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Abstract

Development of an integrated Municipal Solid Waste conversion and CO; utilization process for
the environmentally friendly production of transportation fuels

Golnoosh Malekiardebili

The global rise in municipal solid waste (MSW) generation and the urgent need to decarbonize the
transportation sector, particularly the aviation fuels and heavy trucks, have created a compelling
opportunity for circular carbon technologies. This thesis presents the development and analysis of
a waste-to-jet fuel production pathway that integrates MSW gasification, syngas conditioning,
reverse water gas shift (RWGS) conversion, Fischer-Tropsch (FT) synthesis, and hydrocracking.
The process design and simulation are performed using Aspen Plus, with a particular emphasis
product selectivity and CO: utilization.

Using the simulation results, a comprehensive techno-economic analysis (TEA) is carried out to
estimate capital and operating expenditures, minimum selling prices, and project viability under
Quebec’s low-carbon electricity conditions. Additionally, a detailed life cycle assessment (LCA)
is conducted in OpenLCA to evaluate the environmental footprint of the proposed system
compared to conventional pathway of jet fuel production and waste incineration. The LCA results,
based on ReCiPe methodology, indicate that the MSW-to-jet fuel pathway can achieve net-
negative greenhouse gas emissions under low-carbon electricity scenarios.

The findings highlight the dual benefit of MSW valorization: reducing landfill dependency and
enabling the production of sustainable aviation fuel (SAF) with a significantly lower carbon
intensity. This research demonstrates that MSW can serve as a viable feedstock for decarbonized
fuel production, offering a scalable and economically competitive solution aligned with global
climate and waste management goals.
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Chapter 1- Introduction

1.1. Background and Motivation

Immense environmental challenges have been created due to the growth of the population and
economic development [1]. Generation of a large amount of municipal solid waste (MSW) is one
of these challenges, which is expected to increase [2]. It has been studied that the amount of
globally produced MSW will reach around 2.2 billion tons per year by 2025 [3]. Therefore, an
increase in waste generation is inevitable, and scientists are trying to develop effective processes
for reducing the negative impacts of waste on the environment and human health [4]. Landfills are
still the major technique of disposing of waste because of several reasons, including low cost and
simplicity [4]. However, there will be negative impacts on the environment with greenhouse gas
emissions, and also on human health due to pollution of resources like water and soil [3].
Furthermore, the circular economy is also impacted negatively by landfilling, and to overcome
that, value should be added to waste via different processes [2]. Nowadays, waste-to-energy is one
of those processes. With incineration, not only is energy produced, but also the weight and volume
of waste are reduced significantly [3]. The main drawback of incinerating waste is the flue gas
formation, resulting in air pollution and lowering the system efficiency due to corrosion issues [5].
Compared to incineration, gasification has lower emissions and, all in all, is more efficient and
cleaner [6]. Through gasification, most of the organic content of MSW is converted to syngas,
which can be further converted to fuel [5]. For the reasons mentioned, waste-to-energy through
gasification coupled with carbon capture is believed to be an effective way of reducing waste and
simultaneously producing energy and fuel, making the world less dependent on fossil fuels [7].
From another point of view, the high-water content of MSW would be challenging for processes,
as it would lower the efficiency and increase the cost of the plant. So, prior to gasification, a drying
unit is necessary to mitigate these challenges [3]. Figure 1 shows the whole idea of this project and
how it deals with the design of an efficient process that incorporates MSW drying and conversion
to syngas process for reducing the load on the hydrogen unit of CCU processes.

Carbon Dioxide Conversion
Methanol

Ethanol

MswW

DME

Gasoline, Diesel, Jet fuel

Polymers
Syngas

Methane

Other chemicals

Water, Electricity Hydrogen, Oxygen

Figure 1. Simplified schematic of MSW drying and gasification for chemical and fuel production



In this work, we developed an integrated process for the co-conversion of MSW and CO:> into
transportation fuel with the focus on jet fuel and diesel. The dried MSW is used as the feed of the
gasification unit to produce high-quality syngas with minimum GHG emissions [8]. To clean the
impurities and convert the excess CO> into CO, the syngas is then passed through treatment and
reverse water-gas shift units, respectively. The clean syngas from both routes are mixed and sent
to the conversion unit to produce transporation fuels such as diesel and jet fuel.

Air transport is an imminent part of these modern days, which is considered one of the main
contributors to GHG emissions. The International Air Transport Association (IATA) is looking to
have around 30% of the jet fuel usage replaced by bio jet fuel by 2030 [9]. For this reason, jet fuel
is chosen as the desired product in this project. In order to turn our syngas into jet fuel, Fischer-
Tropsch (FT) synthesis is used, during which carbon-based materials are converted into an oil
product. This product can then be refined to chemical or petrochemical products, which in this
case is mainly jet fuel [10]. After simulation of the mentioned process units (drying, gasification,
treatment, reverse water gas shift, and Fischer-Tropsch) in Aspen Plus, a life cycle assessment
(LCA) study will be carried out on the project, enabling the comparison of emissions and impacts
on the environment in conventional and non-conventional (from MSW) jet fuel. Also, techno-
economic analysis will be examined by the end of this project.

1.2. Research Objectives

The primary objective of this research is to design a sustainable waste-to-jet-fuel (WTJF)
production pathway with minimum greenhouse gas emissions. The study involves the
conceptualization, design, and simulation of a complete thermochemical process chain in Aspen
Plus®, consisting of drying, gasification, syngas cleaning and treatment, Reverse Water Gas Shift
(RWGS) reaction, FT synthesis, hydrocracking, and final fractionation using a PetroFrac column.

This investigation proceeds through the following key stages:

1. Using Aspen Plus® (v14) to model and simulate processes to find mass and energy
balances, carbon conversion efficiency, and product distribution.

2. Using the Aspen Process Economic Analyzer (APEA) to do a techno-economic analysis of
jet fuel, looking at its capital expenditure (CAPEX), operating expenditure (OPEX), annual
income, net present value (NPV), and minimum selling price (MSP).

3. A sensitivity study of important economic factors, such as the price of electricity.

4. Life Cycle Assessment (LCA) using OpenLCA (v1.11), which looks at the environmental
effects of different functional units (like 1 kg of jet fuel and 1 MJ of jet fuel) at both the
midpoint and endpoint levels. This is compared to normal jet fuel and incineration
scenarios.



The aim is to find out if making jet fuel from MSW is a good idea for the environment, for energy
efficiency, and for the economy. The main goal is to make this pathway a scalable, low-carbon
solution that fits with climate change goals for 2030 and 2050 around the world.

1.3. Thesis layout

Chapter 2 provides a thorough assessment of the literature on MSW as a feedstock, covering its
composition, availability, and ways to make it more valuable. It shows how MSW can be turned
into fuels and chemicals, and it compares the several ways that waste may be used to make jet fuel.

Chapter 3 talks about the design of the process and the way it was simulated in this study. It starts
with the properties and processing of MSW, then goes into detail into each unit operation:
gasification, syngas cleaning and treatment (which includes scrubbing, COS hydrolysis, and acid
gas removal), the RWGS unit, and the Fischer-Tropsch synthesis unit. The next parts talk about
the hydrocracking unit and the distillation column that separates the final products into naphtha,
kerosene (jet fuel), diesel, and light ends.

Chapter 4 shows the results of the techno-economic analysis (TEA) and the life cycle assessment
(LCA). The LCA part has the goal and scope definition, the life cycle inventory (LCI), the impact
assessment (LCIA), and the explanation of the midpoint and endpoint outcomes. There is a
separate section that discusses the environmental impacts of Quebec's power mix. The TEA part
talks about capital and operational expenses, net energy efficiency, estimating revenue, the
minimum selling price (MSP), and the net present value (NPV). There is also a sensitivity study
to look at how changes in electricity and MSW prices, and some assumptions regarding the
economic analysis, affect the economy.

Lastly, Chapter 5 sums up the main results of this study, makes general conclusions, and suggests
ways for further research in the area of turning MSW into jet fuel.



Chapter 2- Literature Review

2.1. Municipal Solid Waste: Composition, Challenges, and Environmental Impacts

Municipal Solid Waste is a mix of waste from homes, businesses, and other places that is thrown
away. It usually has biodegradable organic waste (such as food scraps and yard clippings), paper,
cardboard, plastics, metals, textiles, and inert materials like ash and dirt. As cities throughout the
world grow and people buy more things, the amount of MSW produced around the world is
expected to rise. MSW has a big effect on the ecosystem. If not managed properly, MSW can cause
a lot of pollution in the air, water, and soil. In low- and middle-income nations, open dumping and
unregulated landfilling are still the most common ways to get rid of this waste. In anaerobic landfill
settings, the breakdown of organic material generates methane (CH4), a greenhouse gas (GHG)
with a global warming potential (GWP) 28-36 times higher than CO: over a century [34].

In recent years, Life Cycle Assessment (LCA) has become a strong way to look at the
environmental costs of different ways to deal with MSW. Many studies that use life cycle
assessment have looked at how traditional methods like landfilling and incineration compare to
newer ones like waste-to-energy (WtE), anaerobic digestion, and thermochemical conversion to
fuels or chemicals. Laurent et al. (2014) performed a meta-analysis of more than 200 LCA studies
and determined that thermal treatment with energy recovery and biological treatment with biogas
capture generally exceed landfilling across various impact categories, including climate change,
acidification, and eutrophication. Nonetheless, LCA outcomes are frequently contingent upon
context, shaped by geographic location, waste composition, energy mix, and system limitations

[11].

Also, people are starting to see MSW not just as a problem to get rid of, but also as a way to get
materials and energy back. This change is in line with the concepts of a circular economy and the
goals of sustainability. So, precise environmental assessments are essential for directing policy and
investment choices in waste management infrastructures.

According to the IPCC 2006 and other LCA studies, unmanaged landfilling, especially in low- and
middle-income countries, might release up to 1,000 kg CO2-eq per tonne, mostly because methane
is released without any controls [12].

Landfilling causes a lot of acidification, eutrophication, and freshwater ecotoxicity because it
makes leachate and releases heavy metals and pollutant gases. Ouedraogo et al. (2021) say that
landfilling can induce acidification up to 1.58 kg SO:-eq per tonne of MSW, mostly because of
sulfur and nitrogen compounds being released into the air. The potential for eutrophication is
likewise high, at 0.254 kg PO+*-eq per tonne, because leachates that are high in nutrients can
pollute nearby bodies of water. Additionally, the possibility of freshwater ecotoxicity, which is
related to the leaching of heavy metals and long-lasting organic compounds, is especially worrying
for landfills that are getting older or not being managed well. These environmental loads show
how much better modern alternatives are, like gasification, which has far lower values in these



areas (for example, 0.10 kg SO:-eq/t for acidification)[13]. These results show that
thermochemical conversion paths like gasification are better for the environment than traditional
landfill disposal, especially when used alongside technologies that manage pollution downstream.
Anaerobic degradation in landfills follows the simplified reactions:

Hydrolysis: C¢H1905 + H,0 = CgHq50¢ (D
Acidogenesis: C¢H,05 » 2CHsCH,0H + 2CO0, 2)
Acetoclastic Methanogenesis: CH;COOH — CH, + CO, 3)
Hydrogenotrophic Methanogenesis: CO, + 4H, —» CH, + 2H,0 4

2.2. Waste-to-Energy: Incineration and Its Limitations

One common way to get value from MSW is to burn it to get energy. In places like Japan, Sweden,
and Germany, waste-to-energy (WtE) incineration plants are already well-known. They can cut
down on the amount of waste by up to 90% and provide power and district heating. But WtE also
has certain environmental costs. The IPCC (2006) says that burning 1 tonne of MSW releases
about 0.7—1.2 tons of CO:2 [12]. Fossil carbon contribution accounts for around 280—480 kg CO.-
eq per tonne of waste. While modern WtE plants can achieve net energy generation efficiencies of
20-25%, they also produce residual bottom ash, flue gas treatment residues, and pose risks of air
pollutant emissions, including dioxins and NOx [14].

A simplified waste combustion reaction follows the equation below:
C:H,0, + 0; - CO, + H,0 + heat (5)

Although energy recovery offers advantages over landfilling, its contribution to climate change,
respiratory effects, and terrestrial acidification must be critically examined. LCA-based
comparisons (Laurent et al., 2014) consistently show that incineration performs better than
landfilling in global warming and fossil resource depletion categories, but underperforms when
compared to more advanced thermochemical or biochemical pathways [11].

2.3. Valorization Technologies for MSW

Valorization of MSW, turning waste into useful goods, is becoming an increasingly important part
of circular economy models. It has a lot of promise to cut down on the need for landfills, save
resources, and lower greenhouse gas (GHG) emissions. The valorization of MSW can be broadly
divided into two primary technological pathways: (1) turning it into chemicals and (2) turning it
into fuels. Each pathway has its own steps that are based on the properties of MSW. Many studies
have looked at how these steps affect the environment and the economy.



2.3.1. Conversion to Chemicals

Thermochemical or biological techniques that break down complex organic materials into simpler
molecules are sometimes used to make chemicals from MSW. These smaller compounds can then
be turned into various chemicals. Some important examples are making syngas, methanol, ethanol,
lactic acid, and other chemicals that the chemical industry needs.

Gasification is a thermochemical process that turns MSW into syngas, which is mostly made up
of carbon monoxide (CO) and hydrogen (H:). A simplified gasification reaction can be seen
in Equation 6:

C + H,0 + 0, > CO + H, (+C0,) (6)

A catalyst can be used to turn this syngas into compounds like methanol, dimethyl ether (DME),
or ammonia. In some works, the advantages of waste gasification are compared to incineration,
citing its superior energy efficiency and enhanced capacity for chemical recovery. They showed
that gasification might have a GWP that is 15-25% lower and a fossil depletion that is 40% lower
than incineration [15].

Fermentation methods are also getting more attention, especially for the part of MSW that can be
broken down by bacteria. Food and paper waste are examples of organic materials that can be
fermented into ethanol or volatile fatty acids (VFAs).

Anaerobic acidogenic fermentation is a promising way to generate revenue from the organic part
of MSW. This process makes VFAs such as acetic, propionic, and butyric acids. A pilot-scale study
examining the fermentation of MSW-derived biowaste in mechanical-biological treatment (MBT)
facilities indicated optimal yields between 0.49 and 0.59 g COD VFA per g VS at 35 °C, which is
roughly equivalent to 0.5 to 0.6 g VFA per g volatile solids. The effluent, which is high in VFA
and mostly acetic and propionic acids, can be used to make biodegradable plastics or turned into
bio-based solvents [16].

Lactic acid, an important building block for polylactic acid (PLA) bioplastics, has also been made
using feedstocks that come from MSW. For instance, Papadopoulou et al. (2023) exhibited
effective lactic acid fermentation with hydrolysates derived from candy-industry waste and biogas
digestate, attaining final concentrations of approximately 66 g/L and a productivity rate of 1.37
g/(L-h). While our research concentrated on food-industry leftovers, fermentation methodologies
may be relevant to the organic fraction of municipal solid waste [17].

2.3.2. Conversion to Fuels

Turning MSW into fuels, both gas and liquid, has become an important part of the switch to
renewable energy. This route is especially appealing because it has two benefits: it cuts down on
waste and gives us other options besides fossil fuels.



Pyrolysis and gasification can also be used to make syngas, which can then be turned into synthetic
natural gas (SNG), methanol, or FT fuels like synthetic diesel and jet fuel. FT synthesis reaction
typically follows the equation below:

(2n+ 1)H, + nCO - C,Hypy» + nH,0 (7

Recent improvements in hydrothermal liquefaction (HTL) make it possible to turn wet MSW
directly into bio-crude that can be used as a transportation fuel. For instance, Yu et al. (2023) used
HTL on food and yard waste fractions. They got biocrude yields of about 10.6 wt% (non-catalytic)
and 17.6 wt% with K>CO:s catalysis. They also showed that lifecycle GHG emissions were about
50% lower than those of traditional petroleum-derived fuels [18].

Anaerobic digestion is also a frequent way to turn the organic part of MSW into biogas, which is
a mix of methane and CO.. This biogas can be utilized as is or turned into biomethane. According
to Scarlat et al. [19] Europe produced more than 10 billion m* of biogas per year from MSW and
other organic waste. Germany and Italy were the countries that used it the most.

Despite the increased interest in waste valorization, there remains a considerable gap in the
literature explicitly addressing the direct conversion of MSW into jet fuel. Some studies have
looked at using MSW as a feedstock to make intermediate products like syngas or biocrude, but
not many have looked at or modeled the whole process from MSW to finished aviation fuels.
Conversely, there exists a more extensive and developed corpus of research pertaining to biomass-
derived sustainable aviation fuels (SAFs), especially through the utilization of agricultural and
forestry leftovers by gasification, rapid pyrolysis, fermentation, or Fischer—Tropsch synthesis. This
difference shows how important this project is, which tries to connect the two fields by looking
into whether it is possible to turn MSW directly into aviation fuel. To contextualize this gap and
use adjacent research, the subsequent section examines recent literature on jet fuel synthesis from
biomass feedstocks. These studies offer significant insights into conversion technologies, life cycle
impacts, and process optimization methodologies that can guide and facilitate the development of
MSW-to-jet fuel pathways.

Liu and Yang developed a comprehensive well-to-wake life cycle assessment system for drop-in
jet fuel produced from diverse agricultural residues, including corn stover, bean stalks, wheat
straw, and rice straw, meticulously tracking the full lifecycle from biomass agriculture to fuel
burning in aircraft. They looked at conversion strategies that included quick pyrolysis or
gasification, followed by upgrading by FT synthesis or the Alcohol to Jet (ATJ) process. Their
findings indicate that jet fuel obtained from agricultural residues attains a CO: equivalent of merely
17.9 g/MJ, signifying an approximate 80% reduction in comparison to the 90.2 g CO: equivalent
per MJ of typical fossil jet fuel. A thorough uncertainty and sensitivity analysis demonstrated that
assumptions regarding hydrogen and methanol supplies, process efficiency, transportation
distance, and land use emissions—especially concerning rice straw—significantly influence the
predicted lifecycle greenhouse gas emissions [20].



Pierobon et al. performed a comprehensive life cycle assessment of iso paraffinic kerosene (IPK)
derived from slash-pile woody biomass, employing both mass allocation (100% slash recovery)
and system expansion methodologies. The global warming potential (GWP) was about 26 kg CO-
eq/GJ under the mass allocation, 100% recovery scenario. This is a 70% decrease from fossil
kerosene. Also, the ecotoxicity effect was much lower, about 47 CTUe/GJ instead of 234 CTUe/GJ
for petroleum jet. The acidification potential also went down a little, by roughly 7%. The study
shows that not burning slash piles has net negative consequences on cancer and respiratory health.
Nonetheless, it identified no enhancement in acidification and eutrophication under certain
scenarios, highlighting the significant impact of allocation choice on outcomes [21].

Moreover, Ahire et al. conducted a techno-economic evaluation and a well-to-tank life-cycle
analysis of Fischer—Tropsch synthetic paraffinic kerosene (FT SPK) produced from forest residues.
Their process model, which is for a facility that can handle 90 Mg/day, includes gasifying woody
biomass and converting it to FT using a catalyst. Considering co-product credits, the minimum
selling price is projected to be $1.44/L of fuel (or $1.87/kg), and the global warming potential is
about 24.6 g CO:2 eq/MJ, which is lower than what has been reported for other lignocellulosic SAF
pathways. The study also does a sensitivity analysis on changes in soil carbon to show how
different assumptions about land use affect how well carbon is removed. It assesses supply logistics
and feedstock preprocessing, emphasizing the significance of optimization in attaining both
environmental sustainability and economic viability at scale [22].

Moretti et al. conducted both attributional and consequential life cycle assessments of biojet fuel
derived from potato by-products. Their attributional LCA model indicates a reduction of roughly
60% in greenhouse gas emissions relative to traditional jet fuel. Conversely, the consequential
LCA reveals a more complex scenario: replacing the feed with locally-sourced European animal
feed leads to a 5-40% reduction in emissions, whereas substituting it with imported soybean meal
may cause a rise of up to 70%, contingent on land-use assumptions. The two studies differ greatly
in how they describe the creation of photochemical ozone, but they both suggest that acidification,
terrestrial eutrophication, and fossil fuel resource depletion are all benefited. These results show
how different ways of allocating resources and making assumptions about substitutions can have
a big effect on LCA results [23].

Han et al. conducted a comprehensive well-to-wake life cycle assessment utilizing the GREET®
model to analyze various advanced aviation fuel paths, including hydrotreated renewable jet (HRJ)
derived from oilseed feedstocks, Fischer-Tropsch jet (FTJ) from corn stover, and pyrolysis-based
jet from corn stover. When employing corn stover, they say that HRJ reduces GHGs by 41-63%,
pyrolysis-derived jet reduces them by 68—76%, and FTJ reduces them by up to 89%. Fertilizer and
its associated N>O emissions, as well as the use of hydrogen and natural gas in fuel generation, are
two of the main things that add to overall emissions. Sensitivity tests show that the mix of biomass,
the methods used to allocate it, the source of H2, and the manner carbon capture is done can all
change the results a lot between paths [24].



Batten et al. examined a bio-based jet fuel pathway that employs corn stover as feedstock, which
is transformed by isoprene fermentation, subsequent dimerization, and hydrotreatment to get 1,4-
dimethylcyclooctane (DMCO). They used chemical process simulations, a well-to-wake life cycle
assessment, and a techno-economic analysis to see how effectively this integrated approach
worked. The study found that the greenhouse gas intensity from well to wake was 7.2 gCO. eq/MJ,
which is a big drop from the 89 g CO: eq/M1J that is usually seen in regular petroleum jet fuel. The
minimum fuel selling price was between $1.01 and $1.32 per liter, which means that the process
might be close to being able to sell drop-in sustainable aviation fuel (SAF) on the market. The
authors also did a sensitivity analysis that showed that the source of hydrogen (especially
emissions from steam methane reforming) and the makeup rate of the catalyst might change the
GHG results by about £1.4 g CO2 eq/MJ and ~2 g CO2 eq/MJ, respectively. Still, the approach had
a low emissions profile even with these changes. In general, this DMCO-based process is very
good for the environment and the economy. This is mostly because it uses process intensification
to combine direct isoprene fermentation with fewer unit operations, which makes it more efficient
and sustainable than other biomass-based or fossil-derived pathways [25].

Budsberg et al. created a one-of-a-kind bioconversion-based jet fuel pathway using poplar
biomass. This process includes dilute acid pretreatment, enzymatic hydrolysis, and fermentation
by acetogenic bacteria to make acetic acid, which is then distilled, hydroprocessed, and
oligomerized into drop-in hydrocarbon jet fuel. They came up with two ways to meet the need for
hydrogen: natural gas steam reforming and lignin gasification. Either natural gas or hog fuel might
provide the extra heat. Their well-to-wake assessment showed that the global warming potential is
between 60 and 66 g CO2-eq/MJ when utilizing natural gas steam reforming and between 32 and
73 g CO2-eq/MJ when employing lignin gasification. Fossil fuel use (FFU) goes from 0.78 to 0.84
MIJ/MIJ in the case of natural gas and from 0.71 to 1.0 MJ/MJ in the case of lignin gasification. The
study underscores that hydrogen production is the primary catalyst for both greenhouse gas
emissions and fossil fuel consumption, demonstrating that substituting natural gas with hog fuel
for heating can substantially mitigate both impact categories. Additionally, bio-jet fuels made from
poplar consistently did better than petroleum jet fuel in lowering both GWP and FFU, especially
when lignin gasification and hog fuel were used in integrated biorefinery systems [26].

Table 1 summarizes the works that have been done on jet fuel production from biomass resources,
along with their key findings.



Table 1. Overview of Biomass-Based Jet Fuel LCA Studies.

Reference  Feedstock Conversion Pathway =~ GWP (g CO.-  Economic Sensitivity
eq/MJ) Insights Parameters
Liu & Agricultural  Gasification/Fast 17.9 N/A H, & methanol
Yang residues Pyrolysis + FT or source, land
(2023) (corn stover, ATJ use, transport
wheat straw,
etc.)
Pierobon et Slash-pile Fermentation or 26 N/A Slash pile
al. (2018)  woody Gasification + FT or burning,
biomass ATJ allocation
method
Ahire etal. Forest Gasification + FT 24.6 $1.44/L Soil carbon
(2024) residues change,
logistics
Morettiet  Potato by- Various upgrading ~60% Varies by Feed
al. (2022)  products strategies reduction feed substitution,
(Attributional & (attributional)  substitution  allocation
Consequential LCA) assumptions
Han et al. Corn stover, HRJ, FTJ, and Up to 89% N/A Feedstock, H2
(2013) oilseeds pyrolysis reduction source, carbon
(FTJ) capture
Batten et Corn stover  Isoprene fermentation 7.2 $1.01- H; source,
al. (2024) + dimerization + 1.32/L catalyst rate
hydrotreatment
Budsberg  Poplar Pretreatment + 32-73 N/A Hydrogen
et al. biomass hydrolysis + source, heat
(2016) fermentation + hydro source
processing

2.4. Gap in Research: Jet Fuel from MSW via FT Synthesis

While several works have been conducted on the development and analysis of various MSW-to-
chemical/fuel technologies, limited research is focused on the utilization of this waste feedstock
for jet fuel production. Most studies emphasize biogas, ethanol, or electricity. Hence, in this work,
an integrated model is developed for the process simulation, cost analysis, and lifecycle
environmental impacts assessment of MSW conversion to jet fuel. One of the key challenges of
the MSW conversion processes is their low carbon conversion to product and high GHG emissions.
Therefore, in this project, the conversion plant is integrated with a CO» capture and conversion
unit based on the reverse-water-gas shift reaction. Furthermore, to maximize the jet fuel production
and reduce other byproducts, an integrated FT-multistage hydrocracking system is designed to
attain a product portfolio that is dominated by jet fuel and diesel. Hence, the proposed system can
be used to decarbonize the two challenging sectors, the aviation industry and heavy road transport.
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Chapter 3- Process Description

This study presents a pathway for converting municipal solid waste into jet fuel through a series
of processes. The system is divided into four major units: (1) Drying and Gasification, (2)
Treatment, (3) RWGS, and (4) FT synthesis, as represented in the block flow diagram in Figure 2.
The process simulation is conducted using Aspen Plus V14. We design an MSW drying system,
and the dried MSW can then be used as the feed of the gasification unit to produce high-quality
syngas with minimum GHG emissions. To clean the impurities and convert the excess COz into
CO, the syngas is then passed through treatment and reverse water-gas shift units, respectively. In
order to turn our syngas into jet fuel, FT synthesis is used, during which carbon-based materials
are converted into an oil product.

Dry MSW
Drying 4 Gasification

Wet MSW Raw Syngas

Clean Syngas rich in CO

Jet Fuel (=198 112 20 Stream with adjusted CO/H2 oz
Co-products: SRR T el{al! RWGS
Diesel
Naphtha
Lightend
-
LPS
Liquified CO2

Figure 2- BFD of the process

The operating conditions of each process unit are detailed in their related section; however, a
summary of the design specifications and assumptions is listed in Table 2.
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Table 2. Main process design parameters of each unit

Unit
Gasification

Gasification reactor

Treatment

COS hydrolysis

Amine system

Absorber column

Stripper column

RWGS
RWGS reactor

FT

FT reactor

Value/Assumption

Shell Gasifier modeled as Gibbs
(equilibrium) reactor [27];
T=1100°C; Carbon
conversion>99.9%

T=193°C; COS removal=100%

H>S removal =99.97%; CO»
removal=99.98%

21 equilibrium stages; murphree
efficiency=33%

30 equilibrium stages; partial
vapor condenser; kettle reboiler;
murphree efficiency=50%;
design spec of DGA mass
recovery=96%

T=550°C; number of tubes=200;
tube length=1m; tube
diameter=0.04m; bed
voidage=0.55; catalyst density=
5.904gm/cc

Stochiometric reactor; ASF
distribution; @ = 0.95; CO
conversion= 63%; T=220°C;
P=20bar
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Hydrocracking

Hydrocracking reactor

Multistage adiabatic RPlug
reactor; T=350°C, number of
tubes=500; tube length=0.01m;
tube diameter=0.0254m; bed
voidage=0.5; density of
catalyst=1.987 gm/cc; reactor
volume= 2.53 m?

Distillation
Based on ASTM D86:

Boiling point for jet fuel
cut=180-250°C; boiling point for
naphtha cut=100-180°C; boiling
point for diesel=250-360°C

3.1. Municipal solid waste feedstock

Figure 3 from the Government of Canada was used to estimate the mass flow rate of MSW. It says
that in 2018, the average amount of residential trash thrown out per person was about 694 kg per
year [28]. Utilizing Figure 3 and the fact that Montreal has over 1,780,000 people living there, the
total amount of MSW produced by homes each year is about 1.235 million tonnes. If it runs all
year, this is about 141,000 kg/h, which is what the Aspen Plus simulation uses as the basis for the
input feed stream. This flow rate shows that MSW could be a good source of sustainable feedstock
for large-scale waste-to-fuel projects in cities.
::g.amsm porson

800

B Waste disposed from
residential sources

700

600 M Waste disposed from non-
residential sources
500
M Waste diverted from
400 unknown sources.
W Wastediverted from
300 residential sources
200 W Waste diverted from non-
residential sources
100
0
2002 2004 2006 2008 2010 2012 2014 2016 2018

Figure 3. Solid waste diversion and disposal per person, Canada, 2002 to 2018 [28]
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The composition of the input MSW, including its ultimate and proximate analyses, is presented in
Table 3.

Table 3- MSW data and composition

Parameter Value
Mass flow rate (kg/hr) 141,000
Heating value (MJ/kg) [29] 16.9
Ultimate analysis (wt%) Ash: 33.7
Carbon: 36.1

Hydrogen: 5.5
Nitrogen: 1.0
Sulfur: 0.4
Oxygen: 23.1

Proximate analysis (wt%) Moisture: 50.2
FC (fixed carbon): 33.3
Volatile matter (VM): 3
Ash: 33.7

The higher heating value (HHV) of the feedstock was estimated using a commonly applied
empirical correlation based on elemental composition seen in Equation 8. The equation relates the
HHYV to the mass fractions of carbon (C), hydrogen (H), oxygen (O), nitrogen (N), and sulfur (S)
in the material. This formula provides a reliable estimate of energy content for solid fuels such as
MSW based on ultimate analysis.

HHV = 0.3516C + 1.16225H — 0.11090 + 0.0628N + 0.10465S [29] (8)

3.2. Gasification Unit

Gasification is the first important step in the process of turning municipal solid waste into jet fuel.
It turns the feed into synthesis gas (syngas). The first step in this technique is to dry the input. Wet
MSW has a lot of moisture in it, which makes it less efficient at converting heat. To get rid of this
extra moisture, wet MSW is pre-treated. A separate drying unit is used in Aspen Plus to dry the
material. This cuts the moisture content by around 50% which is the same moisture content as coal,
based on the NETL report [27].

After the drying stage, carbon dioxide is added to the pre-treated MSW to make it easier to
pressurize the feed stream. The combination is then put through a yield reactor, which is the first
step in breaking down complex solid waste into simpler parts, such as water vapor (H>O), ash,
elemental carbon (C), and oxygen (O2). This breakdown makes it easier to create a more accurate
simulation of gasification reactions in Aspen Plus.

After the MSW has broken down, it is mixed with oxygen and high-pressure steam (HPS) and put
into a Gibbs reactor. This reactor simulates the gasification process under equilibrium conditions
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by minimizing Gibbs free energy. The gasifier works at a temperature of 1100°C, which was
chosen based on what the literature says are the best circumstances for getting the most carbon to
turn into syngas. The gasifier turns the feed into a raw syngas mixture that is mostly made up of
carbon monoxide (CO), hydrogen (Hz), carbon dioxide (CO3), and methane (CHa).

The bottom of the gasifier separates solid byproducts, mostly slag or ash. Some of the raw syngas
that is made is compressed and sent back to the gasifier to help keep the reaction stable and the
temperature steady. The rest of the syngas goes to the downstream treatment unit to be cleaned.
The gasification unit is also thermally connected to the plant's utility system by high-pressure
steam (HPS) and boiler feedwater (BFW) loops. The gasifier recovers extra thermal energy, which
is then used to make HPS. This is then sent to other high-temperature units in the process. The
condensate is recycled as BFW, which improves thermal efficiency and cuts down on the need for
outside energy sources.

Raw

ﬂZD 170°C 25°C | syngasto
29.8 bar Je=\ 29.3bar AcidGas

Removal

25'C Q—’
BFW 2 bar
200°C
30.25 bar

To
Wastewater
Treatment

Municipal
Solid
Waste

Cco, Syngas
31 bar| Quench

MsSwW
Pressurization

25°C To

31.5 bar Deaerator

25°
2 bar

Hydrogen to

RWGS and FT
units

Figure 4. Gasification unit

Table 4 represents some of the parameters that have been achieved after the gasification unit. This
shows that from the 141,000 kg/h wet MSW, approximately 98,475 kg/h raw syngas is produced,
which will be further processed in the next units.

Table 4. Some parameters of the raw syngas stream

Raw syngas parameters Values
Flowrate (kg/hr) 98,475.5
Temperature (°C) 200

Pressure (bar) 30.2
CO/Hz 0.9
Component mole fractions CO: 0.290
H»: 0.308
CHa4: 0.0006
CO2:0.118
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3.3. Gas Treatment Unit

Following gasification, the raw syngas, composed primarily of carbon monoxide (CO), hydrogen
(H2), carbon dioxide (CO»), methane (CH4), and minor impurities such as hydrogen sulfide (H2S),
carbonyl sulfide (COS), and moisture, is directed to the syngas treatment unit. The primary
objectives of this section are to remove acid gases and other contaminants to ensure that the syngas
meets the purity specifications required for downstream processes, particularly FT synthesis and
the RWGS reactor.

3.3.1 Scrubbing Section

The first step in the treatment process is a physical scrubbing stage, where the syngas is washed
with water to get rid of water-soluble and condensable contaminants such as ammonia, trace
metals, and particle matter. Before entering the scrubber, water is first pressured to match the
pressure of the syngas system. This makes sure that the scrubber works well and removes
impurities. The cleaned syngas leaves the top of the scrubber and goes to downstream processing
units, while a wastewater stream with the separated pollutants is taken from the bottom for further
treatment. A separator and a water wash system work together to get the syngas ready for the next
steps in the conversion process by making sure it is clean and at the right temperature.

3.3.2. COS Hydrolysis

After the scrubbing phase, the treatment process proceeds with the hydrolysis of carbonyl sulfide
(COS) into hydrogen sulfide (H-S) and carbon dioxide (CO>). This makes it easier to separate the
sulfur since it changes COS into a form that is easier to separate. At this point, the syngas is sent
to a fixed-bed reactor where it is mixed with steam to break down the COS. A stoichiometric
reactor with fractional conversion is used, representing the following reaction in Equation 9:

COS + H,0 - H,S + CO, (9)

After the reactor, the syngas stream goes via a heat exchanger to cool the gas to the right
temperature for processing downstream. This makes sure that sulfur is handled properly while
getting the syngas ready for the next steps in the system.

3.3.3. Acid Gas Removal (Amine System — DGA)

The syngas goes through a two-step chemical absorption and regeneration process using
diethanolamine (DGA) as the solvent. This is done to lower the levels of acid gases, especially
hydrogen sulfide (H>S) and carbon dioxide (CO;). DGA is a tertiary amine that is often used to
remove acid gases because it dissolves easily in water, is stable at high temperatures and in
chemical reactions, and can be employed again in cycle operations. It only reacts with acid gases
through reversible chemical reactions, making weakly bound molecules that can be broken down
by heat during regeneration.
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The process starts in a RADFRAC absorber column with 21 equilibrium stages. In this column,
raw syngas flows up while an aqueous DGA solution flows down, making contact with the syngas.
When the pressure and temperature are just right, acid-base interactions and chemical
complexation cause H»S and CO; to be absorbed into the DGA solvent. The cleansed syngas,
which no longer has acid gas impurities, leaves the top of the absorber and is then compressed and
heated up for use in catalytic units downstream. The treated syngas meets downstream purity
standards, especially for Fischer—Tropsch synthesis, by having H2S levels below 5 ppm.

The amine solution that comes out of the bottom of the absorber is transferred to a RADFRAC
stripper (desorber) column with 30 equilibrium stages. The solvent is heated here, usually with
reboiled steam, which makes the acid gas species come out of the solution. H>S and CO; make up
most of the overhead stream. These gases are separated so they may be handled or stored. The
regenerated DGA solvent is cooled and sent back to the absorber column in a closed-loop system
that keeps everything running smoothly, makes the solvent work better, and saves money. A group
of reversible chemical equilibria controls the absorption and regeneration reactions. In the
absorber, reactions occur to create bicarbonate and protonated DGA species. In the stripper, these
species break down to liberate free CO> and H»S. The main chemical equilibria and their respective
thermodynamic constants (A, B, and C) are summarized in Table 3. These constants follow the
Van’t Hoff-type correlation as shown below:

In(Keq) = A+ 2+ C x In (T) (10)

where Keq is the equilibrium constant and T is the absolute temperature in Kelvin. The reactions
include:

e Protonation of DGA and H-O to form DGA" and H;0"

e Formation of bicarbonate from dissolved CO-

e Reversible formation of hydrosulfide (HS") and its protonation

e Additional minor reactions with hydroxide ions and carbonate species

These reactions from Table 5, taken from the Aspen Plus database, reflect typical behavior in acid
gas absorption systems.
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Table 5. Equilibrium Reactions and Constants for DGA-Based Acid Gas Absorption in the Absorber

Column
Reaction Equilibrium  Equilibrium  Equilibrium
constant A constant B constant C
H,0 + DGACOO~ & DGA+ HCO3 3.66 -3,696.16 0
H,0 + DGA* & DGA + H;0* -13.33 -4,218.70 0
H,0 + HCO3™ & CO3~ + H;07 216.05 -12,431.70 -35.48
2H,0 4+ CO, & HCO3 + H;0* 231.46 -12,092.09 -36.78
H,0 + HS™ & H;0" + S~ -9.74 -8,585.46 0
H,0 + H,S & H3;0" + HS™ 214.58 -12,995.40 -33.54
2H,0 & OH™ + H;07 132.89 -13,445.90 -22.47

After the amine treatment, the clean syngas is compressed and heated up for use further down the
line. This system is made to get the H.S levels in the treated syngas below 5 ppm, which is what
the high purity standards for the next catalytic processes call for. After treatment, the syngas is
separated into two product streams based on what the process needs:

1. CO2-Rich Stream — RWGS Unit: Some of the cleaned syngas, which has more CO: in it,
is sent to the RWGS reactor. Here, the H2/CO ratio of the syngas is modified again to get
it ready for FT synthesis. CO: is used as part of the feed.

2. CO-Rich Stream — FT Unit: The rest of the syngas, which has less CO- and more CO and
Ha, goes to the FT synthesis unit, where it is turned directly into liquid fuels with little need
for further conditioning.

This amine-based treatment system makes sure that acid gases are always removed, which lets

the RWGS and FT units use the syngas more efficiently while keeping operational costs low.

CO, to
RWGS

Clean
Syngas to
FT unit

Liquid
sulfur

Lean Amine  44p¢

o

Raw Syngas
from COS
Removal

101°C
26.6bar  Rjch

25°C

131°C
1.7 bar

Amine

Water <

Figure 5. Acid gas removal unit
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The effectiveness of the acid gas removal system is reflected in the significant reduction of key
impurities following treatment. As shown in Table 6, the concentration of hydrogen sulfide (H-S)
in the syngas was reduced from approximately 3,244 ppm (mass fraction ~3.24x107%) to just 4.39
ppm (mass fraction ~4.39x107¢), achieving more than 99.9% removal efficiency. Carbonyl sulfide
(COS) and elemental sulfur were entirely eliminated, while ammonia (NHs) levels were reduced
by several orders of magnitude. These results confirm the system’s ability to meet strict purity
specifications, particularly for sulfur-sensitive downstream units like the FT reactor. Table 7 shows
the most important features of the processed syngas stream. The syngas leaves the acid gas removal
section at a temperature of around 14°C and a flow rate of about 45,885 kg/h. The H2/CO ratio is
changed to about 1.06, which made it perfect for either RWGS or FT synthesis, depending on how
the streams were split.

Table 6. Mass fraction of impurities before and after treatment

Component Raw Syngas (mass fraction) Clean syngas (mass fraction)
S 2.2E-10 0
H>S 3.2E-03 4.4E-06
COS 1.0E-04 0
NH;3 7.5E-05 3.4E-13

Table 7. Some parameters of the clean syngas

Parameter Value
Flowrate 45,884.9
Temperature 13.9
H»/CO 1.06

3.4. Reverse Water Gas Shift (RWGS) Unit

The RWGS unit is very important for changing the H>/CO ratio of the syngas so that it is at the
right level for Fischer—Tropsch synthesis. In this unit, a stream of CO: that has been recycled from
the treatment unit is mixed with hydrogen to make more carbon monoxide and water through the
Reverse Water-Gas Shift reaction, based on Equation 11:

€O, + H, - CO + H,0 (11)

This endothermic reaction turns CO: into a reactive syngas component (CO), which makes better
use of carbon and makes the whole process more efficient. In Aspen Plus, the RWGS reactor is
represented with a specialized kinetic reactor that works in the vapor phase. This gives you more
control over reaction rates, equilibrium conditions, and how the different parts of the reactor
interact with each other.
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As shown in Figure 6, the CO: input enters the reactor system at about 357°C and 28 bar.
Hydrogen, on the other hand, is fed in at a lower pressure and temperature and then compressed
through a multistage compressor to meet the conditions at the reactor inlet. Before it goes into the
RWGS reactor, which runs at about 550°C and 20.8 bar, the mixed stream is preheated. Because
the process is endothermic, this high-temperature environment is needed to push the equilibrium
toward the creation of CO and H:0. The rate expression is given by the equation below:

Rate expression = [Kinetic factor][Driving force][Custom term] (12)

Each component of this rate expression is defined as follows:
o The kinetic factor k is defined using an Arrhenius-type expression.
o The driving force is defined by the product of the mole fractions of reactants
o The custom rate expression in Aspen Plus is implemented using mole fractions of the
involved species and an equilibrium-based correction factor
Resulting in the following Equation 12:

YCO-YHZO)

(Yco, YH,)—(—%
eq
CFP (13)

-E
r=kgy.exp (E) X

where:
ko=218,520 mol/gm

Activation energy E=17.1069 kcal/mol

o Koq=exp (433220

P
o CFP = (m)o's_(zsoooooo)

Reaction rate unit is mol/gm-s
Reaction occurs in the vapor phase
Y terms represent mole fractions of each species (CO-, Hz, CO, H20)

This formulation makes sure that the thermodynamics are consistent while also letting the RWGS
reactor's conversion behavior be easily changed to fit different operating situations.
After the RWGS unit makes the CO-rich stream, it is mixed with the bypass syngas stream from
the treatment unit. The temperature and pressure of this mixed stream are then adjusted before it
goes into the FT synthesis block. The RWGS reactor's flexibility to change the H./CO ratio easily
helps get the most carbon conversion and make the syngas composition just right for the FT unit.

The performance of the RWGS unit is summarized in Table 8, which shows the mass fraction of
major components before and after the reactor. The RWGS conversion works because the CO:
concentration lowers from 0.9829 to 0.4001, and the CO content rises from 0.0007 to 0.2998. We
also see an increase in the concentration of water.

Also, we employ a high-temperature Fe—Cr/Al.Os (iron—chromium on alumina) catalyst for
RWGS. This formulation delivers fast CO>-—CO kinetics and high CO selectivity in the 500—-600
°C window while suppressing methanation; it is also steam/thermal-stable and cost-effective
relative to noble metals. The Al>Os support provides dispersion and mechanical strength for fixed-
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bed service, and the choice is consistent with RWGS intensification studies that benefit from robust
high-T catalysts [30].

550°C

20.8 bar
Captured
CO, from 357°C 540°C RWGS
Treatment  28bar 1 Reactor
unit

497°C  _ Syngas to FT
" unit

25°C i
Hydrogen %?D@D@D@D ‘21(1) Ear
Multistage
compressor

Figure 6. RWGS unit

Table 8. Mass fraction of main components before and after RWGS

Component Before RWGS After RWGS

CO; 0.9829 0.4001
H» 0.0001 0.0932
CO 0.0007 0.2998

H,O 0.0160 0.2066

3.5. Fischer—Tropsch (FT) Synthesis Unit

3.5.1. FT reaction

The FT synthesis unit is an important part in turning syngas (CO and H:) into liquid hydrocarbons,
which can include chemicals that are used to make jet fuel. This technique uses a catalyst to turn
carbon monoxide and hydrogen into long-chain paraffinic hydrocarbons, following the general
reaction in Equation 14:

(2n + 1)H, + nCO - CpHypyq + nH,0 (14)

Although the FT synthesis is very exothermic and complicated, several researchers have tried to
explain its kinetics using both mechanistic and empirical methods. Van Der Laan and Beenackers
(1999) conducted a thorough analysis of FT reaction kinetics, examining intrinsic rate models for
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cobalt and iron catalysts. They said that FT synthesis usually follows Langmuir-Hinshelwood-type
kinetics, with the adsorption of CO being the phase that slows it down the most. But selectivity
and yield are also greatly affected by high temperature, water inhibition, and the chance of chain
development [30].

Ma et al. (2014) conducted a focused examination of the water inhibitory effects on cobalt-based
catalysts, underscoring the imperative of efficient water removal to sustain catalyst activity and
optimize heavy hydrocarbon outputs. Their results show how important reactor design and heat
removal methods are, especially in fixed-bed setups [31].

Chang et al. (2007) simulated FT kinetics in a slurry-phase reactor utilizing a Fe—Cu—K-Si0-
catalyst. Their kinetic expression encompassed terms for both CO and H: adsorption and
desorption, while also considering competing water—gas shift (WGS) processes, which are
particularly significant when employing iron-based catalysts. However, because FT kinetics are
quite complicated and depend on the catalyst, this study, like many others, came to the conclusion
that no universal kinetic model can explain all reaction dynamics when conditions change [32].

Due to these complications and the diverse operating regimes, this study chose not to include full
kinetic expressions in the Aspen Plus simulation. Instead, a stoichiometric reactor method was
used, with overall conversion and selectivity values taken from literature and experimental
benchmarks.

The Anderson—Schulz—Flory (ASF) probability distribution was used to predict the chain-growth
behavior of FT synthesis products in order to accurately approximate the distribution of
hydrocarbons. The ASF model presumes a uniform chain-growth probability, a, applicable to all
product sizes, facilitating the determination of molar fractions of Ci—C, hydrocarbons. The
probability function is given as an equation below:

W,=(1-a).a™? (15)

Where Wi, is the molar fraction of hydrocarbons with carbon number #, and a is the chain growth
probability, typically ranging from 0.85 to 0.95 depending on catalyst and operating conditions.

For this investigation, we chose a chain growth probability of a = 0.95. This value aligns with
previous findings regarding cobalt-based low-temperature Fischer-Tropsch catalysts, recognized
for promoting the synthesis of heavier hydrocarbons, especially within the Cs—Cis range linked to
jet fuel. The modeling method used here is similar to the one used by Eilers et al. (1990) to describe
the Shell Middle Distillate Synthesis (SMDS) process. For their industrial FT application, a cobalt
catalyst is used at low temperatures (around 200-240°C) to get the most middle distillate. The
average temperature of 220°C was used. Their stated a-values likewise range from 0.93 to 0.95,
which supports the choice of distribution in this work. Based on this distribution, the hydrocarbon
spectrum has about 8.6% Ci—Co, 19.8% Ci10—C20 (middle distillates), and 71.7% Czo+ wax fractions
by weight [33], aligning with the desired fuel product slate. Table 9 summarizes some of the design
parameters used for designing the FT reactor.
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As shown in Figure 7, after the reaction, the effluent from the FT reactor is cooled and sent to a
three-phase separator, where it is divided into three parts:

e Aliquid hydrocarbon phase, rich in FT waxes and heavy products,

e An aqueous phase, primarily containing water formed during the FT reaction,

e A gas phase, consisting of unreacted syngas and light hydrocarbons.
First, the aqueous phase is decanted to reduce the extra water. This water is then either purged or
recycled, depending on what the process needs. Some of the light gas phase is sent back to the
reactor to help the carbon use and keep the Ho/CO balance, while some of it is sent to an oxyfuel
boiler to get rid of the accumulation of light gases.
The FT liquid product, which has a lot of waxes (C20+), goes to the hydrocracking unit to be
turned into hydrocarbons that are in the jet fuel range. The system also has a steam generation
loop, which uses some of the process heat to make low-pressure steam, which makes the whole
system more energy efficient.
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Figure 7. Process flow diagram of FT and Hydrocracking sections of the FT unit.

Table 9. Design parameters of the FT reactor

Properties Values
Temperature (°C) 220
Pressure (bar) 20
Fractional CO Conversion  0.63
Alpha [33] 0.95
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3.5.2. Hydrocracking

To enhance the yield of jet fuel-range hydrocarbons (Cs—Cis), the heavy paraffins and waxes
produced in the Fischer—Tropsch reactor are routed to a hydrocracking unit. In order to have better
temperature control, a multi-stage hydrogen-injection hydrocracking reactor is used for simulation,
where each one represents a segment of an industrial hydrocracking reactor. More than 35
stoichiometric hydrogenation and cracking processes were done on paraffinic hydrocarbons with
carbon chains from Cs to Ces. These reactions mimic the process of turning heavier hydrocarbons
into lighter, more useful fractions like kerosene and diesel-range products.

For instance, reactions like C2Hg + H2 — 2 CH4 and C3Hsg + H2 — C2Hg + CHy illustrate primary
hydrogenolysis, while reactions such as CioH22 + H2 — 2 CsHiz2 and CasHss + Ha — 2 CiaHzo
simulate deep cracking of long-chain paraftfins.

Before going into the hydrocracking phase, the FT product stream is heated up with high-pressure
hydrogen and combined with it. Each part of the reactor works at high pressure (about 50 bar) and
rising temperatures, from about 232°C to about 275°C. This makes it easier for heavy
hydrocarbons to split into lighter fractions.

Each reaction was embedded in a custom reaction class with independently defined rate
expressions. The kinetic model follows a generalized power-law form, where the driving force is
represented by the product of reactant concentrations raised to their respective reaction orders,
evaluated in the vapor phase using either partial pressure or molarity, depending on the specific
reaction. Each reaction rate is modeled using an Arrhenius-type rate expression of the form,
resulting in Equation 16:

25819.68

r = A x exp(1.8765 + 0.6255n) X exp(40.48 — =———) X Myeqcrants X Vieactor X Peatatyst (16)

Where:

o A=0.001819
n is the carbon number of the hydrocarbon reactant

T is the absolute temperature (Kelvin)

M is based on the summation of molarities of reactants in the liquid and vapor phase
(kmol/m?

V is the volume of the reactor (m?)

p is the density of the catalyst (kg/m?)

These rate constants and expressions are adapted from the kinetic model proposed by Teles and
Fernandes (2008) [34], specifically designed for the hydrocracking of FT waxes into naphtha and
diesel-range products. We use the defined kinetic equations to figure out the reaction rates for each
species. We then keep track of these rates throughout all RPlug segments using volume and
concentration-dependent parameters.
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Figure 8. Purge gas oxyfuel combustion and CO; liquefaction sections.

Figure 8 shows the parts of the process that deal with integrated purge gas oxyfuel combustion and
CO: liquefaction. The main goal of this unit is to use the purge gas that comes out of the Fischer—
Tropsch unit to get energy back and capture CO: so it can be turned into a liquid later. In the
combustion stage, the purge gas goes to an oxyfuel boiler, where it is burned with pure oxygen
from an electrolyzer. Boiler feed water is also sent to the boiler. It starts at 25°C and 2 bar and is
then pumped to 8.3 bar and finally to 31.5 bar. The combustion process creates flue gases that are
very hot. These gases are utilized to make two types of steam: medium-pressure steam (MPS) at
171°C and 7.8 bar, and high-pressure steam (HPS) at 371°C and 31 bar. This steam is used in other
sections of the process to recover thermal energy and make it work better.

After the steam is made, the flue gas goes through a cooling stage where its temperature is lowered
to 25°C. This is the process where water is removed from the system by condensation. After that,
a multistage compressor compresses the leftover gas, which is high in CO.. After that, the high-
pressure CO: stream is cooled to 20°C in a condenser, which lowers the pressure somewhat to 74.5
bar. In these conditions, CO: is turned into a liquid and stored or used. This setup makes it easy to
capture carbon and get back useful thermal energy in the form of steam. It is an important aspect
of the whole process of turning waste into jet fuel.

3.5.3. Distillation column

After hydrocracking, the feed stream is initially cooled down and heated up by heat exchangers
before going into the fractionation column. The improved product stream goes to a distillation unit
that uses the PetroFrac column in Aspen Plus to separate the hydrocracked mixture into specific
product fractions. The column has 25 theoretical stages and a reboiler at the bottom. It also has a
built-in side-stripper to improve separation efficiency and product purity.
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The main goal of the distillation section is to get back as much of the Cs* hydrocarbon fraction as
possible as jet fuel (Cs—Cis), in line with the middle-distillate yield for the Shell SMDS process
[33], and to meet ASTM D86 atmospheric distillation standards for jet fuel quality.

The product cuts are based on boiling point standards. The jet fuel fraction is usually recovered at
around 220°C, while lighter hydrocarbons are recovered as naphtha and gaseous light ends, and
heavier fractions are retrieved as diesel.
Also, steam is injected at the bottom of the column to help with stripping and make the differences
in volatility bigger, which makes it easier to separate components and lowers the duty of the
reboiler. To get the most jet fuel back, bottoms and reboiler tasks are set up so that heavier parts
don't get into the cut. According to ASTM D86 [35] boiling point cut ranges:

e Naphtha: ~100-180°C,

o Jet fuel (kerosene cut): ~180-250°C,

e Diesel: ~250-360°C.
This fractionation strategy makes it possible to make jet fuel that meets fuel certification standards
while getting the most out of the lighter and heavier fractions and keeping operational efficiency
high. This makes sure that the fuel products downstream meet their target specifications for further
refining or direct use.

Light-end
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- Water
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Figure 9. Fractionation section of the FT unit.

The last step of the process separates about 22,000 kg/h of processed hydrocracker product into
different fuel fractions and by-products in the product recovery column (Figure 9). Kerosene
(10,489 kg/h), diesel (9,603 kg/h), naphtha (449 kg/h), and light ends (667 kg/h) are the main
hydrocarbon outputs. Water (26.7 kg/h) is also recovered as a minor by-product. This distribution
shows that kerosene and diesel make up more than 90% of the total hydrocarbon output. This
shows that the process is focused on making intermediate distillates. Lighter components like
naphtha are taken from the top, jet fuel (kerosene range) is taken from the side, and diesel is taken
from the bottom.
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Chapter 4- Results

In this chapter, first, the simulation results are presented and discussed. Then, using the simulation
results, a comparative lifecycle assessment of the process is conducted and the LCA results are
compared with other jet fuel production pathways. Finally, the detailed techno-economic analysis
of the plant is conducted to evaluate the financial viability of the process at different market
conditions.

4.1. Process simulation results

A summary of the simulation results of the proposed waste-to-jet fuel conversion pathway is
presented in this section. The system is designed to treat 141,000 kg/h of wet MSW, which
undergoes a series of integrated thermal, catalytic, and separation units. The simulation has
important steps, including drying the MSW, gasifying it to make raw syngas, cleaning and
adjusting the syngas, using Fischer—Tropsch synthesis to make long-chain hydrocarbons, and
finally hydrocracking and fractional distillation to separate the products. The data in Table 10
demonstrate that the process makes a variety of useful products, such as 50% kerosene-range
hydrocarbons (the desired jet fuel product), 45% diesel, 2% naphtha, and 3% light ends. Along
with fuels, a lot of liquefied CO:x is also collected (28,327.2 kg/h). This CO: can be stored or used,
depending on how it will be used later. The process also makes 96,235.1 kg/h of low-pressure
steam, which might be sold to be used for heating. These simulation results are the basis for the
next techno-economic and life cycle studies, which will let us fully evaluate the proposed MSW-
to-jet fuel pathway.

Table 10. Summary of simulation results

Data Mass flow LHV
(kg/hr) (MJ/hr)
Input
MSW 141,000 1,182,290
Outputs
Kerosene 10,489.3 464,475.5
Diesel 9,602.8 422,462.9
Naphtha 449.1 19,908.3
Lightened 666.7 17,835.8
Liquified CO, 28,327.2 0
LPS 96,235.1 0
Total electricity demand (MJ/hr) 1,062,625.7

Table 11 shows the simulation results for electricity use across the main process units. It shows
that gasification is the only unit that makes more electricity than it uses, making about 3,421.7
MIJ/h, mostly by recovering heat and making steam as part of the system. On the other hand, all
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the other units use more electricity than they produce. The RWGS reactor uses the most energy,
followed by Fischer—Tropsch synthesis and syngas treatment. Electrolysis uses more than 99% of
the system's total electricity, which shows how much energy is needed to make hydrogen from
water splitting. These numbers show how important electrolysis is to the overall energy balance
and how important it is to include electricity generation from gasification to help meet some of the
process's electrical needs.

Table 11. Electricity consumption of each process unit

Electricity consumption (MJ/hr) Results
Gasification and steam turbine -3,421.7
Treatment 2,046.1
RWGS 6,438.6
FT 2,044.5
Electrolysis 1,055,518

We evaluated the total lower heating value (LHV) of the product outputs to the total energy inputs
to see how energy-efficient the system was. The energy inputs were the LHV of the wet MSW
feedstock and the electrical needs of critical units such as gasification, treatment, RWGS, Fischer—
Tropsch, and hydrogen generation. The LHV of the system's primary products, which are kerosene,
diesel, naphtha, and light ends, is what the energy outputs are. The simulation results suggest that
the process has a net energy efficiency of 41% (LHV basis), as shown in Table 12. This means that
41% of the energy used in the operation is transformed into usable fuel products. This shows that
the integrated system can extract a good amount of energy from municipal solid waste while
creating low-carbon fuels. This supports its use as a way to turn waste into something useful that
doesn't require a lot of energy.

Table 12. Summary of energy efficiency
Inputs, MJ/hr Value
Wet MSW 1,182,290
Total electricity demand 1,062,625.7
Total 2,244,915
Outputs, MJ/hr

Kerosene 464,475
Naphtha 19,908

Diesel 422,463
Lightend 17,836

Water 0
Liquified CO2 0
LPS 0
Total 924,683
Net Efficiency (% LHYV) 41
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4.2. Life cycle assessment

LCA is conducted based on the ISO 14040 standard, which describes the four phases of LCA: goal
and scope definition, life cycle inventory analysis, life cycle impact assessment, and life cycle
interpretation. Figure 10 shows the system boundary and the main process units that are included

in our LCA.
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Figure 10. System boundary for LCA study

4.1.1. Goal and scope definition

The main goal of this study is to look at how well a thermochemical approach for making
sustainable jet fuel from municipal solid waste works for the environment. The life cycle
assessment looks at the effects from a well-to-tank point of view and contrasts the suggested
pathway in three different situations:

1.

Conventional fossil-based jet fuel production — The environmental effects of creating 1
kg of jet fuel through the MSW-based pathway are contrasted with those of traditional
fossil-derived jet fuel, simulated in the OpenLCA utilizing the kerosene dataset from the
Ecoinvent 3.8 database. This conventional jet fuel inventory is based on a “Rest of World”
(R.O.W.) refinery dataset, representing crude oil with an average API gravity of 35 and
1.03% sulfur content, and including all major refinery processes from crude input to refined
product output, and serves as a benchmark for comparison. An additional case is evaluated
using an energy allocation approach, where avoided product credits are not applied, and
environmental burdens are distributed proportionally to the energy content of the main
product and co-products.

MSW incineration with energy recovery — This section compares the environmental
effects of turning 1 kg of MSW into jet fuel with those of burning 1 kg of MSW to make
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electricity. This scenario examines the advantages of converting MSW into liquid fuels
rather than restricting its use solely to energy recovery.

3. Comparison with alternative bio jet fuel pathways — The MSW-to-jet fuel results are
compared to three bio jet fuel pathways from the literature to see how well they do in
different impact categories.

The system boundaries (Figure 10) include: MSW collection and transport, drying, gasification,
syngas cleaning, RWGS, Fischer—Tropsch synthesis, hydrocracking, and product separation.
Electricity demand for all process steps is included, sourced entirely from the Quebec provincial
grid mix. Since the grid is dominated by low-carbon hydroelectric power from Hydro-Québec, its
contribution to greenhouse gas emissions is substantially lower than in regions with fossil-
intensive generation such as Alberta. Emission factors for the Quebec grid were obtained from the
Ecoinvent 3.8 regionalized datasets, which also account for upstream impacts from dam
construction, land-use change, and infrastructure maintenance.

Infrastructure construction, plant maintenance, product distribution, and end-of-life stages are
excluded, in line with the study’s focus on production-phase impacts. Emissions from catalyst
manufacturing and minor chemical additives (e.g., solvents, sorbents) are excluded due to their
negligible contribution to the total inventory. No environmental credit is assigned for the MSW
feedstock; it is treated as a zero-burden input at the system boundary, meaning the advantages
observed in the results are attributable to the process performance and co-product displacement
rather than to “waste diversion” credits.

The functional unit varies according to the comparison scenario:

e Scenario 1 — 1 kg of jet fuel produced (mass-based) to match the OpenLCA fossil baseline
dataset.

e Scenario 2 — 1 kg of MSW processed, enabling direct comparison of fuel production and
electricity generation from the same feedstock.

e Scenario 3 — 1 MJ of jet fuel produced, for direct comparison with literature biojet fuel
pathways

This scenario-specific functional unit approach ensures methodological consistency while
allowing targeted evaluation against relevant benchmarks for each pathway

4.1.2. Life cycle inventory analysis

The inputs and outputs for the life cycle inventory (LCI) came from the extensive process
simulations that were discussed in the preceding sections. The simulation included all of the main
unit processes, such as drying MSW, gasifying it, treating syngas, the RWGS reaction, FT
synthesis, hydrocracking, and separating the end product by distillation.
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The modeled process handles about 141,000 kg/h of MSW. This number was figured up using
statistics from the Government of Canada on how much waste cities produce and how many people
live in Montreal. The simulation gave us information about the efficiency of converting feedstock,
the composition of syngas, the use of CO., the needs for electricity and steam, and the distribution
of products like jet fuel, diesel, naphtha, light ends, and solid wastes. These flow rates and energy
balances form the basis of the life cycle inventory and are summarized in Table 13.

The environmental impact of power generation is very important to the overall LCA because
several unit operations need a lot of electricity, especially the RWGS, FT synthesis, and
compression systems. This study exclusively examines power sourced from Quebec's
hydroelectric grid, reflecting the geographical setting of the process. Quebec's electricity comes
mostly from hydropower, which has very low greenhouse gas emissions. We got the emission
factors for hydroelectricity from OpenLCA 2.4.1 and checked them against provincial LCA reports
and peer-reviewed literature.

The inventory also includes material inputs such as oxygen, steam, and water, as well as output
emissions, including process wastewaters. By-products such as diesel and naphtha are accounted
for as co-products within the system. For the life cycle inventory modeling, an assumption was
made regarding the treatment unit’s solvent input (ethanol, 2-(2-aminoethoxy)-), which
corresponds to the DGA (diglycolamine) used for CO: capture in the syngas treatment unit.
Additionally, the “light ends” fraction produced in the process, which is not explicitly defined
within the LCA database, was assumed to have the same properties as natural gas for inventory
purposes due to similar density and compositional characteristics. Plant construction,
infrastructure, and catalyst manufacturing are excluded from the inventory in accordance with the
system boundaries defined in Figure 10.
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Table 13. LCI inputs and outputs

LCI Inputs (per 1 MJ of jet fuel):

Flow Amount Unit
Electricity, high voltage, Quebec 101.31 M
Oxygen 0.87 kg
Water 0.41 kg
Municipal solid waste 13.44 kg
DGA 1.9E-04 kg
LCI Outputs (per 1 MJ of jet fuel):

Flow Amount Unit
Jet fuel (product) 1.00 M
CO, liquid 2.70 kg
Compressed natural gas 0.079 kg
Naphtha, regional storage 6.34E-02 m?
Diesel, at the refinery 1.1E-03 m?
Process wastewater 2.5E-04 kg
Steam (co-product/by-product) 9.17 kg

4.1.3. Life cycle impact assessment (LCIA)

We used OpenLCA with the ReCiPe 2016 (Hierarchy) technique to do the life cycle impact
assessment for this study. This method was chosen since it covers a wide range of environmental
effect categories and works with both midpoint and endpoint interpretations. The midpoint
evaluation includes a broad range of indicators such as climate change, fossil resource scarcity,
terrestrial acidification, freshwater eutrophication, human toxicity, and ozone formation, that
capture specific cause-and-effect mechanisms within the life cycle. These categories provide a
detailed understanding of potential environmental pressures at an intermediate stage before they
are aggregated into damage-oriented endpoints.

The endpoint evaluation combines the midpoint data into three main damage categories: human
health, ecosystem quality, and resource availability. This higher-level interpretation makes it easier
for decision-makers to understand the environmental trade-offs because it uses more concrete
measures, like disability-adjusted life years (DALYs) for human health or species loss for
ecosystems. Also, the resource availability endpoint is shown in dollars (USD 2013), which shows
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how resource depletion, especially the lack of fossil fuels and minerals, would affect the economy
in the long term.

4.1.4. LCA results

There are two levels of Life Cycle Assessment results for this study: midpoint and endpoint. The
midpoint results show how the planned MSW-to-jet fuel process compares to other options in
terms of specific environmental effect categories, like global warming, acidification, and
ecotoxicity. The endpoint results then group these middle effects into larger damage categories,
such as human health, ecosystem quality, and resource depletion. This gives a broader view of how
well the process works for the environment as a whole. These data, when taken together, give a
full picture of the possible environmental benefits of the suggested pathway from many different
points of view and impact categories.

4.1.4.1. Midpoint Results

The midpoint life cycle assessment results are shown for three different comparison scenarios,
each of which is meant to show a different part of the planned municipal solid waste MSW-to-jet
fuel pathway's environmental performance. We use midpoint impact categories from the ReCiPe
2016 technique to rate all scenarios. This makes it possible to compare different functional units
and system boundaries on the same foundation.

Scenario 1 — MSW-to-jet fuel vs. case 1, with conventional fossil jet fuel, and case 2, MSW-to-jet
fuel with energy allocation

In the first scenario, the environmental impacts of producing 1 kg of jet fuel via the MSW-based
process are compared directly against those of conventional petroleum-derived jet fuel using
datasets available in OpenLCA. To account for methodological variations in burden allocation, a
third case is also included in which the MSW pathway’s impacts are calculated using energy
allocation without avoided product credits. This scenario examines the impact of co-product
displacement on net environmental outcomes, elucidating the extent of benefits derived from
avoided diesel, naphtha, light hydrocarbon, and CO: consumption credits. In the MSW model, the
feedstock is regarded as waste, with no environmental costs associated with its production. This
guarantees that the differences in results are mainly due to the extraction and processing of fossil
resources in the conventional case compared to the utilization of low-burden waste feedstock in
the MSW case.

Scenario 2 — MSW-to-jet fuel vs. MSW incineration for electricity generation

In the second scenario, the functional basis changes from the amount of jet fuel to the amount of
MSW processed. This makes it possible to directly compare two different ways to turn the same
waste feedstock into value: (1) conversion to jet fuel through the proposed process and (2)
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electricity generation through conventional incineration. This scenario compares the two
approaches based on how much environmental harm they avert, using MJ of product output per 1
kg of MSW as the functional reference. The comparison shows the pros and cons of making a
high-value, low-carbon transportation fuel from the same waste stream and making power from it.
It focuses on things like how much fine particulate matter is made, how much it could cause global
warming, and how much it could cause acidification on land.

Scenario 3 — MSW-to-jet fuel vs. literature-based bio jet fuel pathways

In the third scenario, we compare the midpoint results for the MSW-to-jet fuel pathway to three
biojet fuel production routes: palm oil, soybean oil, and waste cooking oil (WCO). For this
comparison, all the figures are based on the production of 1 MJ of jet fuel. The bio jet fuel datasets
originate from D’Ascenzo et al. (2022), which establishes a uniform methodological framework
for cross-feedstock assessment. This comparison shows the differences between a waste-based,
non-agricultural approach and crop-based feedstocks, which have greater upstream costs for
growing, harvesting, and processing. To make it easier to compare findings from different
categories that use different reference units, they are shown as percentages of the highest absolute
value found in all four paths. This makes it possible to show everything in one normalized graphic.
These three scenarios give a full picture of the environmental benefits and costs of the proposed
MSW-to-jet fuel pathway from three different angles: direct fossil fuel substitution, different ways
to manage waste, and how it fits into the larger picture of sustainable aviation fuel pathways that
have been reported in the literature. The subsequent subsections delineate and analyze the
outcomes for each scenario, supplemented with the pertinent numbers and tables.

4.1.4.1.1. Scenario 1 — MSW-to-jet fuel vs. conventional fossil jet fuel and energy allocation
case

This section presents the results for Scenario 1, outlining the comparative environmental
performance of the MSW-to-jet fuel pathway against the conventional case defined in this case.
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Table 14. Midpoint assessment to produce 1kg of jet fuel in this project from MSW vs. conventional
pathway vs. MSW-to-jet fuel with energy allocation

Impact category Reference unit Conventional MSW- MSW-to-Jet fuel
to-Jet with energy
fuel allocation

Fine particulate matter kg PMseq 1.34E-03 -1.37E-  1.22E-04

formation 02

Fossil resource scarcity kg oil eq 1.15 -1.02 2.43E-02

Freshwater ecotoxicity kg 1,4-DCB 4.55E-03 -0.47 5.26E-02

Freshwater eutrophication kg P eq 2.83E-05 -491E- 3.54E-05
03

Global warming kg CO; eq 0.46 0.35 0.12

Human carcinogenic kg 1,4-DCB 1.49E-02 -0.61 5.34E-02

toxicity

Human non-carcinogenic kg 1,4-DCB 0.15 -4.60 0.17

toxicity

Ionizing radiation kBq Co-60 eq 3.03E-02 -2.89 7.79E-03

Land use m?a crop eq 3.35E-03 -2.46E-  2.17E-03
02

Marine ecotoxicity kg 1,4-DCB 8.28E-03 -0.60 6.41E-02

Marine eutrophication kg N eq 4.43E-06 -2.24E-  1.59E-06
04

Mineral resource scarcity kg Cu eq 8.08E-04 6.69E-  -5.36E-05
03

Ozone formation, Human kg NOx eq 1.94E-03 7.93E- 1.37E-04

health 03

Ozone formation, kg NOy eq 2.06E-03 791E-  1.43E-04

Terrestrial ecosystems 03

Stratospheric ozone kg CFCl11 eq 9.12E-07 -1.41E- 8.51E-08

depletion 06

Terrestrial acidification kg SO, eq 3.99E-03 2.13E-  2.36E-04
05

Terrestrial ecotoxicity kg 1,4-DCB 1.51 -2.47 0.43

Water consumption m? 4.12E-04 -621.76  97.61
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Figure 11. Comparison of percentage reduction in the top 3 impactful midpoint categories

Figure 11 shows how much the proposed MSW-to-jet fuel process reduces the environmental
impact in three important areas: terrestrial ecotoxicity, global warming potential, and fossil
resource scarcity. The comparison is based on 1 kg of jet fuel for both scenarios. The analysis uses
the most recent midpoint LCA results in Table 14, which show that the MSW-derived jet fuel
pathway is far better for the environment than the traditional petroleum route. The approach
specifically shows that it reduces terrestrial ecotoxicity by about 265%, the potential for global
warming by 23%, and the effects of fossil resource scarcity by 189% compared to traditional
production.

The main reasons for these improvements are that the feedstock has less of an influence upstream
and that resource-intensive operations are replaced with co-product creation. In the MSW-to-jet
fuel pathway, OpenLCA models municipal solid waste as a waste item without giving it any
environmental credits for its use. However, because it is not associated with the extensive upstream
burdens of petroleum feedstocks—such as crude oil extraction, refining, and distribution—it
inherently carries much lower baseline impacts. The significant reductions in categories like
terrestrial ecotoxicity and fossil resource scarcity are further amplified by the inclusion of avoided
product credits for co-products such as diesel, naphtha, light hydrocarbons, and CO: utilization,
which offset impacts from conventional production routes. Because of this, the MSW pathway gets
a lot of net advantages even when there are no credits given to the waste feedstock itself.
Overall, this analysis makes it obvious that turning MSW into jet fuel is better for the environment
than making jet fuel from fossil fuels. Using a low-burden feedstock, recovering co-products, and
replacing high-impact conventional products all work together to lower many important midpoint
categories. These results show that waste-based fuels could have a big positive effect on the
environment, especially when compared to jet fuel made from petroleum, which has a lot of
negative effects on extraction, refining, and distribution.

In addition to the midpoint comparison of chosen categories (such as Global Warming) to the usual
approach, a comparable study was done at the endpoint level. In this case, the aggregated
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contributions of Global Warming were examined separately within the Human Health and
Ecosystem Quality damage categories. This additional comparison provides a higher-level view
of how climate-related impacts translate into endpoint burdens. The full results of this extended
analysis are included in the Supplementary Data Section (A.1).
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Figure 12. Comparison of Top Six Midpoint Impact Categories by Contribution — Conventional vs. MSW-
to-Jet Fuel vs. MSW-to-Jet Fuel with Energy Allocation

Figure 12 shows how the six most important midpoint categories affect the environment in three
different cases: the normal fossil-based jet fuel pathway, the MSW-to-jet fuel pathway (which
includes avoided products), and the energy allocation approach used in the MSW-to-jet fuel
scenario. We chose these groups because they made the biggest difference to the total
environmental load. The MSW-to-jet fuel pathway shows big drops in most categories compared
to the traditional approach. This is mostly because fossil fuel extraction and the procedures that go
along with it are no longer needed. For instance, the amount of ecotoxicity in the ecosystem goes
down from 1.51 kg 1,4-DCB eq in the conventional pathway to —2.47 kg 1,4-DCB eq in the MSW
scenario. This shows that the environment is better off overall. The same thing happens with fossil
resource scarcity, which goes from 1.15 kg oil eq to —1.02 kg oil eq. This shows that the feedstock
is renewable. The energy allocation approach, on the other hand, only gives jet fuel a small part of
the environmental burden based on how much energy it produces overall. This means that the
numbers are less (for example, 0.43 kg 1,4-DCB eq for terrestrial ecotoxicity and 0.024 kg oil eq
for fossil resource scarcity).
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The disparities between the MSW-to-jet fuel and energy allocation results show how the choices
made about distributing the load affect LCA methods. The avoided product approach takes into
account the benefits of the whole system by giving co-products credit for replacing traditional
manufacturing. On the other hand, energy allocation only looks at jet fuel's proportional
contribution, which leads to more conservative (and sometimes positive) results.
Along with the midpoint-level analysis, a sensitivity check was also done at the endpoint level to
get a clearer idea of how each co-product fits into the picture. In this method, each co-product
(diesel, naphtha, light hydrocarbons, and CO) was left out of getting avoided product credits one
at a time, and the changes in environmental performance that happened as a result were examined.
This step-by-step exclusion shows how important each co-product is to the overall net benefits of
the MSW pathway. The Supplementary Data Section (A.2) has further information on the results
of this analysis, such as graphs and numerical comparisons.

4.1.4.1.2. Scenario 2 — MSW-to-jet fuel vs. MSW incineration for electricity generation

Scenario 2 evaluates the environmental trade-offs of converting MSW into jet fuel compared to its
incineration with energy recovery, providing insight into the potential benefits and drawbacks of
each utilization pathway.

Table 15. Midpoint assessment to produce MJ of jet fuel and electricity from 1kg of MSW

Impact category Reference MSW-to-Jet Conventional
unit fuel
Fine particulate matter formation kg PM,seq -1.04E-03 1.17E-03
Global warming kg COz eq 1.37E-03 0.66
Terrestrial acidification kg SO, eq -6.58E-05 4.04E-03
189.43
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Figure 13. Percentage of improvement in MSW-jet fuel vs. incineration
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Figure 13 and Table 15 present a comparative midpoint environmental assessment for the
production of 1 MJ of jet fuel via the proposed municipal solid waste MSW-to-jet fuel pathway
versus the generation of 1 MJ of electricity through conventional MSW incineration, both
scenarios normalized to the same functional input of 1 kg of MSW. Three midpoint impact
categories are considered: fine particulate matter formation (kg PM:.s eq), global warming
potential (kg CO: eq), and terrestrial acidification (kg SO: eq).

The MSW-to-jet fuel pathway produces —1.04x1072 kg PM..s eq of fine particulate matter, while
incineration produces 1.17x107* kg PM..s eq, which is around 189% better. The MSW-to-jet fuel
process also has a big benefit for global warming potential, cutting it by about 100% compared to
incineration. Terrestrial acidification also has a good effect, with the approach attaining —6.58x10~°
kg SO: eq compared to 4.04x107* kg SO: eq for incineration. This means that the pathway avoids
a net load. These benefits are mostly due to the fact that co-products like diesel, naphtha, and light
hydrocarbons don't have to be burned, and less reliance on fossil-derived inputs.
Overall, the results show that the proposed MSW-to-jet fuel pathway routinely beats traditional
incineration in all three areas. In fact, it not only reduces but often reverses environmental impacts.
The negative numbers seen for fine particulate matter creation and terrestrial acidification are
especially interesting since they mean that the process creates net environmental credits, which is
not something that happens often with traditional waste treatment methods.

4.1.4.1.3. Scenario 3 — MSW-to-jet fuel vs. literature-based bio jet fuel pathways

In Scenario 3, the analysis examines the performance of the MSW-to-jet fuel pathway in relation
to a biojet fuel alternative, offering a comparison that focuses on renewable-based aviation fuels.
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Table 16. Comparison of midpoint life cycle impact category results for the MSW-to-jet fuel pathway and

selected biojet fuel pathways from the literature

Impact category Reference MSW-to- Waste Soybean Palm

unit Jet Fuel cooking

oil

Fine particulate matter kg PMseq -147E-02  6.56E-06 1.16E-04 4.50E-06
formation
Fossil resource scarcity kg oil eq -0.98 0.02431 0.213 0.00702
Freshwater ecotoxicity kg 1,4-DCB -0.38 5.27E-07  0.000142 7.67E-06
Freshwater eutrophication kg P eq -4.86E-03 1.16E-06  5.59E-05 1.66E-06
Global warming kg COz eq -0.45 2.94E-02  0.391 1.81E-02
Human carcinogenic toxicity kg 1,4-DCB -0.52 1.98E-06  9.33E-05 4.80E-06
Human non-carcinogenic kg 1,4-DCB -4.39 1.39E-05  0.0229 1.03E-04
toxicity
Ionizing radiation kBq Co-60eq -2.86 2.26E-07  4.20E-06 1.20E-07
Land use m?a crop eq -2.07E-02 1.83E-03  7.57E-02 1.61E-03
Marine ecotoxicity kg 1,4-DCB -0.48 6.42E-07  5.11E-05 1.43E-06
Marine eutrophication kg N eq -2.50E-04 1.63E-04  3.88E-05 5.24E-07
Mineral resource scarcity kg Cueq 4.70E-03 4.04E-05  1.18E-03 5.58E-05
Ozone formation, Human kg NOy eq 4.71E-03 3.59E-05  7.63E-04 2.87E-05
health
Ozone formation, Terrestrial kg NOyeq 4.69E-03 3.62E-05  7.68E-04 2.90E-05
ecosystems
Stratospheric ozone depletion kg CFClleq  -1.25E-06 1.36E-08  3.77E-07 2.18E-08
Terrestrial acidification kg SO, eq -3.85E-03 7.00E-05  2.23E-03 1.53E-04
Terrestrial ecotoxicity kg 1,4-DCB -2.42 5.70E-04  7.90E-02 2.21E-03
Water consumption m? -455.05 1.73E-04  7.80E-03 1.96E-04
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Figure 14. Relative Midpoint Impact Improvements of MSW-to-Jet Fuel, Soybean, and Palm Pathways
Compared to Waste Cooking Oil

In this case, the goal is to compare the results of the MSW-to-jet fuel pathway created in this study
with biojet fuel paths found in recent research. Both datasets are displayed with a functional unit
of 1 MJ of jet fuel produced, facilitating a direct comparison of environmental performance among
various production pathways. The literature values are sourced from D’ Ascenzo et al. (2022)[36],
which conducted a comparative life cycle assessment of several biojet fuel production routes
derived from different biomass feedstocks, including waste cooking oil (WCO), soybean, and palm
oil. These feedstocks span a range of technological and geographical contexts, from waste-derived
to crop-based systems, each with distinct environmental trade-offs.

Figure 14 compares the midpoint life cycle effect categories of three jet fuel pathways—MS W-to-
jet fuel, soybean-based jet fuel, and palm-based jet fuel, against waste cooking oil (WCO), which
acts as the baseline. The results are shown as percentage improvements on a logarithmic scale.
This means that positive values mean less impact compared to WCO, while negative values mean
more burden. The literature cases for soybean- and palm-based SAF follow the HEFA route
(Hydrotreated Esters & Fatty Acids): refined vegetable oil is pretreated (degumming/bleaching),
then hydrotreated and hydro-isomerized with H: to remove oxygen as H2O and to produce a
kerosene-range paraffinic product, with naphtha and propane as co-products (allocation in the
source study is energy-based). The upstream stage dominates their impacts: for soybean, field
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operations (diesel) and fertilizer-related N-O emissions drive climate, eutrophication and toxicity;
for palm, plantation burdens plus POME (palm-oil-mill effluent) management are the main
contributors unless biogas capture is applied. In contrast, waste-cooking-oil (WCO) HEFA treats
the feedstock as a zero-burden waste, so only collection/cleaning and the HEFA hydrogen demand
show up strongly. The MSW—jet case treats MSW as zero-burden at the gate and converts it via
gasification and FT, with CO: utilization (RWGS) used to tune the H>/CO ratio. The conversion
stage is more energy/H:-intensive, but Quebec’s low-carbon electricity mitigates this, and co-
products (diesel, naphtha, light ends) are handled per your model. These different feedstock
realities explain the results: MSW-to-jet generally outperforms crop-based HEFA in most midpoint
categories (no farming/land-use burdens), is competitive with WCO-HEFA, and shows trade-offs
mainly where mineral use (catalysts/alloys, plant materials) or ozone formation (purge-gas NOy)
become influential.

Most categories exhibit big progress on the MSW pathway all the time. For instance, the MSW
process reduces fine particulate matter generation by a lot: —1.47x1072 kg PM..s eq, while the WCO
process only reduces it by +6.56x107¢ kg PM..s eq. This is the biggest improvement of all the
paths. In the same way, MSW shows —4.86x107* kg P eq for freshwater eutrophication, while WCO
shows +1.16x107¢, which shows a huge averted burden. These avoided effects are most clear in
areas that have to do with human toxicity: MSW gets a score of -0.52 kg 1,4-DCB for human
carcinogenic toxicity, while WCO gets a score of +1.98x107¢, which is a huge improvement of
several orders of magnitude.

In most categories, the soybean and palm routes do worse than WCO. The negative bars show that
they have a bigger impact on the environment. For example, soybean-based jet fuel reports +0.213
kg oil eq for fossil resource scarcity, but MSW reports —0.98 kg oil eq. This clearly shows that the
waste pathway is better at using resources without fossil fuels. Palm jet fuel also does poorly in
terms of land use, with a crop equivalent of +1.61 m?a, while MSW has —2.07x1072.

Some categories have more complicated findings. For ozone generation (human health and
terrestrial ecosystems), MSW has minor positive values (4.7x107 kg NOy eq), which means it has
a small effect instead of a big one. However, these values are still significantly lower than those
for soybean (+7.63x107*) or palm (+2.9%107%). When mineral resources are few, the MSW pathway
is worse than WCO (+4.04x107° kg Cu eq) because it has a somewhat greater burden of +4.7x1072.
This means that the stages for treating and upgrading waste-derived fuels need more minerals.
The figure shows that MSW-to-jet fuel is the best choice in almost all categories. It is many times
better than WCO and much better than crop-based bio jet fuels (soybean and palm). The poor
performance of soybeans and palm shows that agricultural feedstocks use a lot of land and
resources. This makes the environmental benefits of employing waste-derived inputs even
stronger.
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4.1.4.2. Endpoint Results

The endpoint assessment evaluates the overall environmental consequences of producing 1 kg of
jet fuel via the MSW-based pathway in comparison to the conventional fossil-based production
route. Using the ReCiPe Endpoint (H) methodology, results are aggregated into higher-level
damage categories, namely human health and ecosystem quality, allowing for a more integrated
perspective on the potential impacts. These categories take the cumulative effects of several key
indicators and turn them into useful measurements, like Disability-Adjusted Life Years (DALY)
for human health and species-yr (loss of species over time) for ecosystem quality.

Table 17. Endpoint categories to produce 1 kg of jet fuel in the project vs. the conventional pathway

Impact category Reference MSW-to-Jet  Conventional
unit fuel
Fine particulate matter formation DALY -8.65E-06 8.44E-07
Global warming, Human health DALY 3.27E-07 4.26E-07
Human carcinogenic toxicity DALY -2.04E-06 4.94E-08
Human non-carcinogenic toxicity DALY -1.05E-06 3.47E-08
Ionizing radiation DALY -2.45E-08 2.57E-10
Ozone formation, Human health DALY 7.19E-09 1.76E-09
Stratospheric ozone depletion DALY -7.52E-10 4.83E-10
Water consumption, Human health DALY -1.39E-03 3.54E-10
Freshwater ecotoxicity species.yr -3.30E-10 3.15E-12
Freshwater eutrophication species.yr -3.29E-09 1.89E-11
Global warming, Freshwater species.yr 2.69E-14 3.51E-14
ecosystems
Global warming, Terrestrial ecosystems  species.yr 9.85E-10 1.28E-09
Land use species.yr -2.18E-10 2.98E-11
Marine ecotoxicity species.yr -6.33E-11 8.70E-13
Marine eutrophication species.yr -3.79E-13 7.54E-15
Ozone formation, Terrestrial species.yr 1.01E-09 2.66E-10
ecosystems
Terrestrial acidification species.yr 2.40E-12 8.47E-10
Terrestrial ecotoxicity species.yr -2.86E-11 1.72E-11
Water consumption, Aquatic species.yr -3.80E-10 3.26E-16
ecosystems
Water consumption, Terrestrial species.yr -8.49E-06 2.62E-12
ecosystem
Fossil resource scarcity USD2013 -0.17 0.52
Mineral resource scarcity USD2013 1.54E-03 1.86E-04

44



Human Health
9633%

c

o)

S

o 4230%

o 3126%

£

] 1125%

° . 23% 256%

-309%
& ,b\’.é\ O ) (')\’C\ oS ,b{& &
2 @ 5 SN 2 & @
& N © © & N R
o ) Y L < o &
& S S
& S ¢§J° ¢§'° 2 & &
> RS O o & RS a9
& & & N © o ©
@ & N N <O &
& & < % 3 @
R 3 Qo N < N
&° < & ® & &
2 o0 O Q @ Cl
R R NS <0 & o
~ o o s

Figure 15. Percentage improvement in human health-related endpoint impact categories for the MSW-to-
jet fuel process relative to conventional jet fuel production

Figure 15 compares the percentage improvements in human health-related impacts achieved by
the MSW-to-jet fuel pathway over the conventional fossil-based route. In several places, there are
a lot of improvements that can be witnessed. For instance, the creation of fine particulate matter
improves by more than 1100%, which indicates that health problems linked to it are considerably
less likely to happen. The highest decline is in Ionizing Radiation, which has dropped by more
than 9600%. There are also great gains in Human Carcinogenic Toxicity (+4230%) and Human
Non-Carcinogenic Toxicity (+3126%).

On the other hand, the health effects of climate change (Global Warming, Human Health) are less
severe, by 23%, which shows that the benefit is clear but not as strong as in toxicity-related
categories. Some impacts are not positive: Ozone Formation, Human Health is going down (-
309%), which suggests that there is a trade-off that needs more attention. In general, nevertheless,
the MSW-to-jet fuel pathway has quite good health effects in most places.
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Figure 16. Percentage improvement in ecosystem quality—related endpoint impact categories for the
MSW-to-jet fuel process relative to conventional jet fuel production

Figure 16 demonstrates how much better the MSW-to-jet fuel pathway is for ecosystem quality-
related impact categories compared to regular fossil-based jet fuel. The results show that there are
great environmental benefits in most areas. The most impressive gains are in Freshwater
Eutrophication and Freshwater Ecotoxicity, which improve by more than 17,500% and 10,500%,
respectively, reflecting the avoidance of nutrient and toxic releases associated with fossil fuel
extraction and refining. Marine Ecotoxicity and Marine Eutrophication also reveal large drops in
ecological loads, with improvements of more than 7,300% and 5,100%, respectively. Land Use
(about 800%) and Terrestrial Ecotoxicity (approximately 266%) both show more moderate but still
significant gains. Ecosystem categories connected to global warming improve by roughly 23%.

However, not all impacts are beneficial. Ozone Formation, Terrestrial Ecosystems shows a
negative result (—280%), and Terrestrial Acidification shows only a small improvement (~100%).
This illustrates that some emissions from the waste conversion pathway can have a bigger effect
on these impact categories than the fossil baseline. Still, the general pattern shows that MSW-to-
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jet fuel significantly lowers most ecosystem quality harms, which supports its use as a more
sustainable option.
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Figure 17. Percentage improvement in resource quality—related endpoint impact categories for the MSW-
to-jet fuel process relative to conventional jet fuel production

Figure 17 shows the trade-offs in resource quality effects between the MSW-to-jet fuel pathway
and conventional fossil-based jet fuel. The process demonstrates improvement in terms of fossil
resource scarcity, with an increase of roughly 133%. This is because employing municipal solid
waste as the main feedstock means less reliance on crude oil extraction. The data also suggest a
big problem with the lack of mineral resources, with a drop of about 728%. This unfavorable result
is mostly due to the upstream needs for catalysts, chemicals, and infrastructure that come with
MSW conversion processes, which depend more on minerals. Overall, the approach significantly
lessens reliance on fossil resources, but it also creates problems with mineral demand. This shows
how important it is to keep coming up with new ideas for catalyst design and process material
efficiency to better balance of resources.

4.2. Economic analysis

This section talks about how to find out if the intended way to make jet fuel from MSW is
financially sound and competitive. It lists the main assumptions and methodologies used to figure
out expenses so that the analysis is transparent and can be done again. We utilize a combination of
data from the literature and results from the Aspen Process Economic Analyzer (APEA) to work
out how much capital expenditures (CAPEX) will be for big units like the gasification system,
syngas treatment, Fischer—Tropsch synthesis, and hydrocracking. These costs include getting
equipment, setting it up, and establishing the infrastructure. To gain a whole view of the costs of
the process, we look at operating expenses (OPEX), which include items like handling MSW,
utilities, maintenance, and labor. To see if the suggested system is financially possible, we look at
its net present value (NPV) and expected revenues. We got economic characteristics, market
pricing, and cost aspects from books, APEA outputs, and a techno-economic model made in
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Microsoft Excel, utilizing methods from Peters, Seider, and other well-known sources. This
economic analysis aims to offer valuable insights into the financial feasibility and prospective
profitability of the MSW-to-jet fuel pathway, hence advocating for its adoption as a scalable and
sustainable solution for waste valorization and low-carbon fuel production.

4.2.1. Assumptions

The economic analysis of the proposed MSW-to-jet fuel production process is built upon
assumptions shown in Table 18. A long-term operational view is taken, with set values for the
plant's lifetime, building duration, and financial factors like interest rates, debt ratio, and tax rates
that are in line with what is normal for chemical process facilities. Current market data and
literature are used to set prices for feedstocks, utilities, and products so that cost and revenue
estimates are as accurate as possible. Estimating capital costs includes the costs of buying,
delivering, and installing major equipment for units like gasification, syngas treatment, Fischer—
Tropsch synthesis, and hydrocracking. It also includes the costs of site development, engineering,
and start-up to get a complete picture of the investment needs. Operating costs include the costs of
managing MSW, utilities, maintenance, and labor. There are set assumptions about workforce
levels, overhead, and plant services to show how the process works all the time. These assumptions
together make up the basis for figuring out the capital expenditures, operating expenditures, and
revenue predictions. This makes sure that the proposed waste-to-jet fuel pathway is evaluated in a
clear and methodical fashion from both a technical and economic point of view.

Table 18. Economic analysis parameters, assumptions, and prices

Prices ($US)

Parameter Value Parameter Value

Base year 2024 CEPCI! 800.2 (2024)
Electricity $14.234 per kilowatt of billing demand plus 3.619 cents per kWh [37]
Labor wage, $/hr 26.26 $/hr [38] MSW 56.8 $/tonne [39]
Kerosene 572 $/tonne [40] Diesel 1369.2 $/tonne [41]
Naphtha 563 Stonne [42] Lightend 500 $/tonne [43]
Liquified CO2 740 $/tonne [44] DGA 2000 $/tonne [45]
Oxygen 66.693 $/tonne [46] LPS 29.29 $/tonne [47]
Process water 1.337 $/tonne [46] Hydrogen 0.869 $/tonne [46]
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CAPEX! assumptions

Sources used for CAPEX calculation of process units

Gasification: NETL report [27], Gas Treatment: NETL report [27], RWGS: APEA [48] and literature for RWGS
reactor [49], FT: APEA [48] and literature for FT reactor [49], Elctrolyzer: NREL report [50]

Parameter

Delivery costs

Piping

Electrical

Off-sites

Site preparation

Engineering and

supervision

Project contingency

Start-up costs

Value

8% of the equipment
purchased cost

20% of the equipment
delivered cost

10% of the equipment
delivered cost

20% of the equipment
delivered cost

10% of the equipment
delivered cost

15% of the total direct
costs

5% of the fixed capital
investment

8% of the fixed capital

Parameter

Equipment erection

Instrumentation and

control

Utility cost

Buildings

Land

Construction overhead

Working Capital

Heat pump installation

Value

25% of the equipment
delivered cost

10% of the equipment
delivered cost

10% of the equipment
delivered cost

20% of the equipment
delivered cost

4% of the equipment
delivered cost

6% of the total direct costs

5% of the total capital
investment

20% of equipment cost

investments cost
OPEX! assumptions
Parameter Value Parameter Value
Number of operators per 2 (based on 1 process unit) Number of shifts 5

shift

Supervision and
engineering
Laboratory expenses
Maintenance wages

Material supplies

Plant overhead

15% of labor wages

10% of labor wages

3.5% of fixed capital

Operating supplies and
services

Payroll charges

Maintenance, supervision,

investment (excluding half) and engineering

100% of maintenance
wages

7.1% of TWSE!

Maintenance overhead

Mechanical department

services

5% of labor wages

30% of total labor wages and
supervision

25% of maintenance wages

5% of maintenance wages

2.4% of TWSE
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Employee relations 5.9% of TWSE Business services 7.4% of TWSE
department

Property insurance and 2% of fixed capital Sale expenses 3% of sales
taxes, $/yr investment
Research and development 5% of sales Administrative expenses 3% of sales

Economic assumptions

Parameter Value Parameter Value

Plant lifetime, year 30 Loan lifetime, year 15

Capacity factor 90% Operation factor 90%

Construction time, year 3 Operation time, hr/year 8760

Loan interest rate 5% Federal and provincial tax 26%
rate

Debt ratio 40% Internal rate of return 10%

! Abbreviations: CEPCI, chemical engineering plant cost index; CAPEX, capital expenditure; OPEX,
operational expenditure; TWSE, total operating and maintenance wages, supervision and engineering
expenses.

4.2.2. Capital Cost Estimation

We used both the Aspen Process Economic Analyzer outputs and numbers from the literature for
major process units to figure out the capital investment costs. We used APEA for most of the
equipment cost estimates. For the Fischer—Tropsch and reverse water—gas shift reactors, we got
the costs from Zang et al. (2021) [49]. The cost of the PEM electrolyzer was obtained from data
published by the National Renewable Energy Laboratory [50].

Equipment costs were scaled to the desired plant capacity and updated to the base year using the
Chemical Engineering Plant Cost Index (CEPCI). The cost of updating was performed using
Equation 17:

Capacity )n ( CEPCI )

Cost = Costger X ( (17)

Capacitypes CEPClRey

Where n is the scaling factor (usually between 0.6 and 1, depending on the type of equipment),
this ensures that the capacity and inflation are correctly adjusted to the 2024 CEPCI value utilized
in this work. The CAPEX covers the expenses of buying and installing equipment, as well as
indirect expenditures like engineering, supervision, and project contingency. This makes sure that
the overall fixed capital investment needed for the project is fully reflected. To get the yearly
CAPEX, an annualization factor was used on the entire capital investment. This made it possible
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to consistently include it to the overall economic model. The annualization factor (AF) was
calculated using the equation below:

i@+l
AF = (1+D)N-1 (18)

The results of the CAPEX calculations are shown in Table 19.

Table 19. Summary of unit cost and CAPEX

Capital cost of each process unit
Gasification $164,675,650
Gas treatment $150,875,861
Total cost for electrolyser $303,562,849
Total installed cost for RWGS $27,643,991
Total installed cost for FT $331,707,469

Working Capital $45,391,763
Start-up costs $30,261,176
Total Capital Investment (TCI=Working capital + start-up costs + total $1,073,031,993
cost for gasification, treatment and electrolyser)

Annualized CAPEX

Interest rate 8.0%
Annualization factor 8.9%
Annualized capital cost, $/yr (= TCI * annualization factor) $95,314,678

4.2.3. Operating Cost

The costs of running the MSW-to-jet fuel process include the costs of raw materials and utilities
needed for continuous operation, as well as fixed costs including labor, maintenance, overhead,
property insurance, taxes, and miscellaneous expenses. The pricing of raw materials and utilities
came directly from the process simulation outputs in Aspen Plus, which made sure that they
matched the system's planned mass and energy balances. We used established methods from
Perry's Chemical Engineers' Handbook to figure up labor expenses. These included the size of the
facility, the type of operation, the wage rates for workers, the number of shifts, and the number of
operators per shift. Maintenance, overhead, and insurance, as examples of continuous costs, were
looked at and recognized percentage factors from literature and industry practice were used to
make sure we covered all of these costs. Based on the Table 20, the overall yearly operating cost
for the proposed process was found to be $162.7 million per year by adding together these parts.
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Table 20. Summary of OPEX

Raw Material, $/yr

Utilities, $/yr

Operating labour costs (OLC), $/yr
Maintenance costs (MC), $/yr
Overhead costs (OHC), $/yr
Property insurance and taxes, $/yr

General expenses (GE), $/yr

Operating costs (OC = raw material + utilities + OLC +MC +MC

+OHC +property insurance and tax +GE), $/yr

$32,626,678
$49,107,591
$4,492,561
$30,450,308
$4,489,269
$7,565,294
$33,965,989
$162,697,690

4.2.4. Revenue Estimation

To figure out how much revenue the project would make, we looked at the yearly sales of all the
main goods made by the system, such as kerosene, diesel, naphtha, light ends, liquefied CO-, and
low-pressure steam. We made sure that the production capabilities and selling prices were in line
with current market data so that we could make reasonable revenue estimates. According to Table
21, diesel and kerosene are the biggest sources of total revenue. The sale of liquefied CO- and
other byproducts comes next, showing that the process produces high-value outputs. The proposed

pathway's total annual revenue is expected to be about $308.8 million.

Table 21. Summary of feedstock cost and total revenue

Production Capacity, tonne/hr

Feedstock

Total Cost
Products

Total Revenue

MSW
Electricity
Water

Oxygen
DGA

Kerosene
Diesel
Naphtha
Lightend
Liquified CO;
LPS

70,956
Cost, $/yr
28,260,187
491,075,901
41,243
4,325,219
29
81,734,269
Revenue, $/yr
42,572,635
93,294,002
1,793,877
2,381,821
148,738,835
20,000,549
308,781,719
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4.2.6. NPV and MSP

We looked at the net present value (NPV) and the minimum selling price (MSP) of kerosene to see
if the proposed MSW-to-jet fuel process would be economically viable. The NPV is the difference
between the present value of all the cash inflows and outflows that are predicted to happen over
the life of the project, with a certain rate of return (in this case, 10% IRR). A positive NPV means
that the project is likely to make more money than it costs to run, which means it is financially
sound based on the assumptions made. This analysis assessed NPV throughout a 30-year project
life, taking into account revenues from all saleable goods (kerosene, diesel, naphtha, light ends,
and liquefied COz), as well as capital expenditures, operating expenditures, and any other costs or
credits that were relevant. Based on the base-case assumptions and market pricing, the NPV is
about $389.78 million, which means that it might be quite profitable.

The MSP is the price at which a product would break even, meaning that the NPV would be zero
throughout the course of the project. To put it another way, it's the price needed to pay all of the
capital and operating costs at the intended IRR. A high MSP relative to current market prices
suggests that the process may not be competitive without subsidies, co-product revenues, or other
financial incentives.

To make the MSP calculation consistent with the NPV framework for this multi-product process,
a co-product—credited MSP was determined. In this approach, revenues from all co-products
except kerosene are credited against the total annualized cost of the plant, and only the remaining
cost is allocated to kerosene. The general form of the calculation is:

MSP — TAC_Ziikerosene(QiXPi) (19)

Qkerosene

Where:
e TAC =total annualized cost (annualized CAPEX + OPEX)
e Q; and P; = annual quantity and selling price of each co-product
e Quer= annual kerosene production

This approach reflects the fact that kerosene is produced alongside other valuable products and
avoids overstating its required selling price by assuming it must recover all project costs alone.
The co-product—credited MSP for kerosene is about $159 per tonne under the base-case conditions.
This is a lot lower than the uncredited MSP of about $3,400 per tonne.

This clears up the seeming conflict between the high uncredited MSP and the positive NPV. The
uncredited MSP is the price at which costs would be covered if kerosene were the only product
responsible for them. The co-product—credited MSP, on the other hand, takes into account the
contributions of other products to cost recovery. The credited MSP is a better measure for processes
that make a lot of money from co-products, like the MSW-to-jet fuel pathway we looked at here.
This study found that the credited MSP of $159 per tonne is much lower than the market jet fuel
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price of $572 per tonne. This means that the process could save a lot of money, which would give
it a strong competitive edge in the fuel market, especially if it also gets carbon reduction incentives
and makes money from selling co-products.

4.2.7. Sensitivity Analysis on MSP

Electricity and MSW prices are the two most volatile and high-leverage cost drivers in this process.
Electricity dominates OPEX because many unit operations are power-intensive; MSW fees vary
widely by city/contract and can even be negative in some regions or positive (a cost) in others.
Stress-testing both shows how much room the project has if power prices spike or if waste contracts
change.

In generating the values presented in the sensitivity analysis, all operational and design parameters
of the process were maintained at their base-case conditions, including plant capacity, product
distribution, energy mix, capital expenditure, and all other input prices. The analysis examines the
impact of a singular variable, either the electricity or MSW price, by modifying it by =50%, +50%,
and +100% from the baseline value, while maintaining all other parameters constant. The adjusted
unit price is used to figure out the yearly operating cost component again. This new cost is then
added to the total annual cost of the process. The co-product—credited MSP is subsequently
determined following the same methodology as in the base case, whereby revenues from all co-
products are subtracted from the total annual cost, and the remaining cost is allocated solely to
kerosene production. Since production volumes remain unchanged across scenarios, the variation
in MSP is approximately proportional to the change in the tested cost parameter. In cases where
the MSP approaches zero, the revenues from co-products are sufficient to cover the entire annual
cost, meaning that kerosene could, in theory, be sold at no cost while still achieving breakeven
operation.

1000
Electricity price, 819
800 /
600 , 572
489
400

349
200

MSP ($/tonnejetfuel)

-31

-200

(Case 1) -50% ( Case 2) 50% (Case 3) 100%

Figure 18. Impact of Electricity and MSW Price Variations on MSP
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The graphic above shows how the minimum selling price of jet fuel changes when the costs of
electricity and MSW change from the base case of $159 per tonne. Electricity prices are one of the
most important factors in economics. When they are doubled, the MSP goes up to over $800 per
tonne, which is more than four times higher than the base case. Electricity still has a substantial
effect on overall viability, even with a 50% increase. It pushes the MSP to almost 500 $/tonne.

MSW fees also raise the MSP; however, not as much as electricity. If you double the price, the
MSP goes up to nearly $540/tonne (about 2.4 times the base scenario). If you only raise it by 50%,
the bump is lower. On the other hand, cutting electricity rates in half sends the MSP well into the
negative, which shows that when power costs are low, co-product credits more than cover process
costs. In practical terms, the project could operate without requiring kerosene revenue under such
favorable electricity pricing. MSW reductions have a similar but weaker effect: halving the fee
will still substantially lower the need for kerosene-derived revenues, but does not match the impact
of electricity reductions.

In general, both inputs have an effect on whether or not a project is profitable, but electricity costs
have a much bigger effect on the outcome than MSW fees.

Federal and provincial tax rate _
Loan interest rate (%) _ 95.4
Internal rate of return (%) _ 79.5
Plant life time (yr) 101 TR

Minimum Selling Price ($/tonne jet fuel)

B MSP atlow m MSP at high

Figure 19. Sensitivity analysis of key financial parameters on the minimum selling price of jet fuel

To evaluate the robustness of the economic performance, another sensitivity analysis was carried
out on four key financial parameters: plant lifetime, internal rate of return (IRR), loan interest rate,
and federal/provincial tax rate. The base case assumes an MSP of $159/tonne. Each parameter was
varied within a reasonable range around its base value, and the resulting MSP was recalculated.

The IRR has the strongest influence. Reducing the IRR to 5% decreases the MSP to $79.5/tonne,
while increasing it to 20% raises the MSP to $238.5/tonne. This corresponds to a —=50% to +50%
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deviation from the base case, showing that investor return expectations nearly triple the selling
price range.

The loan interest rate similarly drives major changes in MSP. Lowering the rate to 2% results in
an MSP of §95.4/tonne, while raising it to 10% increases the MSP to $222.6/tonne.

The plant lifetime exerts a moderate effect. Extending the operational horizon from 20 to 40 years
results in a £15-20% deviation, reflecting how capital recovery assumptions affect unit production
cost.

Finally, the federal and provincial tax rate shows the smallest but still relevant effect. Decreasing
the tax burden to 10% reduces the MSP to $146.4/tonne, whereas increasing it to 40% raises it to
$171.6/tonne, corresponding to about +8% deviation.

In summary, this sensitivity analysis demonstrates that financial assumptions dominate the MSP
outcome. Among them, IRR and loan interest rate have the largest influence, while plant lifetime
and tax rate have more moderate but still noteworthy impacts.

56



Chapter 5- Conclusion

In this research, we developed an integrated system for the conversion of MSW to jet fuel and
other transportation fuels by incorporating CO: utilization, with the aim of producing sustainable
aviation fuel with reduced environmental impacts and competitive economics. The proposed
process tackles the environmental impacts of the aviation and heavy-trucking sectors, two sectors
where deep electrification remains impractical because of high energy-density needs. The process
design integrated gasification, syngas treatment, reverse water—gas shift, Fischer—Tropsch
synthesis, hydrocracking, and product fractionation, supported by Aspen Plus® simulations, Aspen
Process Economic Analyzer costing, and OpenLCA for impact assessment. A key strategic choice
was to use MSW as a zero-burden, non-food feedstock and to target an FT middle-distillate slate
(jet and diesel). Jet fuel was prioritized because it can be a drop-in product with immediate use
pathways and it directly addresses a hard-to-abate demand segment in Québec/Canada, and
typically enjoys stronger price/credit signals than lower-value cuts. Also, it is based on the fact that
IATA mentioned 30% of conventional jet fuel usage should be replaced by bio jet fuels by 2030.
Diesel was retained as a co-product because Québec’s on-road and off-road markets remain
significant, allowing efficient carbon monetization of the FT slate while maintaining drop-in
compatibility. Québec is a particularly suitable context for this pathway: its low-carbon, low-cost
hydropower enables the additional electricity and hydrogen demands of CO: utilization without
erasing environmental gains or economic viability, and MSW is available locally at scale.

The techno-economic analysis indicated that, under Québec’s electricity pricing, the proposed
MSW-to-jet process can achieve a minimum selling price in the competitive range for emerging
SAF technologies. The total capital investment for the base case was ~USD 1.07 billion, with
operating costs driven mainly by feedstock procurement and electricity consumption. When all co-
products were credited against production costs, the base case achieved an MSP of USD 159 per
tonne of jet fuel. Sensitivity analyses confirmed that electricity price and MSW price exert the
greatest influence on MSP; variations followed near-linear trends when either parameter was
adjusted. Importantly, while CCU typically raises OPEX in many regions, in this study the
combination of Québec’s clean/cheap power, process heat integration, and substantial co-product
revenues (diesel, naphtha, light end) offsets those costs, keeping MSP near market parity in
plausible ranges. From an economic logic standpoint, prioritizing jet and diesel maximizes value
capture from the FT slate (higher unit value and policy support relative to, e.g., power export or
single-product routes) and reduces revenue volatility through multi-product offtakes; our
sensitivity results also show that co-product credits meaningfully stabilize MSP under
electricity/MSW price swings.

The life-cycle assessment benchmarked the base case against three scenarios: (1) conventional
fossil-derived jet fuel and an energy-allocation variant of our process, (2) MSW incineration with
energy recovery, and (3) literature bio-jet pathways (HEFA from soybean and palm, and WCO).
In Scenario 1, the MSW-to-jet route reduced global warming potential by ~23% relative to fossil
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jet and substantially lowered fossil resource scarcity and terrestrial ecotoxicity. With full system
credits (co-products plus CO- utilization), the pathway became net carbon-negative, illustrating
the decarbonization leverage of combining waste diversion with CCU in a clean-power context.
From an environmental logic perspective, selecting jet and diesel as the primary products delivers
large avoided burdens because these middle-distillates displace energy- and emissions-intensive
petroleum operations and, unlike electricity from incineration, directly decarbonize end-uses that
lack near-term electrification alternatives. Relative to crop-based HEFA (soybean, palm), our route
avoids farming, fertilizer use, and land-use change, the main drivers of those pathways, while
delivering stronger improvements in human-toxicity and particulate categories; relative to WCO-
HEFA, it provides larger potential scale with similar or better performance in most midpoints. The
main trade-off observed is mineral resource scarcity, reflecting catalyst and alloy demand, an
optimization target for future work (e.g., catalyst life/recycling and deeper electrification/heat-
integration to reduce metal-intensive equipment).

Overall, the results show that producing jet fuel (with diesel co-product) from MSW via integrated
CO: utilization can outperform conventional disposal options and several literature bio-jet routes
on both environmental and economic grounds, particularly in jurisdictions like Québec with low-
carbon electricity and supportive waste policy. The pathway converts a local liability into certified
aviation fuel while co-producing valuable distillates, offering a credible route to near-term SAF
supply. By leveraging zero-burden feedstock, co-product valorization, and a clean grid, the design
closes the usual affordability gap associated with CCU and positions MSW-to-jet as a scalable,
policy-aligned option for deep aviation decarbonization, with the choice of jet and diesel
specifically justified by both their higher displacement benefits in LCA and their stronger
market/credit economics in this context.

5.1. Future Work

This study offers a thorough assessment of the proposed MSW-to-jet fuel process; yet, numerous
opportunities for more research persist. First, process optimization may focus on making energy
integration and heat recovery better across the plant. This would lower operating costs and make
the operation better for the environment. Second, using renewable electricity sources for
electrolysis and other units that use a lot of energy might help the carbon footprint even more and
make the system less dependent on fossil fuels. Third, adding more impact categories to the LCA,
such as water consumption, land use, and biodiversity impacts, would make the sustainability
evaluation more complete.

From an economic standpoint, additional research could investigate alternative financing
frameworks, policy incentives (such as low-carbon fuel credits), and fluctuations in co-product
markets to evaluate their impact on project feasibility. Lastly, pilot or demonstration-scale
deployment would assist in confirming the model's assumptions, improve the parameters for
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scaling up, and give real-world operational data for better techno-economic and environmental
forecasts.

As another future work, the FT-derived jet cut can be validated against the full ASTM jet-fuel
suite, beyond D86, covering density and net heat of combustion, freeze point, kinematic
viscosity, total/aromatic content and etc. If the neat paraffinic product is oft-spec, tuning and
blending with conventional jet fuel can be considered instead of using the product as drop-in to
meet the standards.
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Supplementary data
A. LCA Results

A.1. Comparison of global warming categories in endpoint results

Figure 20 presents a breakdown of the endpoint results for global warming, showing the relative

impact shares on human health and ecosystem quality when comparing the project to the
conventional pathway.

76.66
76.64
76.62
76.60
76.58

76.56

Relative impact (%)

76.54

76.52 . .
Global warming, Human Global warming,

health Ecosystem Quality
M relative impact 76.64 76.56

Figure 20. Relative Impact Comparison for Global Warming Categories (Project vs. Conventional
Pathway)

The results from the midpoint categories were turned into normalized points so that it would be
easier to compare the effects of global warming on human health and ecosystem quality. This
method lets you combine categories with different units into a single measure while still being able
to compare scenarios. To get a full picture of how global warming affects ecosystem health, the
results from freshwater ecosystems and terrestrial ecosystems were added together. The
comparison research indicates that the proposed project's impact on global warming (per 1 kg of
jet fuel) is roughly 23% lower than that of the conventional method, affecting both human health
and ecosystem quality.
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A.2. Contribution of co-product on endpoint results

Figure 21presents the relative influence of different co-products on the overall endpoint results,
highlighting how excluding each co-product credit individually alters the outcomes.

Table 22. Base Case and Contribution of Individual Co-Products to Selected Endpoint Impact Categories

scarcity

Base Case | Diesel Naphtha Lightend CcO2
Contribution | Contribution | Contribution | Contribution

Fine particulate -8.65E-06 | 6.89¢-07 1.42¢-06 7.40e-07 6.66¢-07
matter formation
Fossil resource -0.17358 | -0.01764 -0.0366 -0.01895 -0.01707
scarcity
Freshwater -3.30E-10 | -7.49E-11 -1.55E-10 -8.05E-11 -7.25E-11
ecotoxicity
Freshwater -3.29E-09 | -4.40E-11 -9.13E-11 -4.73E-11 -4.26E-11
eutrophication
Global warming, | 2.69e-14 | 7.10e-14 1.47e-13 7.63e-14 6.87e-14
Freshwater
ecosystems
Global warming, | 3.27¢-07 | 8.61e-07 1.78e-06 9.25e-07 8.33e-07
Human health
Global warming, | 9.85e-10 | 2.59¢-09 5.39¢-09 2.79¢-09 2.51e-09
Terrestrial
ecosystems
Human -2.05E-06 | -3.64E-07 -7.55E-07 -3.91E-07 -3.52E-07
carcinogenic
toxicity
Human non- -1.05E-06 | -5.52E-08 -1.14E-07 -5.93E-08 -5.34E-08
carcinogenic
toxicity
Ionizing radiation | -2.46E-08 | -3.04E-10 -6.31E-10 -3.27E-10 -2.94E-10
Land use -2.19E-10 | -3.98E-11 -8.25E-11 -4.27E-11 -3.85E-11
Marine -6.34E-11 | -1.38E-11 -2.86E-11 -1.49E-11 -1.34E-11
ecotoxicity
Marine -3.80E-13 | 5.12¢-14 1.06e-13 5.50e-14 4.95e-14
eutrophication
Mineral resource | 0.00155 0.00053 0.0011 0.00057 0.00051




Ozone formation, | 7.19¢-09 3.36e-09 5.05e-09 3.61e-09 3.25e-09
Human health
Ozone formation, | 1.01e-09 | 4.77e-10 7.47e-10 5.12e-10 4.61e-10
Terrestrial
ecosystems
Stratospheric -7.53E-10 | -9.85E-11 -2.04E-10 -1.06E-10 -9.53E-11
ozone depletion
Terrestrial 2.409¢e-12 | 1.18e-11 2.19e-11 1.25¢-11 1.15¢e-11
acidification
Terrestrial -2.86E-11 | -1.13E-12 -2.34E-12 -1.21E-12 -1.09E-12
ecotoxicity
Water -3.80E-10 | -1.21E-10 -2.52E-10 -1.30E-10 -1.17E-10
consumption,
Aquatic
ecosystem
Water -0.0014 -0.00045 -0.00093 -0.00048 -0.00043
consumption,
Human health
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Figure 21. Comparison of the base case LCA results with scenarios excluding individual co-products
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Table 22 presents the endpoint impact category results for the base case scenario alongside the
calculated contribution of each co-product including diesel, naphtha, light ends, and CO. when
excluded from the avoided product credits. In the base case, all co-products are treated as avoided
products, meaning that their production displaces equivalent market products and thus brings
environmental credits. This often results in negative values for certain categories, such as Fine
particulate matter formation (—8.65 x 10¢ DALY) and Fossil resource scarcity (—0.17358
USD2013), indicating an overall environmental benefit. To determine the contribution of each co-
product, a scenario was modeled where that specific co-product was not credited as an avoided
product. For example, the exclusion of diesel increased Fossil resource scarcity by 0.01764
USD2013, while excluding naphtha increased the same category by 0.0366 USD2013. This
method makes it possible to measure how much each co-product contributes to the overall
environmental benefits in the base scenario.

Figure 21 shows how much diesel, naphtha, light ends, and CO: each contribute to each endpoint
effect category, as a percentage of the base case. The base case numbers are set at 100%, while the
other bars show how much the percentage changes when each co-product is left out. This column
style lets you see right away how much each co-product affects the others. For example, in Global
warming and Freshwater ecosystems, taking out naphtha raises the effect to around 547% of the
base case value. Light ends and CO: raise it by about 284% and 255%, respectively. Terrestrial
ecotoxicity also goes up a lot, with the absence of diesel causing it to go up by more than 2000%
compared to the basic case. These results show that the negative values in the basic scenario are
mostly caused by the avoided product credits from co-products. They also show that some
categories are more sensitive to certain co-products than others.
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