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Abstract

The wide-scale supply of sustainable alternative fuels has become a major element of the aviation
industry’s aim of reducing environmental impacts while easing fossil fuels dependence. The present
work will address the technical feasibility of a wide range of alternative fuels, with differences in
performance and pollutant emissions summarized. The alternative production pathways considered
in this study are the following: Fischer-Tropsch, Hydrotreated Esters and Fatty Acids, Synthesized
Iso-Paraffins, Alcohol-to-Jet, Catalytic Hydrothermolysis and Hydrodeoxygenation. The analysis of
the burning of different fuels will be based purely on a 0-D engine thermodynamic approach, with a
numerical modelling of a typical two-spool turbofan for off-design and transient simulations. Through
comparison of performance results obtained relative to what would be obtained with GasTurb 12,
for a conventional kerosene, the aero-engine numerical model is validated. The approaches followed,
for the estimation of required fuel properties and flame temperatures and for the implementation of
evaporation and gas models, are presented and validated. For different flight conditions, performance
and pollutant emissions outputs for the fuels studied are presented, discussed and compared with
results obtained in the literature. Finally, different transient scenarios are simulated and the influence
of fuels analysed. With the present work, it is possible to conclude that most sustainable alternative
fuels may improve the overall performance and pollutant emissions when compared with a conventional
kerosene, which confirms that the supply of alternative fuels, although constrained economically, is a
safe route going forward for the aviation industry.
Keywords: Alternative Fuels, Turbofan, Off-Design Performance, Transient Response, Pollutant
Emissions

1. Introduction

Being the only anthropogenic source of pollutant
emissions in the lower stratosphere and upper tro-
posphere, a major challenge for the aviation indus-
try is the need to reduce its share of environmental
air pollution. In fact, in 2010, at the 37th Session of
ICAO Assembly, ICAO Member States adopted col-
lective global aspirational goals for the international
aviation sector to improve annual fuel efficiency
by 2%, and to limit CO2 emissions at 2020 levels,
reaching a carbon-neutral growth (CNG2020), rel-
ative to 2005 [1].

The need for constant improvements in engine
performance when associated with the need to de-
crease pollutant emissions is a complex subject.
To achieve this goal, the Sustainable Alternative
Fuels (SAF) route is viewed as a key element,
along with technological and infrastructural im-
provements. Since mid-2009, a growing interest on
SAF has been verified.

The worldwide supply of alternative fuels in the

aviation industry would present additional advan-
tages, such as the ease in petroleum dependence,
that is depleting, the economical development in
different regions of the world and the fact that
changes in aircraft or infrastructures are not re-
quired (”drop-in” fuels). On the other hand, the
fuel production must not compete with food pro-
duction, neither cause land-use change effects such
as deforestation. The biggest challenge for the suc-
cessful growth of alternative fuels is mainly econom-
ical and political [2].

At the moment of the writing of the present work,
five production pathways are already ASTM ap-
proved: Fischer-Tropsch (FT-SPK) in 2009; Hy-
drotreated Esters and Fatty Acids (HEFA-SPK)
in 2011; Synthesized Iso-Paraffins (SIP) in 2014;
Fischer-Tropsch Synthetic Kerosene with Aromat-
ics (FT-SKA) in 2015; and Alcohol-to-Jet (ATJ-
SPK) in 2016. With SPK standing for Synthetic
Paraffinic Kerosene. The maximum volume blend-
ing ratios approved were of 50% for FT and HEFA-
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SPK, of 30% for ATJ-SPK and of 10% for SIP.

In terms of composition (paraffinic and aro-
matic), most production pathways being developed,
supply jet fuels with low aromatic content when
compared with conventional kerosene, which is why
there is a growing aim for synthetic kerosenes with
aromatics. Fuel properties such as the liquid den-
sity, the viscosity, the surface tension and the nor-
mal boiling point have a significant impact on fuel
atomization and evaporation which ultimately has
an impact on the combustion efficiency [3].

Changes in pollutant emissions are also depen-
dent on fuel properties. With a typical increase
in combustion chamber’s temperatures, NOx pollu-
tant emissions are the most undesired of the avi-
ation industry. Along with these, CO, UHC and
soot (smoke) pollutant emissions are also regulated
by ICAO. Although accurate estimations are highly
complex (mainly for UHC and soot emissions), in
a numerical approach, with good results, empirical
correlations are usually followed, as in the work of
Rizk and Mongia [4].

The overall performance of an aircraft engine can
be typically defined by its thermodynamic cycle
analysis. Due to its simplicity, low computational
demand and accurate results obtained, a 0-D model
will be followed for all thermodynamic analyses: de-
sign point, off-design and transient analyses. Typi-
cally, the design point of an engine may be defined
in a high power operating condition. Then, through
turbofan spool work balances, polytropic compres-
sion and expansion processes and separate nozzles
exhaust gases conditions, the engine behaviour at
design point is properly defined. Engine perfor-
mance at different operating conditions may, then,
be evaluated through an off-design analysis. For a
complete analysis of a given engine performance, re-
sponse to transient engine demands should also be
evaluated.

Different approaches may be followed, mostly
in respect to: the gas model implemented; the
use of component maps or assumption of fixed se-
lected engine parameters, in off-design; or an iter-
ative constrain approach instead of a rapid inter-
component volume method, ICV, for transient sim-
ulations. Multi-variable iterative methods are usu-
ally required, with the Newton-Raphson method
being a common approach in such calculations. The
proper implementation of the turbofan model is
mostly based on references [5, 6, 7] and detailed
in section 3.

The main goal of the present work is to numer-
ically analyse the impact of the combustion of dif-
ferent fuels on the performance and pollutant emis-
sions of a typical turbofan. For that purpose, a
0-D two-spool turbofan thermodynamic model (de-
sign, off-design and transient) is to be implemented

in MATLAB. With a quantification of fuel proper-
ties influence on atomization, evaporation and flame
temperature results, an overview of a wide-range of
alternative fuels and respective impact on perfor-
mance and exhaust emissions of an aircraft is given.

2. Sustainable Alternative Fuels
Along with the required study of a conventional civil
aviation turbine fuel, i.e. Jet A-1, which is defined
by ASTM D1655 specification limits (ASTM D7566
for alternative fuels certification), ten types of alter-
native fuels varying in feedstock and/or production
process were selected for the present work, as pre-
sented in Table 1, with properties obtained in the
literature. It should be highlighted that, although
GTL and CTL are not sustainable fuels (fossil fuel
dependence), with lack of information on BTL (FT
from biomass) and assumed similar fuel properties
(same refining process), their study is relevant.

Designation Feedstock Pathway

CTL Coal
FT-SPK

GTL Natural Gas

HEFA R-8 Mixed Fats

HEFA-SPKHEFA
Camelina

Camelina
Oil

CH Carinata Oil CH

ATJ-SPK Corn ATJ-SPK

ATJ-SKA Biomass ATJ-SKA

SIP Sugars SIP

HDO-SK Biomass HDO-SK

Green
Diesel

Vegetable
Oil

HEFA

Table 1: Fuels of interest.

The production pathways mostly differ on feed-
stock and on relevant productions steps. Fuels pro-
duced from FT-SPK pathway are based on the con-
version of syngas into liquid hydrocarbons with a
Fischer-Tropsch synthesis, presenting a wide range
of feedstock possibilities such as coal, natural gas,
wastes or lignocellulosic biomass. With HEFA-
SPK production, through hydroprocessing and from
vegetable or waste oils, jet fuels are produced.
For the ATJ production pathway, alcohol synthe-
sis is required from feedstock such as sugars and
starches, which are then thermoprocessed. SIP jet
fuel (mostly farnesane) is mostly produced through
sugar fermentation. With similar type of feedstock
compared to HEFA, the HDO-SK fuel production
requires an hydrodeoxygenation step. In the CH
pathway, a catalytic hydrothermolysis is required,
with feedstock ranging from sugars and starches to
lignocellulosic biomass. Green Diesel is a blending
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approach, produced from the HEFA process [8].
From their composition analysis it becomes evi-

dent an overall lack of aromatics when comparing
with Jet A-1. Those most similar in composition,
from the ones studied, are the CH and ATJ-SKA.
In a life cycle greenhouse gas emissions analysis, it
is proven that although indirect land use change
(among others) must be carefully accounted for,
there’s an overall improvement in life cycle emis-
sions with all alternative pathways. In fact, re-
searches results showcase that, in general, the de-
crease in greenhouse gases emissions can be greater
than 50% in a life cycle perspective, when com-
pared with conventional production. However, as
previously stated, this route is still considered an
expensive product, dependent on crude oil prices.
Nevertheless, it is expected that, with higher en-
ergy demand and petroleum depletion, the conven-
tional jet fuel price will steadily increase, while an
expected maturation of alternative fuels shall lead
to a decrease in alternative fuel prices.

3. Implementation
The main implementation goal, in the present work,
is to thermodynamically model a typical two-spool
turbofan in a 0-D approach. The aero-engine will
be defined with the implementation of a diffuser fol-
lowed by a low-pressure compressor (LPC), a high-
pressure compressor (HPC), a combustion cham-
ber (burner), a high-pressure turbine (HPT), a low-
pressure turbine (LPT) and a convergent core noz-
zle, through the core of the engine. Being a turbo-
fan, the bypass air mass flow (cold flow) will run
through the fan and the convergent bypass (or fan)
nozzle. This type of turbofan and station number-
ing is schematically presented in Figure 1.

Figure 1: Two-spool turbofan station numbering
([9], adapted).

It is required that all fuel properties (for each fuel
of interest) are read in the beginning of each calcu-
lation. In this regard, values of liquid fuel density
at 15oC, viscosity at two different temperatures, net
heat of combustion (∆H), hydrogen mass content
(H%), hydrogen-to-carbon ratio, molecular weight
and distillation range are read for each fuel. Then,
for cases where a certain fuel property is unknown
and for estimations at different temperatures, cor-

relations used for petroleum fractions, such as in
[10], are assumed for alternative fuels. With this
approach additional important results such as crit-
ical properties or the surface tension are estimated.
The results obtained are then validated with mea-
sured properties in the literature. The modelling
of fuel properties is completed with the implemen-
tation of a blending option, where properties of a
given fuel and those of Jet A-1 are compared for a
certain volume blend ratio.

For an accurate simulation of fuel effects on com-
bustion, the impact of fuel properties on the flame
temperature [11] as well as on the droplet evapo-
ration rate [12], are modelled and validated, based
on results available in the literature. It should be
pointed out that the evaporation model assumes
(quasi) steady-state evaporation, which for higher
burner ambient pressures than those critical for a
given fuel (pcr) and high flame temperatures be-
comes mostly transient. For such cases, the present
model assumes a maximum evaporation rate at the
fuel critical pressure, as an approximation.

3.1. Design Point Model
The design point modelling follows the conventional
approach given in the literature [6, 9]. The main
differences arising from the fact that, for increased
accuracy, a variable specific heat model is consid-
ered (based on [13]) as well as the influence of at-
omization and evaporation on design combustion
efficiency, ηb,R, quantified:

1− ηb,R
1− ηb,R,ref

=

(
λref
λ

)
.

(
D0

D0,ref

)2

, (1)

where, λ is the evaporation constant (defining evap-
oration rate), D0 the initial droplet diameter and
subscript ref referring to Jet A-1.

Based on the work of Lefebvre [3], the ratio of
drop diameters, D0/D0,ref , for pressure-swirl at-
omizers, may be computed based on liquid dynamic
viscosity, µF , and surface tension, σF :

D0

D0,ref
=

(
σF

σF,ref

)0.25

.

(
µF

µF,ref

)0.25

. (2)

The calculation of the evaporation constant, λ,
required for equation 1, is based on the (quasi)
steady-state evaporation model followed.

In order to compute the design point (required
for off-design simulations), several design inputs are
necessary, being the most relevant those presented
in Table 2.

Whereas efficiencies (polytropic, e, and mechani-
cal, ηm) and pressure losses may be assumed based
on a given Level of Technology [6], design val-
ues (subscript R) for flight Mach number, M0,
and altitude, H, engine inlet mass flow rate, ṁ
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Flight Data Burner Design

M0,R, HR Tf , qpz, qsz

Efficiencies Engine Design

efan, eLPC , eHPC , eHPT , ṁR

eLPT , ηb,R,ref , ηm,L, ηm,H BR, Tt4,R

Pressure Losses
πfan,R, πLPC,R,

πHPC,R

πb,R, πn,R, πfn,R NL,R,abs, NH,R,abs

Table 2: Engine design point inputs.

(ṁcore + ṁfan), bypass ratio, B, high-pressure tur-
bine inlet total temperature, Tt4, fan and compres-
sors pressure ratios, πfan, πLPC and πHPC , fuel
initial temperature, Tf , and combustion chamber’s
primary and secondary zones air fraction employed,
respectively qpz and qsz, must be defined, based on
engine requirements.

Design absolute spool speeds, NL,R,abs and
NH,R,abs, should also be defined for off-design and
transient calculations.

At the end of a certain design point calculation,
all station mass flow rates, total temperatures and
pressures (Tt and pt, respectively) as well as nozzles
fixed areas, are computed and saved. For the scope
of this work, the outputs considered as the most
relevant are the total thrust, F , and the specific
fuel consumption, SFC, where

SFC =
ṁf

F
.106 g/kN.s , (3)

with the fuel mass flow rate, ṁf , given in kg/s and
F given in N. In this regard, the calculation of the
fuel-air ratio, f (kg of fuel/kg of air), is of major
relevance throughout this work.

3.2. Off-Design Model
Off-design calculations are performed to simulate a
given engine performance behaviour at different op-
erating conditions. This may be achieved with the
variation of the flight data (altitude and Mach num-
ber), with variation of Tt4 or through changes in en-
gine relative (to design) spools speeds, NL and NH ,
respectively the low-pressure and high-pressure rel-
ative spool speeds (Table 3).

The off-design numerical model assumed in the
present work follows, mostly, the work of Kurzke
[7]. For a certain component inlet corrected mass
flow rate and corrected relative spool speed, values
of pressure ratio across the component and adia-
batic isentropic efficiency are computed. This re-
lationship between referred parameters is defined
with the construction of a component map (Figure
2). For ease in map reading, auxiliary map coordi-
nates, β, are defined between 0 and 1 (surge line).

User inputs
H, M0

NL NH Tt4

Input-dependent
Iteration Variables

Tt4 Tt4 NL

NH NL NH

Fixed Iteration
Variables

βLPC , βHPC

βHPT , βLPT

B

Table 3: Off-design user inputs and iteration vari-
ables.

It follows that, for a given component inlet state
i, nondimensional total temperatures, θi, and pres-
sures, δi, must be calculated:

θi =
Tti.Ri
TSL.RSL

, (4) δi =
pti
pSL

, (5)

with TSL, pSL and RSL the temperature, pressure
and dry air gas constant at sea level ISA conditions.

Then, corrected mass flow rates ṁi,corr and cor-
rected relative spool speed, Nx, (for a component
x) are given by

ṁi,corr = ṁi.
√
θi/δi, (6)

Nx = NL(H).

√
θi,R
θi

. (7)

In the present work, component maps available
with [7] are used, requiring a simple scaling process
for design point matching.

Figure 2: High-pressure compressor unscaled map.
Based on data from [7].

With calculated corrected mass flow rates and
relative spool speeds, a multi-variable Newton-
Raphson iterative method, with 7 iteration vari-
ables (Table 3) for 7 iteration errors, is considered.
As in [7], work and flow compatibility is assumed, as
well as fixed convergent nozzles cross section areas.
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Ultimately, desired outputs such as SFC or new
values of B or Tt4, for example, can be computed
for a given set of user inputs.

3.3. Transient Model

In the present work, the transient modelling com-
pletes the thermodynamic implementation of the
turbofan. With this model, and taking into account
the main goal of this work, it is important to verify
if alternative fuel burning may induce engine tran-
sient response delays, compromising flight safety.

As for the off-design model, with an accurate val-
idation of the model in mind, the work of Kurzke
[7] is followed. The transient model shall enable
acceleration and deceleration operating conditions.

The user must define the time-dependent, t, de-
mands, which can be a direct fuel mass flow rate
injection, ṁf,demand(t), a power setting, Pdemand(t)
in %, or total thrust, Fdemand(t), demands, as in Ta-
ble 4. It becomes relevant to highlight that in the
present model, power setting is directly related to
the low-pressure relative spool speed, NL,demand(t).

For power setting or thrust demand, a conven-
tional PID (Proportional-Integral-Derivative) con-
troller is used, so that knowing computed values of
NL(t) or F (t) and correspondent demanded values,
NL,demand(t) or Fdemand(t), an increase or decrease
in fuel mass flow rate input is calculated.

User inputs

Initial Conditions
(Off-Design)

H, M0

NL, NH or Tt4

Transient inputs

ṁf,demand(t)

Pdemand(t)

Fdemand(t)

Iteration Variables

βLPC , βHPC , βHPT , βLPT , B, Tt4

Table 4: Transient user inputs and iteration vari-
ables.

In short, the main difference between tran-
sient and steady-state simulations, is the fact that
for transient calculations, differences between the
power required for compression and the turbine
power generated, will lead to a spool acceleration
or deceleration. For the present case, high-pressure
and low-pressure spool speed accelerations, dNH/dt
and dNL/dt respectively, in RPM/s, are given by

dNH
dt

=

(
60
2π

)2
.(ẆHPT − ẆHPC)

IH .NH,abs
, (8)

dNL
dt

=

(
60
2π

)2
.(ẆLPT − ẆLPC − Ẇfan)

IL.NL,abs
, (9)

with Ẇx given in power units W (with x defining
a component) and IH and IL, the spools moment
of inertia, in kg.m2. The turbine power available
takes into account the spool mechanical efficiency.

With computed spool accelerations, new values of
spool speeds for the next simulation time are com-
puted. In the present work, an explicit integration
method is considered, for simplicity of numerical
implementation.

For each transient simulation time, a numeri-
cal procedure similar to the one followed in the
off-design model is implemented. Here, a multi-
variable Newton-Raphson iterative method with 6
iteration variables (Table 4) for 6 iteration errors
is considered. Flow compatibility, fixed convergent
nozzles cross section areas and a fuel mass flow rate
input are assumed. Output parameters calculated
(same as in off-design) are then presented as a func-
tion of time, t.

3.4. Pollutant Emissions Model
Based on [4], emissions of oxides of nitrogen, NOx,
carbon monoxides, CO, unburned hydrocarbons,
UHC, and soot (smoke) are analysed. NOx, CO
and UHC pollutant emissions are quantified by the
respective emission index, EI in g of emitted sub-
stance/kg of fuel and soot exhaust concentration,
S, in mg of emitted substance/kg of exhaust gas:

EINOx =
1.5× 1015.

√
τ − 0.5τe.e

−71000
Tst

p0.05
t3 .

√
∆pt3
pt3

, (10)

EICO =
1.8× 108.e

7800
Tpz

p2
t3.
√

∆pt3
pt3

.(τ − 0.4τe)
, (11)

EIUHC =
7.6× 1010.e

9756
Tpz

p2.3
t3 .
(

∆pt3
pt3

)0.6

.(τ − 0.35τe)0.1

, (12)

S = 0.0145×
fpz.

(
pt3

1000

)2
qpz.ṁ3.Tpz

× (18−H%)1.5

×
(

1− 0.00515
e0.001Tsz

fsz

)
,

(13)

with pt3 and ∆pt3 = pt3−pt4 in Pa, ṁ3 in kg/s and
the hydrogen content, H%, in weight %.

Temperatures Tst and Tpz, in K, are to be cal-
culated with the flame temperature model, for sto-
ichiometric, fst, and primary zone, fpz, fuel-air ra-
tios, respectively. The secondary zone temperature,
Tsz, is, as an approximation, obtained as an average
value between Tpz and Tt4, weighted by air fractions
(qpz and qsz).
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Since actual combustion evaporation times, τe,
given in s, are highly dependent on an accurate
initial drop diameter calculation, its computation
will be performed from a minimum value of zero
(infinitely fast evaporation) to the combustion res-
idence time, τ , given in s. The evaporation time
required for Jet A-1 evaporation, τe,ref , will be var-
ied assuming full evaporation in the primary zone,
for a fixed selected residence time, τref . Each value
of reference residence and evaporation time is then
compared to what would be obtained for a different
fuel with equations 14 and 15, respectively:

τ = τref .
pt3.ṁ3,ref .Tpz,ref
pt3,ref .ṁ3.Tpz

, (14)

τe = τe,ref .

(
D0

D0,ref

)2

.

(
λref
λ

)
. (15)

With this approach, a range of results will be ob-
tained for the condition that both analyses (Jet A-1
and an alternative fuel emissions with evaporation
time) are conducted considering complete fuel evap-
oration in the primary zone for both fuels (τe < τ
and τe,ref < τref ). Then, differences in NOx, CO
and UHC pollutant emissions, relative to those ob-
tained with Jet A-1, will be computed with average,
maximum and minimum estimations.

4. Results

In the present work, the design point flight condi-
tion considered is the Top of Climb, defined by a
flight Mach number of M0,R = 0.8 and altitude of
HR = 10668 m. It is considered that, in the design
point, the relative spool speeds are equal to 1 and
engine component auxiliary coordinates, βR, equal
to 0.5.

In the design point selection, it is considered
an engine with Tt4,R = 1550 K, πfan,R = 1.7,
πLPC,R = 2, πHPC,R = 6, BR = 5.7 and ṁR = 100
kg/s. Remaining parameters such as component ef-
ficiencies and pressures losses (Table 2) are defined
by a Level of Technology 3 [6]. Additionally, mostly
for pollutant emissions calculations, design combus-
tion chamber parameters were selected, with Tf =
298.15 K, qpz = 0.35 and qsz = 0.6. For off-design
and transient calculations, design point absolute
spool speeds are also defined with NH,R,abs = 13500
RPM and NL,R,abs = 10000 RPM. Exclusively for
transient calculations, spools polar moments of in-
ertia are also required, being selected IL = 2 kg.m2

and IH = 3 kg.m2.

For different fuel burning analysis, different flight
conditions of interest were then defined:

• Take-Off (TO): H = 0 m, M0 = 0
and NL = 1.05 (P = 100%).
• Top of Climb (TOC): H = 10668 m, M0 = 0.8

and NL = 1 (P ≈ 91%).

• Cruise: H = 10668 m, M0 = 0.8
and NL = 0.95 (P ≈ 82%).
• Low Power: H = 10668 m, M0 = 0.8

and NL = 0.83 (P = 60%).
• Ground Idle: H = 0 m, M0 = 0

and NL = 0.555 (P = 10%).

4.1. Model Validations

In order to verify the accuracy of the present model
results, performance results for design point, off-
design and transient simulations were compared
with [7] performance results. Several parameters
were considered for the validation process, with cal-
culation of SFC and Ψ (specific thrust) for all mod-
els (and f for design point) and of relative spool
speeds (NL and NH), Tt4 and B for off-design and
transient models.

The design point validation process was based on
a parametric analysis with variation of design in-
puts such as the Tt4,R, πHPC,R, M0,R and BR. In
a similar way, a parametric analysis of NH , Tt4 and
flight conditions M0 and H is followed with the off-
design model. The transient model validation is
performed with selected time-dependent inputs of
fuel mass flow rate (ṁf,demand(t)) and power set-
ting demand (and then of NL,demand(t)).

Excellent agreement was verified when compared
with GasTurb 12 [7] results for all models. With
average relative errors not greater than 0.2% for
design point validations and not greater than 0.6%
for off-design computations. In transient calcula-
tions, the highest average relative error was verified
for SFC calculation (for ṁf,demand(t) deceleration
simulation) with a respective value of 0.96%. Given
the validation results obtained, the validity of the
present model for performance calculations is con-
firmed. In Figures 3, 4 and 5, some validation ex-
amples are given for design point, off-design and
transient SFC calculations, respectively.

Figure 3: Design point validation of specific fuel
consumption, SFC, with bypass ratio, B.
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Figure 4: Off-design validation of specific fuel con-
sumption, SFC, for given high-pressure relative
spool speed, NH .

Figure 5: Transient validation of specific fuel con-
sumption, SFC, with time, t, for ṁf,demand(t) in-
put (deceleration).

4.2. Off-Design Performance Results

Taking advantage of the off-design model imple-
mented, TO, TOC, Cruise and Low Power oper-
ating conditions were analysed. It was then verified
that parameters such as Tt4, B and NH are some-
what independent of the fuel burned. As expected,
the most influenced performance parameters by fuel
properties are the fuel mass flow rate, ṁf , and in a
less extent the total thrust, F . Therefore, an anal-
ysis of the specific fuel consumption, SFC, is of
significant relevance.

In Figures 6 and 7, the relative differences of
specific fuel consumption for a certain fuel burning
compared with Jet A-1, ∆SFC in %, are presented.

With this results, given that all alternative fuels
present slightly higher values of net heat of com-
bustion (up to 2.5% increase) compared with Jet
A-1, fuels presenting worst atomization and evapo-
ration qualities (higher viscosities, surface tensions
and normal boiling points, mostly) with decrease

Figure 6: Summary of ∆SFC for Take-Off and Top
of Climb operating conditions.

Figure 7: Summary of ∆SFC for Cruise and Low
Power flight conditions.

of power setting (increase in combustion chamber
loading) the combustion efficiency will decrease, un-
til a point when a worse engine performance is ver-
ified. This result is clearly verified for fuels such as
SIP, HDO-SK and Green Diesel. In general, alter-
native fuels may improve the engine performance in
up to, approximately, 4% decreases in SFC.

Climbing at constant speed andNL = 1 and TOC
operation with varying Mach number were also sim-
ulated. The results obtained further confirmed the
influence of the atomization and evaporation qual-
ity with the combustion chamber loading.

It was also possible to verify the performance re-
sults obtained for the maximum blending ratios,
with Jet A-1, approved (referred to in section 1).
For the cases of ATJ-SKA, CH and HDO-SK a
maximum of 50% blending ratio was considered and
Green Diesel with a ratio of 10% (based on SIP’s
ASTM approval). This approach confirmed that
even with fuel blending, the specific fuel consump-
tion can be decrease in up to 1.5%, for fuels such as
GTL and HEFA Camelina (in this study).
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4.3. Transient Performance Results

The transient simulations computed in the present
work were defined through different types of in-
put demands. From TOC initial condition, a fuel
mass flow rate of 0.3 kg/s was demanded through a
step input (deceleration). Then, considering power
setting demand, from TOC conditions, a step de-
crease in power setting was demanded to a value
of P = 75% (deceleration). For an acceleration re-
sponse simulation, a demand of total thrust was
simulated, from an initial thrust demand of 10.5
kN to 15 kN and Low Power initial flight condi-
tions. For both power and thrust demand simula-
tions, a proportional controller was used with gains
of CP = 0.1 and CP = 0.02, respectively.

All transient simulations referred showcased neg-
ligible dynamic response differences, that is, delays
and advances in responses of around 0.1 s were ver-
ified (which was the time step used).

However, through a simplified simulation of a
fuel mass flow rate (corrected with pressure) con-
trol limit, the same acceleration simulation was per-
formed (with thrust demand). As presented in Fig-
ure 8, alternative fuels presenting worse specific fuel
consumption may delay the acceleration in approx-
imately 2.7 s and 1.8 s (to reach demanded value)
for Green Diesel and HDO-SK, respectively. Tak-
ing into account the time interval of thrust demand
(15 s), these delays correspond to 18% and 12%,
respectively, of the total simulation interval.

Figure 8: Total thrust, F , with elapsed time (accel-
eration), for fuel mass flow rate control.

4.4. Pollutant Emissions Results

For pollutant emissions results, TO, TOC, Cruise
and Idle conditions are analysed. With the incorpo-
ration of the pollutant emissions model, NOx, CO,
UHC and soot emissions are computed with equa-
tions 10, 11, 12 and 13, respectively.

NOx and soot pollutant emissions increase with
power setting and CO and UHC increase with de-

crease in power setting. In Figure 9 and Figure 10,
NOx and soot, respectively, pollutant emissions rel-
ative to those obtained with Jet A-1, ∆EINOx

and
∆S in %, respectively, are presented for TO con-
dition. In Figure 11 and Figure 12, CO and UHC
pollutant emissions, respectively, relative to those
obtained with Jet A-1, ∆EICO and ∆EIUHC in
%, respectively, are presented for the Idle operating
condition.

Figure 9: ∆EINOx for Take-Off operating condi-
tion.

Figure 10: ∆S for Take-Off operating condition.

Figure 11: ∆EICO for Idle operating condition.

In Figures 9, 11 and 12, different markers are
defined based on emissions dependence on evapo-
ration. In cases where an ”x” is plotted, with in-
crease in evaporation time required (or decrease in
combustion residence time) an increase in relative
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Figure 12: ∆EIUHC for Idle operating condition.

pollutant emissions is verified, when compared to
Jet A-1. For a circle marker, ”o”, the opposite oc-
curs.

Through the analysis of computed NOx pollutant
emissions it is possible to verify that the burning of
most alternative fuels may provide a significant de-
crease in NOx emissions (more than 10% decrease).

Relative differences in CO pollutant emissions re-
sults showcase a higher dependence on fuel evap-
oration (and atomization). Therefore, it becomes
relevant to analyse the tendency of CO emissions
towards NOx quantitative reduction. In fact, for
a decrease in residence time (increase in evapora-
tion time required), it is possible to verify that fuels
with better atomization and evaporations qualities,
such as FT-SPK, HEFA Camelina, ATJ-SKA and
CH, will typically cause a reduction in CO pollutant
emissions.

Relative differences in UHC pollutant emissions
results, in turn, are only slightly dependent on the
evaporation of the fuel droplet, with biggest influ-
ence arising from the fuel-air ratio employed in the
primary zone. It follows that, considering if the
fuel-air mixture in the primary zone is rich or lean,
higher fuel-air ratios will typically decrease or in-
crease the flame temperature, respectively. Which
will mostly influence UHC emissions, where, as with
CO, higher temperatures are preferred (the oppo-
site occurring for NOx emissions).

Although soot pollutant emissions calculations
were based on a simple correlation and major sim-
plifications were assumed (e.g. secondary zone pa-
rameters), the results obtained clearly state that,
with most alternative fuels, a reduction in soot
(smoke) will be possible (more than 50% reduction
possible for TO). This result is mostly influenced
by the fuel composition, where the lack of aromat-
ics content is usually associated with a decrease in
soot emissions [3].

With the present work, the influence of pollutant
emissions differences with power setting was also
verified. While NOx emissions are not much in-
fluenced by power setting, but mainly by stoichio-

metric flame temperature differences, CO and UHC
emission differences are significantly influenced by
power setting. As previously stated, this will ulti-
mately be related with fuel-air ratio changes, where
typically in high power operating conditions (and if
primary zone is rich), with improvements in SFC,
CO and UHC emissions increase and the opposite
otherwise. Soot pollutant emissions showcase bet-
ter results with decrease in power setting, with in-
fluence of power setting highlighted in changes of
fuel-air ratios and consequently on flame tempera-
tures.

It should also be highlighted that, with a pollu-
tant analysis for blending of fuels (as in subsection
4.2), good results in respect to NOx and soot emis-
sions, mainly, are obtained for most eligible drop-in
fuels. As expected, all pollutant emissions devia-
tions are decreased (with increase in Jet A-1 con-
tent), with a NOx decrease in the order of 5% and
soot in the order of 20%, for cruise conditions and
most fuels.

Based on the pollutant results obtained with the
present model, a comparison with selected liter-
ature results was followed, showing good overall
agreement.

5. Conclusions

In order to evaluate the performance and environ-
mental impact of alternative jet fuel burning, a
simple aero-engine turbofan 0-D model was imple-
mented. Enabling the study of different operating
conditions, a design and off-design model was de-
veloped, along with a transient model.

The implemented models and results obtained
were validated (based on literature or on GasTurb
12 performance results), showcasing an overall good
agreement.

From the analysis of the performance results ob-
tained in the present work, it is possible to con-
clude that most of the alternative fuels considered
may improve the engine performance (specific fuel
consumption) when compared with conventional jet
fuel burning. In this regard, the net heat of com-
bustion of the fuel plays a major part as well as the
atomization and evaporation quality, with influence
mainly visible with variation of power setting. In
an overall perspective, fuels that may be viewed as
better options (thermodynamically) compared with
Jet A-1 are FT-SPK, HEFA-SPK, ATJ-SPK, ATJ-
SKA and CH fuels. It should be noted as well that,
a decrease in fuel consumption results in a decrease
in greenhouse gases emissions such as CO2 and H2O
(products of complete combustion).

Although small discrepancies were verified in all
transient simulations performed, considering fuel
mass flow control, fuel impact on transient response
is evidenced. In fact, as previously referred, fu-
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els such as HDO-SK or Green Diesel may require
a significant additional time to achieve demanded
operating conditions, which may compromise flight
safety.

In an environmental analysis, through NOx, CO,
UHC and soot pollutant emissions estimations from
empirical correlations (Rizk & Mongia, 1994), it
was possible to conclude that alternative fuels prop-
erties will mostly influence soot emissions (despite
its high complexity). In fact, for all flight condi-
tions, typically, the burning of alternative fuels will
result in a decrease in soot emissions. This is mostly
associated with the lower aromatic content of the
alternative fuels considered.

For the case of NOx pollutant emissions, exclud-
ing fuels such as ATJ-SKA and CH, overall good
results, with decrease in pollutant emissions is veri-
fied. These results are mostly a function of the dif-
ferences in stoichiometric flame temperature. For
CO pollutant emissions, on the other hand, typi-
cally a result of incomplete combustion, an higher
atomization and evaporation dependence is verified.
One can conclude that with a decrease in com-
bustion residence time (ideal for NOx emissions),
most fuels, such as GTL and CTL, HEFA-SPK
(Camelina), ATJ-SKA and CH, may reduce con-
siderably CO pollutant emissions in a wide range
of flight conditions, due to faster evaporation. Fi-
nally, with UHC pollutant emissions calculations it
is possible to conclude that they are mostly influ-
enced by the fuel-air ratio employed, affecting the
flame temperature calculation (with lower temper-
atures preferred).

Fuels such as ATJ-SKA and CH, showcase similar
results and in some situations improved results in
comparison with Jet A-1, which is regarded as a
significant step towards neat alternative fuel wide-
scale use, substituting conventional kerosene.

With the present work, it is possible to conclude
that the combustion of most alternative fuels being
developed and already certified may ultimately re-
sult in an overall performance enhancement, with
an associated decrease in greenhouse gases emis-
sions, as well as a significant decrease of undesired
pollutant emissions (mostly soot), depending on the
operating condition. Acknowledging, in addition,
the associated better overall life cycle emissions
of CO2 for sustainable alternative fuels production
pathways, the sustainable future of the aviation in-
dustry is considered as secured and shall be only
dependent on the costs of fuels and support given
by policymakers towards the sustainable alternative
fuels pathway growth.
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