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A B S T R A C T   

With an expected global revenue exceeding 1 trillion USD by 2040, the space industry is one of the world’s 
fastest-growing sectors. Given the booming investment in the space industry and the anticipated space tourism 
era, it is crucial to assess the impact of already operative launch assets as well as to adopt design-to-sustainability 
strategies for the under-development and future launchers. This paper discloses an integrated methodology to 
estimate nitrogen oxides emissions of a hydrogen-fuelled air-breathing concept. The proposed strategy combines 
multi-fidelity propulsive system modelling with 0D chemical-kinetic air/hydrogen combustion numerical sim
ulations to define a high-fidelity emissive database representative of various on-ground and in-flight operative 
conditions. The propulsive and emissive databases are then used to suggest an analytical formulation able to 
predict nitrogen oxides emission indices in any in-flight conditions, perfectly fitting the conceptual design needs. 
Throughout the paper, the Skylon spaceplane and its Synergetic Air Breathing Rocket Engine are used as case 
study. The methodology disclosed allows proving the high competitiveness of this air-breathing space launchers 
with respect to famous past and current competitors, as the Space Shuttle and the Falcon 9.   

1. Introduction 

With an expected global revenue exceeding 1 trillion USD by 2040 
[1,2] the space industry is one of the world’s fastest-growing sectors. 
Given the booming investment in the space industry and the anticipated 
space tourism era, it is crucial to assess the impact of already operative 
launch assets as well as to adopt design-to-sustainability strategies for 
the under-development and future launchers [3]. Space technologies are 
valuable assets for environmental protection and can support the United 
Nation’s (UN) Sustainable Development Goals (SDG) on Earth, but these 
technologies do also have environmental impacts. Recent policy has 
focused on space debris, the in-space pollution that satellites, launchers 
and space systems produce in orbit. While orbital debris may well be 
viewed as the most consequential threat from current space activities, 
the appropriate scope to understand the full environmental cost of the 
expanding space industry shall also encompass ground and atmospheric 
consequences [4]. While the scientific understanding is limited, studies 
suggest that the impact of rocket emissions will continue growing with 
increased launches and may reach unsustainable levels [3]. Nowadays, 
the contribution of space launch activities to the radiative factor (RF) 
equals 16 ± 8 mW m− 2 [5]. Traditional launchers consume ~ 4 • 104 t 

of propellant [5] annually versus 2 • 108 t of kerosene for the aviation 
sector. Therefore, burning ~0.01 % of the fuel (or propellant) that 
global aviation consumes, rockets are considered small contributors to 
the environmental impact of the transportation sector. However, 
depending on the chemical composition of the propellant used, rocket 
engines can emit up to more than a hundred times more soot than 
modern turbine engines, on an emission index (EI) basis [6]. Moreover, 
subsonic aircraft release most of their exhaust into the upper tropo
sphere, where the lifetime of the different species varies from days to 
several months [7,8], whilst rockets mostly entirely emit exhaust above 
the tropopause, where the lifetime of combustion products is of 3–5 
years [9], with a serious potential risk of particles accumulation [10,11]. 

Complementary, the fast-growing request to access to space is 
pushing the research activities of the aerospace sector to develop 
breakthrough technologies and innovative products capable to meet 
design-to-sustainability strategies. Within this context, reusable access 
to space vehicles are gaining more and more attention. Among those 
systems, spaceplanes take-off and land horizontally, thus combining lift 
and thrust forces and exploiting existing airport infrastructures. Space
planes employ air-breathing engines up to the stratosphere and, then, 
rocket engines to reach the target orbit. The latest evolutions of multi
disciplinary design approaches combined with agile design 
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methodologies and the recent advancements in computational resources 
have already reduced the time for the conceptual design of these very 
complex aerospace systems. However, it is only by implementing a 
complete holistic design framework that engineers can dramatically 
reduce the risk of developing unsuccessful products, checking the sus
tainability of the concept (from the economic [12], technological [13] 
and environmental perspectives) since the conceptual design stage. In 
fact, the methodology shall be able to properly capture the various 
design factors that directly affect the amount, the type, and the effect of 
the released exhausts, including the class of launcher, the type of pro
pellant, the specific propulsive technology, as well as peculiar aspects of 
the concept of operations such as mission profile and staging strategy, 
etc. 

In this complex and very challenging scenario, this paper aims at 
suggesting how to anticipate pollutant and Green House Gases (GHG) 
emissions prediction for reusable access to space vehicle since the con
ceptual design phase, specifically focusing on nitrogen oxides emissions. 
To unlock the possibility to anticipate the environmental sustainability 
assessment, the authors couple simplified but accurate propulsive sys
tems models with 0D chemical-kinetic combustion models (see Fig. 1). 
Obviously, to make these models useful for the conceptual design stage, 

they shall require a minimum set of input data (in line with the infor
mation usually available at this stage) and minimal computational re
sources (to be compatible with the fast design loops). Moreover, they 
shall be highly reliable (to support decisions with very high committed 
costs). 

The paper starts from reporting on the state of the art in emissions 
modelling for aerospace applications (Section 2). Here, an analytical 
model, originally developed for the aeronautical sector is selected as the 
most promising baseline to be further upgraded and extended, thus 
guaranteeing the applicability to future reusable access to space vehi
cles. To achieve this goal, a step-by-step methodology is disclosed 
(Section 4) and the Skylon launcher with its SABRE engine (Section 3) is 
used as case study throughout the paper. The suggested methodology is 
one of the innovative elements of this paper: it consists of three main 
steps: the definition of a multi-fidelity propulsive model and the 
consequent definition of a propulsive database (Section 4.1), the 
development of a 0D chemical-kinetic combustion model and the 
consequent development of a high-fidelity chemical emission database 
(Section 4.2) and the exploitation of the propulsive and emissive data
bases for the development of a new analytical formulation for NOx 
prediction in conceptual design (Section 4.3). The application of the 

Nomenclature 

P3 Pressure at the inlet of the combustion chamber 
T3 Temperature at the inlet of the combustion chamber 
H Air humidity factor 

Acronyms/Abbreviations 
Al2O3 Aluminum Oxide 
BC Black Carbon 
CC Combustion Chamber 
Clx Chlorine 
CO Carbon monoxide 
CO2 Carbon dioxide 
EDB Emission DataBase 
EI Emission Index 
FAA Federal Aviation Administration 
FAR Fuel to Air Ratio 

FL Flight Level 
GHG GreenHouse Gases 
H2O Water Vapour 
H2–P3T3 Hydrogen and High-speed P3T3 formulation 
HX Heat Exchanger 
ICAO International Civil Aviation Organization 
LEO Low Earth Orbits 
NOx Nitrogen Oxides 
PB Preburner 
REL Reaction Engines Limited 
SABRE Synergetic Air Breathing Rocket Engine 
SDG Sustainable Development Goals 
SL Sea level 
UN United Nation 
USD United States Dollars  

Fig. 1. Reusable Launcher holistic design approach.  
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entire methodology flow to the Skylon vehicle (in Section 5) reveals the 
uttermost advantage in terms of environmental impact of this reusable 
launcher solution with respect to conventional expendable launchers 
(Section 5). 

Eventually, to better guide the reader through this paper, it might be 
worth briefly highlighting the main innovative aspects of each of the 
following sections.  

• Section 2: for the first time, a comprehensive review discusses the 
applicability of the existing emission modelling techniques to space 
launchers. The lack of existence of a quick but reliable estimate of 
chemical emissions of space launchers during its atmospheric ascent 
urges the exploitation of high-fidelity data to build semiempirical 
models and new analytical formulations.  

• Section 3: the SABRE engine selected as case-study perfectly shows 
the high-level of complexity of the propulsive system of a future 
space launcher.  

• Section 4: the methodology contains several elements of innovation: 
(i) the methodology implements a multi-fidelity approach to 
generate the emission dataset necessary to develop the new analyt
ical correlation; (ii) a complete thermodynamic model of the SABRE 
engine in its air-breathing mode of operation is disclosed; (iii) for the 
first time, 0D chemical-kinetic investigations of the SABRE engine 
are reported for the entire range of Mach numbers (up to Mach 5) 
experienced by the vehicle in its atmospheric ascent; (iv) the 
H2–P3T3, the Hydrogen and High-speed P3T3 formulation is dis
closed, making the method applicable, for the first time, to high- 
speed vehicles using hydrogen as fuel.  

• Section 5: the developed methodology and the newly disclosed 
formulation allows comparing, for the first time, already existing 
launchers and future reusable launchers in terms of chemical emis
sions during the atmospheric phase, revealing the uttermost advan
tage in terms of environmental impact of the future reusable 
launcher solution. 

2. State of the art in emissions modelling for aerospace 
applications 

When it comes to environmental impact, the aviation sector is 
considered a hard-to-abate sector, together with the maritime transport 
sector and several industrial activities, including steel and cement pro
duction. Thus, in the last decade, there has been a booming investment 
from the public and private sectors in funding fundamental research, 
technology development, and proof-of-concepts to envisage a greener 
future for the next generation of aircraft. A different scenario can be 
depicted for space activities, where the attention has been focused on 
reducing the space-debris problem at first, and only very recently, the 
sustainability of the launch sector has emerged. Therefore, the literature 
reports still very few attemptsto estimate chemical emissions for space 
launchers. In Ref. [14], the licensing of new space launchers is 
addressed. The Federal Aviation Administration (FAA) requires all new 
launch vehicles and spaceports to acquire operator licenses. This 
licensing process imposed by the Federal Aviation Administration (FAA) 
involves an environmental review to assess the potential impacts of 
rocket emissions. However, no standard procedure for estimating rocket 
emissions currently exists and the authors generate a database of 
emissions indices using a NASA-developed software compared with 
previous estimates. The most detailed emissions results that are publicly 
available in the literature refer to the Space Shuttle and other historical 
NASA launch vehicles [15–24]. Although these set of data is not repre
sentative of the state-of-the-art propulsive technologies, they can be 
very useful as a base for the development of semi-empirical models able 
to capture the differences due to the type of propellant. Conversely, 
looking at the most recent progresses, Larson et al. [25] performed a 
unique study to estimate the global atmospheric response to emissions of 
reusable access to space vehicles, namely, the Skylon vehicle. However, 

the NOx estimation model used in this publication is purely based on a 
stochiometric reaction, neglecting initialization, branching, chain 
propagation, and termination mechanisms which have been experi
mentally demonstrated to be highly important for the correct prediction 
of NOx formation in the H2-air combustion process [26]. In this context, 
the present paper discloses new analytical formulations able to support 
the NOx prediction of future space launchers with a more robust and 
reliable emission database. A 0D chemical-kinetic model has been set up 
and used (Section 4.2) to correctly simulate the hydrogen combustion 
mechanism and, finally, build a reliable emission database. 

Widening the scope of the literature review to the aviation sector, a 
few examples of analytical formulation for NOx prediction are found. 
According to Ref. [27], techniques to assess NOx can be classified in a 
systematic way as 1) correlation-based models, 2) the P3-T3 method, 3) 
fuel flow models, 4) simplified physics-based models, and 5) 
high-fidelity simulations. Of the simple prediction methods, the most 
dependable and widely used is the P3-T3 method, where the Emission 
Index (EI) measured at ground level is corrected to the actual in-flight 
conditions at altitude by using both altitude ground-level combustor 
operating environments. It is worth remembering that the original P3-T3 
method is applicable to turbofan engines using traditional jet-fuels 
(kerosene-based) only. In detail, the estimation methodology is orga
nized according to the following steps (summarized in Fig. 2).  

1) the sea-level combustor inlet conditions in terms of pressure (P3SL), 
temperature (T3) and fuel-to-air ratio (FARSL) corresponding to the 
four throttle settings prescribed in Ref. [28] shall be estimated or 
retrieved from engine manufacturer’s proprietary information. 
Complementary, NOx emission indexes at sea-level condition 
(EINOxSL) are retrieved from the ICAO Aircraft Engine Emissions 
Databank. P3SL, FARSL and EINOSL are plotted against T3 value cor
responding to the four throttle settings.  

2) In-flight combustor inlet conditions (P3FL, T3FL, FARFL) are usually 
retrieved from manufacturer proprietary data or in case of data un
availability, they can be estimated thanks to accurate and high- 
fidelity propulsive models.  

3) Starting from the in-flight combustor inlet conditions (P3FL, T3FL), the 
values of P3SL, FARSL and EINOSL, corresponding to combustor inlet 
temperature at altitude are obtained from the previously mentioned 
plots.  

4) EINOxFL can be determined by using corrective factors accounting for 
the differences between sea-level and in-flight altitude conditions, 
according to the following formulation: 

EINOxFL =EINOxSL

(
P3FL

P3SL

)n(FARFL

FARSL

)m

eH (1)  

Where H is the relative humidity corrective factor [27]. In Ref. [27], it is 
observed that pressure exponent n of 0.4 and FAR exponent m of zero are 
the most suitable in case the engine-specific exponents are not known. It 
is therefore evident that the most impacting parameter on NOx pro
duction appears to be the pressure at the beginning of the combustion 
process, while the fuel-to-air ratio can be neglected. 

However, the direct application of this method to the airbreathing 
engines of a future reusable launcher (as the SABRE mounted on the 
Skylon) is hampered by the following main reasons.  

• The unavailability of data from the ICAO aircraft engine emissions 
databank for under-development or future engines. In this paper, the 
authors tackle this issue by coupling the propulsive thermodynamic 
model of the new engine (i.e. SABRE) with a set of 0D chemical- 
kinetic simulations. This allows to model and simulate sea-level 
conditions of the combustor to obtain the set of EINOSL.  

• The demonstrated validity of the model for subsonic engines using 
conventional fuels. In this paper, the authors tackle this issue by 
exploiting the results of the 0D chemical-kinetic simulations to 
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upgrade the analytical formulation (Eq. (1)), thus extending its 
applicability to hydrogen-fuelled engines able to operate from the 
subsonic speed regime to the supersonic and hypersonic ones. 

3. The Skylon project and its SABRE engine 

A spaceplane concept operating an air-breathing engine during the 
initial part of the ascent benefits from a reduction of propellant con
sumption, thus showing increased mission performance, mainly in terms 
of payload mass or delivery altitude. According to Ref. [29], since the 
advent of high-speed propulsion technology, various combined-cycle 
engines with dual-mode operations have been proposed to support 
future spaceplanes missions. An example is the ATREX engine specif
ically developed to support the initial air-breathing acceleration phase 
[29–31] of future air-breathing launchers A different approach has been 
followed by Reaction Engines Limited (REL), whose Skylon spaceplane 
combines the advantages of an initial air-breathing phase followed by a 
final rocket phase, integrated in a single engine, namely the SABRE [32, 
33,34], Synergetic Air Breathing Rocket Engine. The Skylon concept is a 
reusable single-stage launcher to orbit of about 325 t, able to take-off 
horizontally from an airport runway, exploiting two SABRE in air
breathing mode up to 25 km, and then, thanks to the same engines 
operating in rocket mode, it can reach Low Earth Orbits (LEO) to deliver 
up to 15 t of payload. Finally, the SABRE in air-breathing mode can be 
exploited again at the end of the mission to complete a runway landing. 

Looking at the cutaway reported in Fig. 3, when the SABRE operates 
in air-breathing mode, the atmospheric air is compressed and injected 
into the thrust chamber. As the high-speed flight (up to Mach 5 at 25 km 
of altitude) generates very high intake recovery temperatures (about 
1400 K at Mach 5), the air-compressor inlet temperature has to be 
decreased by means of a pre-cooler (Heat Exchanger HX1 and HX2), 
which is considered a key-enabling technology of this engine. It is made 
up of a brazed microchannel built-in Inconel 718, through which the 
helium flows and cools down 400 kg/s of air of more than 1000 K [35]. 
The picked-up heat is used to drive the air turbo compressor by means of 
an intermediate cycle that exploits the helium flowing between the 
precooler and the cryogenic hydrogen feedline. The thermal power 
input through the precooler thus not suffice the combustor re
quirements, thus the combustion process is split into two main sections: 
a preburner (PB) that provides the additional heat power required and a 
thrust chamber. A reheater (HX3) heats up the helium stream benefitting 
of the PB exhausts, which, oxygen rich, are eventually burnt in the main 

thrust chamber. The He stream that exhausts the turbine is further 
cooled down through the regenerator (HX4) and then re-compressed 
with the circulator to supply the pre-cooler. The hot stream of 
hydrogen which leaves the regenerator drives the liquid hydrogen pump 
and the circulator. Moreover, it is worth noticing that to deal with high 
Mach numbers, the excess of air captured by the air intake with respect 
to the compressor demand is diverted towards a spillage duct and burnt 
with hydrogen in dedicated by-pass ramjet burners. The air-breathing 
regime extends from take-off to flight at Mach 5 and 25 km of alti
tude, a regime at which SABRE transitions to rocket mode for further 
acceleration to orbital speeds. During rocket operation, the intake is 
closed, the precooler shuts down and the preburner is the sole power 
input of the cycle. The onboard oxygen replaces the atmospheric 
air-supply and the helium stream drives the liquid oxygen turbopump 
instead of the air turbo-compressor. 

4. Methodology 

The main objective of this paper is to disclose an ad-hoc developed 
analytical formulation, namely H2–P3T3, able to anticipate the envi
ronmental sustainability assessment of a reusable launcher at the very 
beginning of the design process. As highlighted in Fig. 1 and summarized 
in Section 1, to achieve this goal and to allow for the application of the 
P3-T3 method, it is essential to develop parametric propulsive and 
emission models able to capture the peculiarities of reusable launchers 
in a simple and reliable way. Specifically, in order to better fit the 
conceptual design stage, thus avoiding the need for high-fidelity nu
merical simulations, the propulsive model is developed following an 
analytical approach. In detail, combining a parametric cycle analysis 
with a performance cycle analysis, the model is able to generate a pre
liminary propulsive database collecting the variation of thrust, specific 
fuel consumption, fuel-to-air ratios, temperature and pressure condi
tions at the entrance of the combustion chamber throughout the refer
ence mission. This set of data is essential to feed the emission model 
which makes use of analytical formulations to predict the emission in
dexes for the most important pollutant and GHG species, contributing to 
the build-up of the first Emission DataBase (EDB). Then, thanks to the 
connection with the mission profile, an emission inventory can be 
compiled. 

In the next subsections, details on both the propulsive system model 
and the emission model are reported together with the details of the 
application of the methodology to the SABRE engine. 

4.1. Propulsive system modelling 

As graphically depicted in Fig. 4, the propulsive system design and 
performance model directly follows a first design loop at the vehicle and 
mission level aimed at defining a first minimum set of requirements 
(mainly, functional, configurational, performance and mission re
quirements). Specifically, the subset of requirements allocated onto the 
propulsive system shall guide the very first step of this approach, which 
consists of the identification of the main constituent components of the 
engine. Once the basic “bricks” are identified, two main activities can be 
run in parallel: on the one hand, it is possible to consider each 

Fig. 2. Original P3T3 workflow.  

Fig. 3. Synergetic Air Breathing Rocket Engine cutaway. Readapted from [36].  
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Fig. 4. Propulsive system modelling activity flow.  
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component as black box, mainly focusing on the input/output variables 
per each of them; on the other hand, the set of identified engine com
ponents can be combined in several different ways to better mimic the 
desired engine architecture. This last step is crucial to anticipate pro
pulsion system design and performance modelling at the conceptual 
design stage. In fact, the possibility of dealing with multiple systems 
architectures gives the designers the opportunity of implementing a sort 
of multi-fidelity approach, representing the same engine with a combi
nation of components with increasing complexity. Once the input/ 
output variables have been identified, it is necessary to describe each 
“black box” with its set of governing equations, to eventually enable the 
core analyses of this model: the parametric cycle analysis and the per
formance cycle analysis. In line with [37], the main objective of para
metric cycle analysis is to obtain estimates of the performance 
parameters (primarily specific thrust and thrust specific fuel consump
tion) in terms of design limitations (such as maximum allowable turbine 
temperature and attainable component efficiencies), and design choices 
(such as compressor pressure ratio, fan pressure ratio, bypass ratio, and 
theta break) in specific flight conditions. The comparative simplicity of 
the aerothermodynamic analysis is achieved by treating each stream as 
one-dimensional flow of a perfect gas, by representing non-ideal 
component behaviour through realistic efficiencies. Then, the inclu
sion of non-ideal (or real) component behaviour to the degree desired 
leads to a close imitation of nature, even for very complex 
configurations. 

Performance analysis differs significantly from parametric analysis. 
In parametric (reference or design point) cycle analysis all design 
choices (including the flight conditions) are free to select by the 
designer, and the engine performance characteristics per unit mass flow 
are determined for each selected set of choices. In contrast, in perfor
mance cycle analysis the design choices have been made, and the per
formance of this specific reference point engine is needed at all possible 
operating conditions. The independent variables in performance anal
ysis are flight conditions, throttle settings, and nozzle settings. Once the 
engine is sized and the mass flow rate specified, performance analysis is 
employed to determine how a selected engine performs at all operating 
conditions within its flight envelope. 

At this point, it is important to highlight that reusable launchers 
projects may be characterised by unprecedented innovations from the 
propulsive system standpoint. In order to guarantee an adequate level of 
accuracy of the propulsive performance estimations, a model validation 
step is mandatory to properly tune the parameters of the governing 
equations and better represent the real engine behaviour since the 
conceptual design stage. To support this model validation and refine
ment activity, results of high-fidelity simulations or test campaigns can 
be directly exploited. Lastly, to meet their mission objectives, reusable 

launchers can be equipped with multiple propulsive subsystems or with 
a single one able to operate in different operating modes. Therefore, it is 
essential to build dedicated models per each of the expected operating 
modes of the system. 

4.1.1. Propulsive modelling of the SABRE engine 
Even if the rocket phase of the SABRE is obviously of extreme 

importance for the mission of Skylon, the main innovation of the pro
pulsive architecture resides in the air-breathing phase, which is then the 
most interesting here, while the rocket phase model will be briefly 
presented later in order to evaluate the overall environmental impact of 
the engine. Following the methodology reported in the previous sub- 
section, three different models have been developed with an 
increasing complexity approach, to ensure different alternatives that can 
be chosen based on the degree of maturity of the design. Only the most 
complete and reliable model is here reported, discussed and used in the 
following sections. 

Hereafter, the main simplifications of the developed mathematical 
model are reported.  

1) According to Ref. [29], the SABRE engine comprises 4 thrust 
chambers, 2 preburners-reheater units, 2 hydrogen turbopumps, 2 
regenerators and 2 He-circulators driven by a hydrogen turbine. This 
configuration allows the SABRE to operate as a single air-breathing 
engine with 4 thrust chambers and as 2 independent rocket en
gines. This suggests the possibility to simplify the engine propulsive 
model to ¼ of the real engine, by describing a single unit of each type 
(Fig. 5). In consequence, thrust and mass flow rates performance 
obtained with this model are representative of an ideal engine which 
is one-fourth of the full scale one for what concerns the air-breathing 
mode of operation. 

2) The air-intake is assumed to perform with nominal pressure recov
ery, perfectly matching the air-compressor demand throughout the 
air-breathing mission. Thus, the bypass ramjets are neglected. 

The main input data used to model and simulate the behaviour of the 
SABRE throughout its air-breathing mode (Fig. 6) is summarized in 
Table 1. Details on the air and hydrogen mass flow rates as well as of the 
pressure and temperature at the air-intake are reported in Fig. 7. 

The model has been validated by comparing the estimated thrust 
output with the available data from the literature [29]. As reported in 
Fig. 8, the results are in line with the expectations, with errors lower 
than 6 %. 

Fig. 5. One-fourth of the SABRE propulsive model.  
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4.2. Pollutant and GHG emissions modelling 

The second part of the methodology reported in this paper refers to 
the exploitation of the propulsive model outputs to set up 0D chemical- 
kinetic simulations to properly estimate nitrogen oxides emission 
indices (Fig. 9). This is necessary to build a consistent and reliable 
emissions database to be used as a basis in the third part of this work, to 
upgrade the analytical equations of the P3-T3 method. In detail, emis
sion indices were approximately estimated using a high-fidelity chemi
cal kinetic method, explained in more detail in Ref. [38], which, 
however, neglects the fluid-dynamic and turbulence-chemistry in
teractions actually occurring within the engine’s combustion chambers. 

Particularly, the mass fractions of the pollutant substances were 
evaluated through 0D simulations of closed, perfectly stirred, adiabatic 
batch reactors filled with reacting mixtures corresponding to the same 
inlet composition, temperature and pressure of several sea levels and 
flight Mach number conditions, previously determined for both the 
preburner and the combustion chamber stages. 

Cantera is an open-source software for zero-dimensional mathe
matical-chemical modelling, used in this work under Python interface 
[39]. It performs 0D time-dependent simulations of homogeneous, iso
choric and adiabatic batch reactors with premixed gaseous reacting 
hydrogen/oxygen mixtures. 

For this purpose, the kinetic mechanism by the Z24_NOx20 model
ling group was successfully used [40,41]. 

This is a novel detailed reaction mechanism for hydrogen/air com
bustion essentially representing an updated version of the previous Z22 
kinetic mechanism developed by Zettervall and Fureby [21], with the 
aim to expand the operating range above 8 atm. It was formulated by the 
Swedish Research and Defence Agency (FOI) and it is openly available 
[FOI report]. Z22 is a detailed, hydrogen/oxygen kinetic mechanism 
consisting of 9 species and 22 irreversible elementary reactions [41]. 

Zettervall and Fureby [40] highlight the importance of competition 
in the chain-branching reaction [R4]:  

[R4] H + O2 → OH + O                                                                        

and the chain-propagating reaction [R12]:  

[R12] H + O2 (+M) → HO2 (+M)                                                          

The first creates a pool of radical species effectively decreasing the 
ignition time, while the second produces the hydroperoxyl radical, 
which inhibits the chain-branching combustion process and therefore 
increases the induction time. The competition between these reactions, 
and the consequent distribution of fast O, H and OH radicals and the 
slow radical HO2, is strongly temperature dependent. Z22 includes re
actions important for the complete temperature spectrum, below and 
above the crossover region. In the mechanism development, particular 
efforts were spent on improving its capability to match the ignition 
experimental behaviour also in the intermediate connecting region, 
because it is extremely useful for ensuring flame anchoring and stabi
lization within the supersonic combustion engines. At low temperatures, 
reaction [R12] predominates over the reaction [R4], the HO2 concen
tration enhances and new reaction paths become more important i.e., 
[R16]:  

[R16] HO2 + HO2 → H2O2 + O2                                                             

and [R20]:                                                                                             

[R20] H2O + HO2 → H2O2 + OH                                                           

These reactions increase the concentration of H2O2, which main 
consumption route is carried out by means of reaction [R17]:  

[R17] H2O2 (+M) → OH + OH (+M)                                                      

Fig. 6. Skylon mission profile during the air-breathing ascent. a) Altitude profile vs Mach number; b) Altitude profile vs mission time.  

Table 1 
Input data of the SABRE propulsive model.   

Parameters Value 

Preliminary Free stream Mach number 0–5 
Altitude 0–25000 m 
Air mass flow 77.3–92 kg/s 

Intake Intake total pressure recovery 0.15–0.95 
Precooler PC pneumatic efficiency, 72 % 

PC outlet temperature, 97 K 
Air compressor AC efficiency 0.8 

AC pressure ratio 65–180 
Liquid Hydrogen Tank fuel/air equivalence ratio 2.5–2.8 

Tank temperature 18 K 
Tank pressure 1 bar 

Liquid Hydrogen Pump Efficiency 0.8 
LHP compression ratio 257 

Hydrogen turbine Efficiency 0.8 
Helium turbine Efficiency 0.8 

Turbine inlet temperature 1190 K 
Helium compressor Compressor inlet temperature 50 K 

Compressor efficiency 0.8 
Node CC-PB ṁPB

ṁtot 

0.45–0.6 

Pre-burner Combustion efficiency 0.9 
Pneumatic efficiency 0.95 
Lower calorific value, 120.9e6 J/kg 

Nozzle Pneumatic efficiency 0.98 
Efficiency 0.95 
Area ratio at separation 20–100  
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which produces two OH radicals, which in turn generates H radical 
through [R8]:  

[R8] H2 + OH → H2O + H                                                                    

The improvement consists of the addition of the following two 
pressure-dependent irreversible reactions for the production of the 
fundamental OH radical:  

[R23] H2O2 + N2 → OH + OH + N2                                                        

[R24] H2O2 + O2 → OH + OH + O2                                                       

The 0D simulations of the preburner combustion were carried out in 
isobaric conditions, while the simulations for the combustion chamber 
were performed under isochoric assumptions. Moreover, the composi
tion of the exhaust gases exiting the preburner was used as input for the 
combustion chamber after mixing with the additional air stream coming 
from the intake. In this way, a chemical kinetic Emission Inventory was 
built to be compared with the EINOx predicted by the P3-T3 method. 

4.2.1. Application to the SABRE engine 
In order to build the emissive database of the SABRE engine oper

ating in air-breathing mode, the detailed outputs of the propulsive 
model built in Section 4.1 have been used. In detail, in order to initialize 
the 0D chemical-kinetic simulations with Cantera software tools, the 
following set of input data were necessary: atmospheric air pressure at 
the entrance of the preburner (station 4) as well as after the preburner 

Fig. 7. a) Variation of air mass flow rate along the trajectory at different stations of the engine; b) variation of hydrogen mass flow rate along the mission.  

Fig. 8. Comparison of the estimated thrust output for ¼ of SABRE and the 
reference thrust profile available in Ref. [29]. 

Fig. 9. Chemical Emissions estimation activity flow.  
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exhaust-helium heat exchanger (station 6), as reported in Fig. 10a; at
mospheric air temperature after the compressor stage (station 3a and 
3b), after the preburner exhaust-helium heat exchanger (station 6) as 
well as the hydrogen temperature when injected in the preburner mixer 
(station 3c), as reported in Fig. 10b; and the mass flow rate of the air 
entering the preburner (station 3a) and the combustion chamber (station 
3b) together with the hydrogen flow rate injected in the preburner 

(station 3c), as reported in Fig. 10c. 
The main results of the Cantera simulation for the SABRE engine are 

reported in Table 2. 
A proper validation using different chemical-kinetic mechanisms to 

predict EINO values is not possible due to their inferior performance, 
thus preventing from a meaningful direct comparison of the results. A 
clear example can be provided by CRECK-NOx [42–44], which may fail 

Fig. 10. Input data for the 0D-chemical kinetic simulations in Cantera: a) pressure, b) temperature, c) mass flow rate variation along the trajectory at different 
stations of the engine thermodynamic cycle. 

Table 2 
Main output of the 0D chemical kinetic simulations in Cantera.   

Flame Temperature [K] Ignition delay time [μs] NO mass fraction H2 mass fraction H2 injection mass fraction EINO [gNO/kg H2 burnt] 

M = 0.1 1956 396 2,50E-05 0,036 0,050 1804 
M = 0.2 1955 401 2,48E-05 0,036 0,050 1791 
M = 0.3 1954 402 2,48E-05 0,036 0,050 1791 
M = 0.4 1952 406 2,47E-05 0,036 0,050 1779 
M = 0.5 1952 399 2,48E-05 0,036 0,050 1786 
M = 0.6 1950 406 2,43E-05 0,036 0,050 1754 
M = 0.7 1950 409 2,43E-05 0,036 0,050 1753 
M = 0.8 1950 413 2,42E-05 0,036 0,050 1746 
M = 0.9 1890 390 9,87E-06 0,046 0,060 0,712 
M = 1 1890 394 9,84E-06 0,046 0,060 0,710 
M = 1.5 1863 126 6,77E-06 0,047 0,060 0,537 
M = 2 1889 48 9,71E-06 0,039 0,050 0,857 
M = 2.5 1846 45 4,97E-06 0,049 0,060 0,438 
M = 3 1916 40 1,17E-05 0,045 0,057 0,965 
M = 3.5 1964 31 2,08E-05 0,046 0,059 1638 
M = 4 2034 23 4,83E-05 0,047 0,060 3586 
M = 4.5 2094 12 1,10E-04 0,047 0,061 7785 
M = 5 2187 5 3,28E-04 0,048 0,063 22,214  
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in providing accurate results at pressure higher than 100 bars, as for the 
SABRE’s main combustion chamber. 

However, the average resulting nitrogen oxides emission index is 
well in line with the value of 14 g/kg reported in Ref. [25]. It is worth 
remembering that the NOx estimation model used in that publication is 
purely based on a stochiometric reaction, neglecting initialization, 

branching, chain propagation and termination mechanisms which have 
been experimentally demonstrated to be highly important for the correct 
prediction of NOx formation in H2-air combustion process [26]. 

Fig. 11. Sea level conditions, in terms of a) pressure at the inlet of the combustion chamber, b) Fuel to air ratio and c) EINO as a function of the combustion inlet 
temperature. 

Fig. 12. Nitrogen Oxides emission indices estimations with the original (red 
crosses) P3T3 method (green and black crosses) throughout the entire Mach 
number profile compared to the results of the 0D chemical-kinetic simulations. 

Fig. 13. Nitrogen Oxides emission indices estimations with the original (red 
crosses) and the upgraded P3T3 method (green and black crosses) compared to 
the results of the 0D chemical-kinetic simulations. 

R. Fusaro et al.                                                                                                                                                                                                                                  



Acta Astronautica 216 (2024) 304–317

314

4.3. Upgraded P3-T3 formulation 

The third part of the methodology consists of the final upgrade of the 
P3-T3 method to extend its applicability to high-speed engines using 
non-conventional fuels. 

At first, the propulsive model and the emissive database have been 
used to generate and analyse the sea level conditions as graphically 
reported in Fig. 11. 

For the SABRE engine, reference sea level conditions as function of 
the combustor (preburner) inlet temperature can be mathematically 
expressed with the following equations: 

P3SL = − 2.452 • 105 • T3 + 1.343 • 108 (2)  

FARSL = − 2.273 • 10− 4 • T3 + 0.185 (3)  

EINOSL = 9.81 • 10− 3 • T3 − 3.043 (4) 

Using the FL conditions estimated with the propulsive models and 
benefitting from the trends in Eqs. (2)–(4), the original formulation of 
the method (Eq. (1)) is applicable below Mach 0.9. As clearly visible in 
Fig. 12, starting from the transonic speed regime, new phenomena occur 
in the combustion process and nitrogen oxides formation, which shall be 
captured by different exponents or variables in the formulation. 

Benefitting from the 0D chemical-kinetic simulations results, the P3- 
T3 method has been upgraded as reported in the following equation.  

Looking at the subsonic and low supersonic speed regime, the 
(

P3FL
P3SL

)

ratio ranges from 1.05 to 0.7, while the 
(

FARFL
FARSL

)
ratio varies from 1.005 to 

0.975, thus showing a variation which is two orders of magnitude lower 
than the pressure ratio. On one side, this justifies the indication of the 
original method to keep the exponent of the FAR ratio equal to zero, 
while on the other hand, the FAR ratio appears to be negligible up the 
low supersonic speed regime, for Mach lower than 2.5. From the 

mathematical standpoint, it can be observed that the 
(

P3FL
P3SL

)
ratio is 

proportional 
(

EINOFL
EINOSL

)
ratio, which implies a positive a exponent. This is 

fully justified from the chemical-physical point of view, considering that 
a decrease of pressure at the entrance of the combustion chamber 

(decreasing trend of 
(

P3FL
P3SL

)
ratio reported in this speed regime) results in 

a lower flame temperature, leading to a reduction of NOx emissions 

(decreasing trend of 
(

EINOFL
EINOSL

)
ratio). 

Looking at the high-supersonic and hypersonic speed regime, the 
(

P3FL
P3SL

)
ratio and 

(
FARFL
FARSL

)
ratio variations become closer and respectively 

equal to 0.4 and 0.06. Therefore, the contribution of the fuel to air ratio 
cannot be neglected anymore. In particular, SABRE operates in fuel-rich 
conditions, where a reduction of NOx can be achieved only through an 
increase in FAR. Therefore, the FAR ratio decreasing trend moves the 
engine operating point closer to the stochiometric condition, where the 
NOx pick value is achieved. A graphical comparison of the original and 
novel formulations is reported in Fig. 13. The novel formulation which 
extends the applicability of the P3-T3 method to hydrogen fuelled en
gines and supersonic and hypersonic speed regimes well fits the emis
sion data from the 0D chemical-kinetic simulations. 

5. Results 

Thanks to the methodology presented in the previous sections, it is 
possible to estimate the nitrogen oxides production of the Skylon 
throughout its air-breathing ascending trajectory and to compare it with 
the emissions produced by the first stage of traditional rocket-based 
space launchers. For the sake of fairness, Skylon’s trajectory has been 
compared to the Space Shuttle and Falcon 9 ascents up to 25 km 
(Fig. 14). Space Shuttle and Falcon 9 NOx productions have been esti

mated thanks to data available from Ref. [14] coupled with simulations 
performed with RUMBLE 3.0, a Blue Ridge Research and Consulting 
integrated tool that enables practitioners to accurately model the noise 
and emissions produced by commercial space vehicles. The commercial 
space vehicle emissions model of RUMBLE 3.0 is based on the best 
publicly available data in the literature. However, it contains uncer
tainty due to the scarcity of high-quality emissions data. The emissions 
model of the Space Shuttle has been validated thanks to the 
well-documented emissions legacy data and therefore, it has been 
selected for this comparison. 

Table 3 reports the dataset used to compare the different concepts. It 

Fig. 14. Comparison of the ascent profiles (up to 25 km) of Space Shuttle, 
Falcon 9 and Skylon. 

Table 3 
Space Shuttle, Falcon 9 and Skylon comparison.   

Space Shuttle Falcon 9 Skylon 

Type of propellant SSME: LOX/ 
Hydrogen 
RSRM: APCP (PBAN) 

LOX/RP- 
1 

Hydrogen 

Propellant burnt up to 25 km 
[kg] 

860,000 310,000 42,783 

Payload in LEO [kg] 25,000 22,900 15,000 
CO2 up to 25 km [kg] 30,1516 29,1257 0 
CO up to 25 km [kg] 1041 1076 0 
H2O up to 25 km [kg] 366,271 116,950 376,490 
Clx up to 25 km [kg] 157,946 0 0 
Al2O3 up to 25 km [kg] 221,125 0 0 
NOx up to 25 km [kg] 9533 4183 68 
BC up to 25 km [kg] 908 373 0  

EINOxFL =EINOxSL

(
P3FL

P3SL

)a(FARFL

FARSL

)b

eH where
{

a = 1.97; b = 0 for Mach ≤ 2.5
a = − 5; b = 39 for Mach ≥ 3 (5)   
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is worth noting that the three concepts (i.e. Space Shuttle, Falcon 9 and 
Skylon) make use of different types of liquid propellant, with a direct 
impact on the chemical species emitted during the combustion process 
as reported in Fig. 15. It is evident that one of the main advantages of 
hydrogen-fuelled air-breathing launchers from the environmental 
perspective is the production of nitrogen oxides and water vapour only, 
getting rid of carbon-related emissions (CO, CO2, BC) and any other 
chemical species including chlorine and alumina. However, comparing 
the amount of species emitted per kg of payload delivered in LEO, 
Skylon appears as the greatest contributor to water vapour emission. 
This is due to the chemistry of the air and hydrogen combustion, thus it 
cannot be avoided. However, many scientists are trying to better predict 
the climate perturbation caused by the introduction of hydrogen as a 
propellant at different altitudes [41–43,45–49]. Finally, a comparison in 
terms of nitrogen oxides emissions is presented (Fig. 161). Along its 
reference trajectory, Skylon produces 68 kg of nitrogen oxides, three 

orders of magnitude lower than the analyzed competitors. On one side, 
this is due to the lower EINOx (about 33 g/kg for Space Shuttle and 
Falcon 9 at sea level and only 2 g/kg for the Skylon in the same condi
tions) and on the other side to the lower fuel consumption (about 4500 
kg/s for Space Shuttle, 319 kg/s for Falcon 9 and 40 kg/s for Skylon). 

The results of the 0D chemical-kinetic simulations are usually 
strongly affected by the initial conditions in terms of pressure and 
temperature. However, in this specific case, the pressure levels at the 
beginning of the combustion process are very high (around 120–130 
bar), thus ensuring that all considered operating points are above the 
third explosion limit of the hydrogen-air explosivity diagram [50]. In 
this operating region, small uncertainties in pressure and temperature 
estimation are expected to have negligible effects onto the final emis
sions estimation. In addition, the emission indexes disclosed in this 
paper are in very good agreement with the stoichiometric values re
ported by Larson. 

6. Conclusions 

This paper discloses an integrated methodology to complement 
conceptual design of new launchers with emissions estimations. Spe
cifically, it provides useful guidelines for the estimation of nitrogen 
oxides emissions for a hydrogen-fuelled air-breathing concept. The 
proposed strategy combines multi-fidelity propulsive system modelling 
with 0D chemical-kinetic air/hydrogen combustion numerical simula
tions to define high-fidelity emissive database representative of various 
on-ground and in-flight operative conditions. The propulsive and 
emissive databases are then used to develop and unveil a new analytical 
formulation able to predict nitrogen oxides emission indices in any in- 
flight conditions, perfectly fitting the conceptual design needs. 
Throughout the paper, the Skylon spaceplane and its Synergetic Air 
Breathing Rocket Engine are used as reference case study. 

Main findings and conclusions can be summarized as follows.  

1. The paper highlights the need to develop and implement holistic 
design methodologies to support the design of future sustainable 
space launchers. The variety of airframe configurations, propulsive 

Fig. 15. Comparison of chemical emissions produced up to 25 km by Space Shuttle, Falcon 9 and Skylon in terms of overall amount by species and b) relative 
emissions (kg emissions/kg fuel burnt) by species. 

Fig. 16. Comparison of nitrogen oxides emissions up to 25 km.  
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technologies, propellants, and operational strategy impose to extend 
the current multidisciplinary approaches towards holistic design 
methodologies embracing environmental, economic, and techno
logical sustainability assessments.  

2. The methodology allows proving the high competitiveness of air- 
breathing space launchers with respect to well-known past and 
current competitors, by predicting nitrogen oxides for the reusable 
air-breathing concept, which are three orders of magnitude lower 
than the analyzed competitors, i.e. Space Shuttle and Falcon 9. In 
addition, the combination of the methodology described in this 
paper with Life Cycle cost estimation and Technology Roadmapping 
[51] can provide a complete and exhaustive environmental- 
economical-technological assessment of the sustainability of future 
reusable launchers.  

3. The P3T3 method, originally developed for civil subsonic aviation, 
has proved to be still applicable to predict the performance of the 
SABRE engine when operating in subsonic mode.  

4. However, a variation of the exponents of the formulation is sufficient 
to extend the applicability of the original P3T3 method beyond the 
transonic regime, up to Mach 5, thus unveiling an upgraded P3T3 
method, i.e. the H2–P3T3 method. The H2–P3T3 method is a new 
analytical formulation that applies to air-breathing engines that 
operates with hydrogen up to Mach 5. The H2–P3T3 method provides 
the basis to develop analytical formulations able to capture the basic 
chemical-physical phenomena of hydrogen combustion. 

This work opens different ways forward including.  

1. The upgrade of the high-fidelity emission database with 1D 
chemical-kinetic simulations 0 of the entire SABRE engine (not just ¼ 
of it), taking into account shock formations inside the engines and 
mixing effects at the outlet of the four thrust chamber nozzles.  

2. The upgrade of the SABRE modelling by including an accurate model 
of the entire helium cycle. This will guarantee the possibility to 
predict the evolution of the helium’s physical properties throughout 
the cycle and understand the related impact on the final engine 
performance, including the emission index. 

3. To the authors’ knowledge, there are no available emission experi
mental data of the SABRE engine to allow a proper validation. 
However, the authors are currently cooperating with REL in the 
framework of the H2020 MORE&LESS Project (https://doi.org/ 
10.3030/101006856), where higher fidelity data is expected to be 
delivered soon. Benefitting of a multi-fidelity approach in which 
experimental combustion test campaigns with exhausts measure
ment are used to validate Large Eddy Simulations, which can then be 
used to validate the 0D/1D chemical/kinetic simulations performed 
using Cantera.  

4. The validation of H2–P3T3 method against a new data set, following 
the same workflow reported in Section 4 but for different Mach 
numbers.  

5. The upgrade of other mathematical formulations, such as the Fuel 
Flow Method [52,53] to improve the conceptual design phase of 
reusable launchers.  

6. The application of the methodology disclosed in this paper to other 
reusable access to space vehicles design. This attempt might include 
the possibility of checking the capability of the STRATOFLY MR3 
hypersonic civil passenger cruiser [54] to act as first stage of a 
reusable access to space vehicle.  

7. The upgrade of the holistic methodology coupling the emission 
estimation models with atmospheric and climate impact models to 
capture predict actual environmental impact of the introduction of a 
new space launcher. 
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