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soot emissions, the modeling of air quality and climate impacts, and integrated cost-benefit analysis.

Project Overview

Aircraft emissions impact the environment by perturbing the climate and reducing air quality, thus leading to adverse health
impacts including an increased risk of premature mortality. As a result, understanding how different fuel components can
influence pollutant emissions, as well as the resulting impacts and damage to human health and the environment, is
important in guiding future research aims and policy. Recent emissions measurements have shown that removal of
naphthalenes can dramatically decrease emissions of particulate matter (Brem et al., 2015; Moore et al., 2015). The objective
of this research is to determine the benefits, costs, and feasibility of removing naphthalenes from jet fuel, with regard to the
refiner, the public, air quality, and the environment. Specific goals of this research include:

e Assessment and selection of candidate refining processes for the removal of naphthalenes from conventional jet
fuel, including details of required technology, steady-state public cost, and changing life-cycle emissions impacts
at the refinery.

e Development of a chemical kinetics model to better understand the link between fuel aromatic composition and
the resulting particulate matter (PM) emissions due to jet fuel combustion.

e Assessment of the climate and air quality impacts associated with naphthalene reduction and/or removal from jet
fuel.

e Development of a life-cycle analysis of the relative costs of removing naphthalene from jet fuel and the associated
benefits due to avoided premature mortalities and climate damage for a range of possible scenarios.
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Task 1 - Evaluate Changes in Emissions Resulting from Removal of
Naphthalene

Massachusetts Institute of Technology

Objective

Changes to jet fuel composition, such as those achieved by removal of naphthalene using available refining technologies,
affect the chemical kinetics of the combustion process in gas turbine engines, which in turn affects the resulting emissions.
To enable evaluation of the sensitivity of soot emissions to fuel composition, this Task develops a combustor model that
includes the detailed chemical kinetic pathways for formation of polycyclic aromatic hydrocarbon (PAH) species from different
fuel components and the conversion of these PAH species to soot particles or non-volatile particulate matter (nvPM)
emissions. The model also provides the ability to predict changes to CO and NO, emissions resulting from changes to fuel
composition.

Research Approach

The aircraft engine emissions model developed here has three main components: a soot model, an engine model, and a
combustor model. The combustor model consists of a reactor network coupled with a gas-phase kinetic mechanism, which
is modeled using Cantera (Goodwin et al., 2018). A soot model is added to the reactor network and the interactions between
the gas phase and the solid soot phase are modeled in detail. The altitude- and thrust-specific input conditions for the
combustor are generated with the engine model. The model is called Pycaso (Python Cantera Soot). The model is used to
predict emissions for a CFM56-7B/3 engine because it is one of the most prevalent engines in the commercial fleet, and
measurement data for soot emissions from this engine have been published.
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Soot model

Due to the uncertainty in soot modeling in gas turbine combustors, a two-equation model is used, which captures all the
major soot formation and depletion processes while minimizing complexity. In a two-equation model, the soot number
density (N) and mass density (M) are modeled using two equations, which represent the change in soot N and M in response
to four soot formation and depletion steps. The standard two-equation model assumes that oxidation solely affects M and
does not directly destroy soot particles. However, experiments have shown that oxidation can destroy particles and can thus
reduce N (Garo et al., 1988; Lindstedt, 1994). Therefore, an additional term is included in the number density equation to
capture the effect of particle destruction through oxidation. It is assumed that for every change in soot mass equivalent to
the average soot particle mass, a variable fraction of a particle is destroyed as well. The resulting equations for N and M are

dN_C (dN) e dN e NC dM o)
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During nucleation, the inception of soot particles happens through collisions of precursor species (Blanquart & Pitsch, 2009).
These precursor species are considered to primarily consist of heavy PAH molecules (Dobbins et al., 1998; Schuetz &
Frenklach, 2002). When two PAH molecules collide and stick together, they form a PAH dimer, which again increases in size
through collisions with other PAH species and dimers. This growth through collisions allows for transitioning from the gas
phase to the solid phase and results in the first solid incipient soot particle (Martini, 2008). PAH-PAH collision rates are
considered for nucleation in the model, while PAH-soot collisions are modeled as surface growth. The nucleation rate
resulting from collisions of PAH species i and j is based on the collision frequency gi,j and is given by

and
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where ¢ = 2.2 is the Van der Waals enhancement factor, k; is the Boltzmann constant, N, is Avogadro’s constant, r; and 7
are the radii of PAH species i and j, y; ; is the reduced mass of PAH species i and j, and [PAH,] is the concentration of PAH
species i (An et al., 2016; Atkins et al., 2018; Blanquart & Pitsch, 2009). The sticking coefficient y < 1 is computed using the
assumption that it scales with PAH mass to the fourth power (Blanquart & Pitsch, 2009). The PAH species are chosen such
that no direct pathways from species in the fuel surrogates to soot mass through nucleation exist, as these pathways might
result in an overestimation of sensitivities to fuel composition. The total nucleation rate is calculated by taking the sum over
all the PAH species in the gas-phase mechanism.

Nucleation is followed by surface growth and coagulation. During surface growth, the soot particles grow in size and mass
due to the adsorption of gas phase molecules, mainly acetylene (Omidvarborna et al., 2015). Growth rates are found to be
much higher than nucleation rates and most of the soot mass is thought to form during this step in the process (Martini,
2008). Here, two types of surface growth mechanisms are implemented. The first assumes surface growth solely by acetylene,
whereas the second also includes surface growth through condensation of PAH species on the soot surface. In order to
include surface growth through the adsorption of PAH species, the surface growth source term is expanded with an additional
term. This term is based on the collision frequency of soot particles with PAH species i and is given by
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Since this term is similar to the nucleation term, it is scaled with C,, instead of Cg.

During coagulation, soot particles grow further in size through particle-particle collisions (Blanquart & Pitsch, 2009;
Omidvarborna et al., 2015). The total number of soot particles decreases during coagulation whereas the total mass across
all particles stays constant. The implemented coagulation mechanism is based on the collision of two spherical particles with
a collision rate as defined by Puri et al. (1993). The resulting source term for the number density equation is given by
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where p... is assumed to be equal to 2000 kg/m’ and K., is a constant ranging between 1 and 9 in the literature (Brookes
& Moss, 1999; Wen et al., 2003).

In contrast to the previous three steps, soot is destroyed during oxidation. Oxidation significantly reduces the amount of
soot and measurements suggest that most of the soot formed at the start of the combustion process is oxidized before
reaching the combustor exit (Toone, 1968). Carbon and hydrogen atoms are removed from the soot agglomerates by
reactions with primarily diatomic oxygen (0O,), hydroxyl radicals (OH), and atomic oxygen (O) (Louloudi, 2003; Neoh et al.,
1981). Their respective contributions to the oxidation source term (Guo et al., 2016; Martini, 2008; Schiener & Lindstedyt,
2018) are given by
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where the collision efficiencies for O, and O (o,and 1) are assumed to be unity (Mueller et al., 2009; Wen et al., 2003). For
oxidation through OH, collision efficiency values ranging from 0.01 to 0.65 have been proposed (Fenimore & Jones, 1967,
Ghiassi et al., 2017; Guo et al., 2016; Haudiquert et al., 1997; Neoh et al., 1981; Puri et al., 1994; Richter et al., 2005;
Schiener & Lindstedt, 2018). We use a value of 0.13, determined by Neoh et al. (1981), as baseline value in this model.

Engine model

The combustor inlet temperature (T;) and pressure (P;), as well as the mass flows of fuel () and air () entering the
combustor are computed using a detailed engine model of the CFM56-7B engine. The engine model is developed using the
Numerical Propulsion System Software (NPSS) and matches fuel flows, thrust levels, and pressure ratios from the International
Civil Aviation Organization (ICAO) engine Emissions Databank (EDB) within 5%. The temperature of the gas-phase mixture
entering the combustor is corrected for vaporization of the fuel by adjusting the specific enthalpy of the gas-fuel mixture as
follows:

1 ) )
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where L represents the enthalpy of vaporization at standard conditions (T =298.15 K and P = 101,325 Pa), h is the specific
enthalpy, and Ah is the change in specific enthalpy going from standard conditions to Tsand Ps. rig,e and ;. are the mass
flow rates of fuel and air, respectively.

Combustor model

The combustor model developed for this project represents a rich-burn quick-mix lean-burn (RQL) combustor. Figure 1 shows
a schematic overview of the model. The model is divided into two parts called the primary zone and the secondary zone. In
the primary zone, air and fuel are mixed at a certain equivalence ratio. Then, the quenching happens at the start of the
secondary zone through to the addition of secondary air in the slow and fast mixing zones. In the second part of the
secondary zone, dilution air is added to represent the lean burn zone. As NOx, CO, and soot reactions are found to be
quenched at the end of the secondary zone, the turbine is not modeled. The gas phase chemistry inside the combustor
model is modeled using a kinetic mechanism which determines the structure of the flame and specifies the species profile



FAA CENTER OF EXCELLENCE FOR ALTERNATIVE JET FUELS & ENVIRONMENT

TAINABILITY CENTER

Different reactors account for
spatial variation in ¢ in the N
primary zone Primary Zone Secondary Zone

=B
PFR
PFR
-W PFR
=

Vaporization of
fuel

uonnquisip ¢
|

Figure 1. Schematic overview of the combustor model. Multiple well-stirred reactors (WSR) are used in the primary zone.
The secondary zone uses a combination of plug flow reactors (PFR) to simulate different mixing times. The arrows
represent secondary and dilution air entering the combustor.

(Appel et al., 2000). A high temperature kinetic mechanism for transportation fuels is coupled with a NOx mechanism,
resulting in a chemical mechanism consisting of 218 species and 7047 reactions (Ranzi et al., 2012, 2014, 2015).

The combustor model can be used to represent different (RQL) combustors. In order to represent a specific combustor
design, combustor model parameters are calibrated using emissions data from the EDB for an engine containing that specific
combustor. Since the combustor model can be considered a "black box" function and obtaining a (numerical) gradient is
computationally expensive, gradient-free optimization is used to calibrate the model parameters. More specifically, the
Dlvided RECTangles (DIRECT) method is applied (Finkel, 2003; Hicken et al., 2012; Jones, 2009).

Milestones
The combined combustor, soot, and engine model described above were implemented, and used to explore the impact of
different jet fuel compositions on NO,, CO, and soot emissions.

Major Accomplishments

Model validation

Eight different soot model configurations (C1-C8) were developed. Each configuration consists of a different set of reaction
rate coefficients and/or soot mechanisms. These eight configurations are selected in order to capture a range of soot
mechanisms in literature and to quantify the impact and behavior of each step of the soot formation process. The
performance of the configurations against measurements for both emission index (El) mass and number is summarized in
Figure 2. Starting with El soot mass, two clusters of configurations are visible. Configurations 1-5 capture the trends in the
validation data for thrust levels >= 30%. On the other hand, configurations 6-8 capture the trend in the data for thrust
settings larger than approximately 75% but underpredict soot mass emissions thrust settings lower than 75%. For soot
number El, the models all capture the trend in the validation data of decreasing number El with increasing thrust between
approximately 60% and 100% thrust. Configurations 4, 5, and 6 also capture the 30% thrust point, whereas configurations
1, 2, 7, and 8 underpredict soot number at this thrust setting, while configuration 3 overpredicts it.

We find that primary zone soot mass formation peaks at ¢~2.3, where the El soot is approximately seven times higher than
at ¢=3.0 and ¢=2.0. On the other hand, soot number increases with equivalence ratio and peak El soot number values are
observed in the richest reactors. This difference is explained by the PAH concentration being the limiting factor for nucleation
(soot number), whereas temperature and C,H, concentration are the limiting factors for soot mass (surface growth).
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Figure 2. Comparison of El soot (a) mass and (b) number with validation data (surrogate 4).

In order to validate the model’s capability to predict changes in soot emissions in response to changing fuel compositions,
we simulate a subset of the experiments conducted by Brem et al. (2015) where soot emissions are measured for two fuel
blends with different naphthalene and aromatic content. The soot predictions of each of the model configurations for two
versions of each of the five surrogates are evaluated. The total aromatics % v/v, naphthalene % v/v, and hydrogen content of
these two fuels match the values used in experiments by Brem et al. (2015). The resulting changes in El soot mass and
number are shown in Figure 3. We see that the three configurations using the hydrogen abstraction acetylene addition (HACA)
mechanisms show large discrepancies for both soot mass and number. The five other configurations can be grouped based
on their values for C,,, and C,,y. The three configurations (1, 2, and 4) with relatively low coagulation factors (<30) and
relatively large C,y y values (> 0.65) match the soot mass data from Brem et al. (2015) within 5 percentage points (p.p.) at
30% and 65% thrust, 8 p.p. at 85% thrust, and 18 p.p. at 100% thrust, and within 15 p.p. of the soot number data for all
thrust conditions. When increasing the coagulation factor and decreasing C,, y (configurations 3 and 5), these differences
grow to a maximum of 51 p.p. at 100% thrust for configuration 5. A possible explanation for the relatively large discrepancies
at high thrust for the configuration using high coagulation factors is that these configurations rely on a large N in the primary
zone (PZ) to increase the average particle size (and thus the M/A; ratio). When reducing the naphthalene content of the fuel,
less nucleation occurs and the soot number density decreases. This again reduces coagulation and increases M/A, which
leads to more oxidation in the secondary zone. On the other hand, configurations relying on C,, y to reduce N are not affected
as much by a decreasing N. Due to their superior performance compared on the validation data, configurations 1, 2, and 4
are selected to assess the sensitivity of soot to naphthalene removal and biofuels in the subsequent analysis of fuel
composition effects.
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Figure 3. Comparison of model predictions with experimental data by Brem et al. (2015). Percentage change in El soot (a)
mass and (b) number for all eight configurations.

Effects of fuel composition

Figure 4 shows the computed ranges of soot mass and number emissions reductions associated with the naphthalene
removal through extractive distillation and hydrotreating. These ranges represent both variations in the three soot model
configurations as well as the five baseline fuel compositions. The mean reductions in El mass are approximately 20 p.p.
higher for extractive distillation than for hydrotreating. For El soot number, the differences between the means of the two
methods range from 12 p.p. at 100% thrust to 28 p.p. at 30% thrust. These differences are explained by tetralin, the product
of hydrotreating naphthalene, still being an aromatic species and having a relatively short pathway to becoming a PAH
species during combustion. Reductions in mass are predicted to be larger than reductions in number (for >35% thrust), which
is consistent with the literature (Brem et al., 2015; Speth et al., 2015).
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Figure 4. Ranges of predicted effects of naphthalene removal from jet fuel by hydrotreating (red) and extractive distillation
(black) on El soot (a) mass and (b) number emissions indices. The dashed lines represent the means of the prediction
ranges, which capture variations in three different soot configurations and five different surrogates.

Furthermore, especially for number emissions, reductions increase with decreasing thrust. This effect is also observed in
experiments in the literature (Brem et al., 2015; Corporan et al., 2007; Naegeli & Moses, 2015; Speth et al., 2015). We find
that the increasing change in soot emissions with decreasing thrust is explained by two main factors. The first one is that
sensitivity to fuel composition increases with decreasing PZ equivalence ratio. The changes in El soot mass and number due
to naphthalene removal are found to be approximately 1.5 and 2-3 times higher at ¢=2.2 compared to ¢=3.0, respectively.
The lower the thrust setting, the lower the primary zone equivalence ratio(s), and thus the higher the sensitivity to fuel
composition. The second factor is that for a given ¢, the reductions in both soot mass and number increase with decreasing
thrust. This is explained by the temperature difference between the thrust conditions. Higher temperatures at higher thrust
settings make the reactor more resilient to changes in naphthalene concentrations.

Figure 5 shows the predicted effects of using 20%, 50%, and 100% biofuel blends on soot emissions. As expected, mean
reductions increase with increasing the biofuel fraction and decreasing thrust. The predicted reductions for soot mass range
from 17%, 37%, and 55% at 100% thrust to 25%, 56%, and 92% at 30% thrust. For soot number, mean reductions at 100%
thrust are 11%, 26%, and 51% compared to reductions of 24%, 56%, and 92% at 30% thrust.
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Figure 5. Effects of using 20% (blue), 50% (orange) and 50% (green) biofuel blends on El soot (a) mass and (b) number. The
dashed lines represent the means of the prediction ranges, which capture variations in three different soot mechanisms
and five different surrogates.
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The effect of using 20%, 50%, and 100% biofuel blends on NO,x and CO emissions is shown in Figure 6. The model predicts
mean reductions in NOxemissions of 2%, 5%, and 10% and reductions in CO emissions of 1%, 2%, and 5% for the three blends,
respectively. The sharp drop in CO at the lowest thrust setting is a consequence of the finite number of reactors in the model
and the corresponding CO values are therefore not considered. This sharp drop in CO occurs because the leanest reactor
blows out for the standard surrogate and does not for the 50% and 100% biofuel blends. This leads to an increase in
secondary zone (5Z) mixing temperature and thus CO depletion.
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Figure 6. Effects of using 20% (blue), 50% (orange) and 100% (green) biofuel blends on (a) NO, and (b) CO emissions. The
dashed lines represent the means of the prediction ranges, which capture variations in five different surrogates.

Publications
N/A

Outreach Efforts
The results of this work were presented at the Aviation Emissions Characterization (AEC) Roadmap annual meeting held in
May 2020.

Awards
None.

Student Involvement
This task was conducted primarily by Lukas Brink, working directly with Prof. Steven Barrett and Dr. Raymond Speth. Mr.
Brink graduated with a Master of Science in 2020.

Plans for Next Period
Task is complete. A journal paper based on this work is being prepared for submission.
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Task 2 - Conduct Integrated Cost-Benefit Analysis of Impacts of

Naphthalene Removal in the United States
Massachusetts Institute of Technology

Objective
The objective of this Task is to produce an integrated cost-benefit analysis of naphthalene removal in the United States,
accounting for the additional refining cost as well as the air quality and climate impacts.

Research Approach

The overall cost-benefit assessment of naphthalene removal includes fuel production costs, air quality benefits, and climate
impacts from fuel production and fuel consumption. Fuel production costs were evaluated in tasks that were completed in
previous project years. Air quality benefits and non-contrail climate impacts were calculated per unit reduction in nvPM mass
and number emissions, based on the results of Grobler et al. (2019). These impacts are then scaled using the emissions
reductions determined in the results of Task 1. Contrail impacts are estimated based on contrail modeling studies which
investigated the effect of reductions in the soot number El (Caiazzo et al., 2017; Bier & Burkhardt, 2019). Finally, all effects
are placed on a common monetized basis to compare different naphthalene removal scenarios. We consider uncertainties in
the assessment of each component and use these uncertainties to compute the likelihood of a net benefit for different
scenarios.

Milestone
The work completed for this Task was presented at the Aviation Emissions Characterization (AEC) Roadmap annual
meeting in May 2020.

Major Accomplishments

The processing costs, air quality benefits, and climate impacts of naphthalene removal are converted to a common basis of
cents per liter, as presented in Table 1. The benefits of widespread naphthalene removal are outweighed by the costs of
processing the fuel and the CO, emissions associated with that processing.
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Table 1. Costs (positive) and benefits (negative) of naphthalene removal.

Hydrotreatment Extractive Distillation

Component (¢/liter) (¢/liter)
Refinery 2.4 2.0 - 2.7 1.7 1.5 - 2.0

Air qualit nvPM -0.004 0 --0.01 -0.009 0 --0.03
o & Fuel sulfur -0.51 -0.28 --0.73 0

nvPM -0.02 0 --0.04 -0.04 -0.01 - -0.09
. Fuel sulfur 1.06 0.15 - 2.85 0
Climate .
Contrails -0.16 -0.04 - -0.44 -0.38 -0.09--1.0

Refinery CO,  0.46 0.08- 1.19 0.48 0.08 - 1.27

3.2 22 - 4.7 1.8 10 -25

For hydrotreatment, the climate impacts of the refinery CO, emissions exceed the expected air quality and climate benefits
associated with the reduction in soot emissions. Furthermore, the net present value (NPV) of the climate warming associated
with sulfur removal is greater than the NPV of the reduced air-quality-related damages. For extractive distillation, the median
air quality and climate benefits are approximately equal to the societal cost of the refinery CO, emissions. In addition to
these environmental costs, the costs associated with processing jet fuel in the refinery must also be considered. These
results suggest that, in the absence of a strong contrail effect, naphthalene removal on a nationwide basis is unlikely to be
cost beneficial using either extractive distillation or hydrotreatment. However, it may be possible that naphthalene removal
could be beneficial under certain circumstances, e.g., if applied to fuels used at individual airports with particular air quality
concerns, or if used at times in locations where the formation of net warming contrails is most likely.

Publications
N/A

Outreach Efforts
The results of this work were presented at the Aviation Emissions Characterization (AEC) Roadmap annual meeting held in
May 2020.

Awards
None

Student Involvement
This task was conducted primarily by Drew Weibel, working directly with Prof. Steven Barrett and Dr. Raymond Speth. Mr.
Weibel graduated with a Master of Science in 2018.

Plans for Next Period
Task is complete.
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