancy [44] and the case from Minutillo et al. [37] Since there is limited data available for the Plasma FT MD pathway, the cases
below are estimations to indicate the possible range of results. For example, Minutillo et al. [37] do not provide economic data and
therefore, the scale and capital cost from Motycka are used [40].

Motycka [40] Juniper Consultancy [44], Minutillo et al. [37],

Boerrigter et al. [45] Boerrigter et al. [45]
Scale (tpdwsw) 2900 2900 1200 1200 1200 2900 [40]
_ Jet fuel (MI/MIpwisw) 12.4%  12.0% 12.2%  86%  16.2% 19.6%
At Diesel (MJ/MJemsw) 16.9%  163%  16.6% 117%  22.1% 26.8%
p%f;g rggt‘grrs Gasoline (MJ/MJpusw) 92%  89%  9.0%  6.3%  12.0% 14.5%
Net electricity (MJ/MIpmsw) ~ 8.9% 0%  98%  188%  -2.2% -19.9%
Total capital investment ($M) 643 643 366 366 366 643 [40]
Lifecycle Median 6174 7359 5721 6604  55.12 96.84
. Mean 6165 7351 5723 6614  55.04 96.88
(9CO2¢/MJ) Standard deviation 8.92 10.51 8.39 9.28 7.79 6.98
Minimum Median 1.81 210 281 378 230 1.47
selli(%%srice Mean 1.82 2.12 2.83 3.81 2.31 1.48
Standard deviation 0.27 0.28 0.38 0.54 0.29 0.18
Median 0733  -0910 -0559 -0.573 -0.556 -0.840
Velue 8B) Mean 0737 0916 -0.564 -0579 -0558 10.848
Standard deviation 0.249 0.251 0.124 0.112 0.139 0.336
Probability of positive NPV 0.2% 0% 0% 0% 0% 58%
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Table G-3: Conversion efficiency parameters and results for the ATJ MD pathway. Note that the energy balances from the cited
sources are combined with the alcohol-to-jet conversion balances from Staples et al. [47] for all the cases below. The baseline is based
on the second 3100 tpd case from Jones et al. [13] The cases that are demonstrated in the sensitivity analysis are the first 3100 tpd case
from Jones et al. [13] and the case from Mu et al. [50] Since the latter does not provide economic data, the scale and capital cost from
Jones et al. are used [13]. It should also be noted that Dutta et al. [52] modeled a direct gasification system in contrast to the indirectly-
heated gasifiers modeled by Dutta et al. [51], Jones et al. [13] and Mu et al. [50] There is limited data available for the Enerkem
process, the case below is an estimation based on data from a company presentation [125] and a proposal to the United States
Department of Energy [126].

[Eggf‘;gfg] Jones etal. [13] gll?t[tgﬁt glgt[tgze]t Consd?t%%téif [83] le5e(§]al'

Scale (tpdwsw) 500 3100 3100 3100 3100 4700 3100 [13]
Jetfuel (MIMJpmsw) ~ 202%  10.7%  155%  225%  22.3% 21.9% 25.3%
Diesel (MJ/MIpmsw)  5.5% 290%  42%  6.1% 6.1% 6.0% 6.9%
CO)r)i\geiassion (M(jf‘,@%';:‘ﬂgw) 5.7% 3.0%  4.4% 6.4% 6.3% 6.2% 7.2%
p%?grggt‘g{s H(',\%?,(,ﬁ'f@shv‘v’)'s 0% 78%  74%  5.0% 7.9% 0.0% 9.0%
'?',&tﬁ,'\jmgg -3.5% 23%  07%  0.0% 1.0% 0.0% 0.0%

|n\7(g?rhgﬁtt)l(t$?ll\/l) 166 499 377 497 723 631 377 [13]
Lifecycle Median 78.11 67.37 52.40 47.25 41.67 55.18 35.38
s Mean 7813 67.38 5251 4748 4159 55.16 35.41
(GCO-e/MJ)  Standard deviation 13.25 15.75  12.82 9.77 9.11 11.19 8.26
Minimum Median 412 267 124 1.29 2.02 1.18 0.65
sellin9 price Mean 4.16 2.69 1.25 1.31 2.04 1.19 0.66
($/L) Standard deviation 0.48 0.42 0.23 0.20 0.29 0.17 0.16
Median 0329 0644 -0248 -0412  -0.906 20.483 0.023
Value @8) Mean 0332  -0652 -0252 0415  -0913 0.487 0.023
Standard deviation 0.053 0.163 0158  0.218 0.263 0.307 0.205
Probability of positive NPV 0% 0% 6% 3% 0% 6% 54%
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Appendix H  Detailed sensitivity analysis results for MSP and

NPV

The following tables list the mean, median and standard deviation measures of the
minimum selling price and net present value results from the sensitivity analysis (some of the

results are graphically presented in Figure 3-2 and Figure 3-3).
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Table H-1: Detailed results of the MSP and NPV sensitivity analysis for the FT MD pathway

Feedstock cost

Income tax rate

Carbon price

Discount rate ($/tonne) ($/tonne)
3.2% 22% -55 55 0% 39% 48.56
Minimum Median 0.46 1.43 0.75 1.27 0.90 1.24 0.89
selllggl_pnce Mean 0.46 1.45 0.77 1.29 0.92 1.26 0.91
(3/L) Standard deviation 0.08 0.19 0.14 0.14 0.13 0.17 0.14
Median 0.891  -0.580 -0.049 -0.655 -0.271  -0.446 -0.211
Net present M 0.909 0583 -0.046 -0.658 -0.268 -0.454 0.210
value ($B) ean . -U. -U. -U. -U. -U. -U.
Standard deviation 0.903 0216 0309 0.325 0360 0.252 0.309
Probability of positive NPV 84% 0.4% 44% 2% 23% 4% 25%

Table H-2: Detailed results of the MSP and NPV sensitivity analysis for the Plasma FT MD pathway

Feedstock cost

Income tax rate

Carbon price

Discount rate ($/tonne) ($/tonne)
3.2% 22% -55 55 0% 39% 48.56
Mini Median 0.72 2.64 1.41 2.24 1.63 2.25 1.72
inimum
el Mean 073 267 143 227 165 2.8 1.74
(/L) Standard deviation 0.17 0.40 0.28 0.30 0.26 0.35 0.29
Median -0.031 -0.887 -0.468 -1.051 -0.723  -0.788 -0.682
Net present M 2 5
value ($B) ean -0.027 -0.894 -0.473 -1.058 -0.728 -0.801 -0.691
Standard deviation 0.625 0.199 0.242 0.264 0.269 0.224 0.252
Probability of positive NPV 48% 0% 2.5% 0% 0.3% 0% 0.3%
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Table H-3: Detailed results of the MSP and NPV sensitivity analysis for the ATJ MD pathway

Feedstock cost

Carbon price

Discount rate ($/tonne) Income tax rate ($/tonne)
3.2% 22% -55 55 0% 39% 48.56
. Median 0.34 1.87 0.64 1.79 1.06 1.58 1.14
Minimum

selll(g%]Lp;rlce Mean 0.35 1.90 0.66 1.81 1.08 1.61 1.16
Standard deviation 0.16 0.36 0.24 0.30 0.25 0.32 0.27

Median 0.461 -0.382 0.018 -0.528 -0.202 -0.304 -0.208

Net present M 0.477 0.384 0022 -0532 -0202 -0.308 0.208

value ($B) ean . -U. . -U. -U. -U. -U.

Standard deviation 0.430 0.123 0.159 0.173 0.186 0.134 0.164

Probability of positive NPV 87% 0.1% 55% 0.1% 14% 1% 10%
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