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Abstract 

 Global aviation demand and its climate impact are forecast to increase significantly in the next two 

decades. The broader aim of this thesis is to evaluate aircraft technology and low-carbon energy-vector 

combination(s) considering lifecycle effects for enabling climate-neutral subsonic long-range flight (14,000 

km) of a large aircraft (~300 passengers) – a challenging domain to decarbonise. Firstly, using Breguet’s range 

equation it is observed that liquid hydrogen (LH2) and 100% synthetic paraffin kerosene (SPK) are the only 

two alternative fuels found suitable for this domain. Using present-day technology, the specific energy 

consumption (SEC in MJ/tonne-km) of LH2 and 100% SPK aircraft are 11% higher and 0.2% lower relative 

to Jet-A, respectively. Secondly, a global sensitivity analysis is conducted using the range equation to study 

the impacts of four technologies – aerodynamics, lighter structures, cryo-tank weight, and overall efficiency 

(𝜂o) – on the design-point performance of a tube-wing LH2 aircraft. Relative to the present-day technology, it 

is observed that for an LH2 aircraft: (i) improving 𝜂o and aerodynamics dramatically improves its SEC; and 

(ii) using the most optimistic technology development estimates, its SEC improves by 33% requiring a 22% 

longer fuselage. Thirdly, by using weight sizing methods and GasTurb simulation, it is observed that the SEC 

of a futuristic BWB aircraft powered by Jet-A, 100% SPK, and LH2 decreases by 47.9%, 48% and 53.5% 

relative to the present-day Jet-A aircraft, respectively. Lastly, a comparative life-cycle analysis is conducted 

for these three BWB aircraft while quantifying both CO2 and non-CO2 effects. After examining over 100 

manufacturing feedstocks/pathways for 100% SPK and LH2, it is observed that only LH2 could enable a 

climate-neutral long-range flight using fuel manufactured from biomass-based manufacturing unit employing 

carbon sequestration. The findings of this thesis could guide and enable more informed decision making in 

future aviation technology development and policy making. 
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OH Hydroxyl radical TCCW Thermochemical cracking of water 

OML Outer mould line TeDP Turboelectric Distributed Propulsion 

OPR Overall pressure ratio TET Turbine entry temperature 

O3 Ozone TOC Top of climb 

𝑝𝑎𝑚𝑏  Ambient pressure (in Pa) TSEC Thrust specific energy consumption 

𝑝𝑡𝑜𝑡𝑎𝑙  Total pressure (in Pa) TSFC Thrust specific fuel consumption 

PAH polycyclic aromatic hydrocarbons 𝑇𝑡𝑜𝑡𝑎𝑙  Total temperature (in K) 

PAX Passenger 𝑇3 Combustor inlet temperature (in K) 

PEM Proton exchange membrane T4/T2 Ratio of turbine inlet temperature and fan 

inlet temperature 

PFAD Palm fatty acid distillate t/c thickness to chord ratio 

PFR Plug flow reactor T/W Thrust-to-weight ratio 

PKT passenger kilometre travelled UCO Used cooking oil 

PM Particulate matter UHB Ultra-high bypass ratio 

PMC/Al-

honeycomb 

Polymer matrix composite-aluminium 

honeycomb core 

V Cruise speed of aircraft 

PtL Power-to-liquid VLTA very large twin aisle 
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VOC Volatile organic compound   

V∞ Climb flight speed   

Waircraft Aircraft weight in cruise   

w CS With carbon sequestration   

WF,block Block fuel weight   

Wfinal End of cruise aircraft weight   

WFuselage Aircraft fuselage weight   

WF,total Total fuel weight carried at mission 

start 

  

Winitial Initial cruise aircraft weight   

Wp Passenger payload weight   

WSR Well stirred reactor   

WTWa well-to-wake   

w/o CS Without carbon sequestration   

α Diffusive transport of energy (and 

species) 

  

𝛶 Specific heat ratio (1.4 for air)   

𝛿𝑡𝑜𝑡𝑎𝑙 Pressure correction factor   

ΔL Additional fuselage length for 

alternative liquid fuels 

  

∆𝑃
𝑃⁄  Fuel injector air flow pressure drop 

ratio 

  

λ Ratio of dry tank weight and cryogenic 

fuel weight 

  

ω Weight reduction factor for fuselage 

weight and OEW 

  

η Gravimetric index   

ηo Overall efficiency   

Φ Equivalence ratio   

ϕ𝐻2 Hydrogen equivalence ratio   

𝜏 Combustor residence time   

𝜃𝑡𝑜𝑡𝑎𝑙 Temperature correction factor   

ρ Fuel density   

ρa Density of air at cruise altitude   
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Chapter 1: Introduction 

1.1 Background  

 The exhaust of an aircraft operating on conventional jet fuel includes: carbon dioxide (CO2), water 

vapour, nitrogen oxides (NOx), carbon monoxide (CO), unburned hydrocarbons,  sulphur oxides (SOx), traces 

of hydroxyl family and nitrogen compounds, small amounts of soot particles, and normal atmospheric oxygen 

and nitrogen [1]. Additionally, aircraft are also source of noise. The sustainability of any system is dependent 

on three fundamental dimensions: social, economic and environmental [2]. Using these three pillars of 

sustainability, the impacts of aviation sector are discussed below: 

• Social:  

 In year 2019, 2020 (lockdown year), 2021 and 2022 the aviation industry delivered services to 

approximately 4.5, 1.8, 2.2 and 3.8 billion passengers (PAX) respectively, and delivered 62, 55, 66 and 68 

million metric tonnes of freight respectively [3]. Additionally, aviation has human health impacts (noise 

and air pollution), especially on community health in the airport vicinity. These human health impacts of 

aviation are detailed in the next chapter. 

• Economic:  

 In year 2019, 2020, 2021, and 2022, aviation contributed 838, 382, 506, and 782 billion USDs to the 

global economy, respectively [3]. 

• Environmental: 

 Conventional jet fuel is manufactured from crude oil/petroleum, which is a resource impact of aviation. 

In 2019, 2020, 2021, and 2022, the global aviation sector emitted 905, 495, 577, and 809 million metric 

tonnes of CO2 respectively, and consumed 360, 197, 227, and 318 billion litres of fuel, respectively [3].  

 Aviation has climate change impacts, which can be classified into two categories: CO2 effect and non-

CO2 effects. CO2 effect is linearly dependent on the fuel burn. Presently, a Washington DC ↔ New Delhi 

return air-travel emits similar amount of carbon emissions an average car in the UK/~USA emits on an 

annual basis (calculated using [4]–[6]). The aviation sector contributes to 2% of the global man-made 

carbon dioxide (CO2) emissions [1], [7]–[9]. The non-CO2 effects comprise of: NOx emission, sulphur 

compounds, soot, contrails and cirrus [1], [7]–[11]. The non-CO2 effects are uncertain, difficult to quantify 

and complicated, as these are not linearly dependent on fuel burn. The non-CO2 effects also depend on the 

atmospheric conditions, aircraft technology, and fuel type. 

 Aircraft contrails have a climate impact. Under some meteorological conditions, they can last in the 

atmosphere in the form of ‘cirrus’ clouds, which can contribute to climate change. These clouds can have 

different warming and cooling effects, depending on flight times (night or day) [1], [7]–[11]. Overall, 

contrails and cirrus clouds have a net warming effect (ibid). Aviation has a greater effect than other sectors 

because of the altitude at which the emissions are released. The most significant greenhouse gas (GHG) 

CO2 does not have any additional impact due to the difference in altitude. However, emissions like NOx 

and water vapour can have amplified climate change impact at higher altitudes. During aircraft cruise, NOx 

emitted from engine reacts with hydrocarbons/volatile organic compounds (VOC) in the presence of 
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sunlight to form ozone, which is a GHG [1], [7]–[11]. When non-CO2 effects and their impacts are 

considered (including the effect of aircraft induced cirrus), it is estimated that currently aviation contributes 

to 3.5% of total man-made radiative forcing [12]. 

 The aviation industry anticipates a doubling of air-traffic between 2021 and 2040 [13], despite the 

COVID-19 pandemic [13], [14] and therefore aviation’s total contribution to anthropogenic radiative forcing 

is forecast to increase by 2050 [1], [7]–[11].  

 The environmental impacts mentioned above place challenges for the aviation industry to mitigate its 

climate change impact, while ensuring the supply of required quantity of fuel for the increasing air-travel 

demand. With rising aviation-related human and environmental health concerns, the aviation industry is 

exploring paths to make the air-transportation sector more sustainable. To reduce aviation’s climate change 

impacts, the International Air Transport Association (IATA) has set three-goals and a four-pillar strategy to 

meet these goals [15]. IATA’s 3 goals are as follows:  

• An average improvement in fleet fuel-efficiency of 1.5% per year from 2009 to 2020 [15]; 

• Capping net aviation CO2 emissions (carbon-neutral growth) from year 2020 [15]; and 

• 50% decrease in net aviation CO2 emissions by year 2050 as compared to year 2005 [15]. 

IATA’s 4 pillar strategy comprises: 

• Use of advanced technology, including the use of sustainable low-carbon fuels [15]; 

• Increasing the efficiency of aircraft operations [15]; 

• Improvements to infrastructure, including advanced air traffic management systems [15]; and 

• A single global market-based action for addressing the remaining emissions gap [15]. 

 The industry expectation is that the emission reduction share of the use of low-carbon alternative fuels 

and improved aircraft technologies to the carbon neutral growth could be 50%, and 30% respectively [16]. 

Thus, IATA strategies 1 and 2 combined could contribute to 80% of the efforts required for carbon neutral 

growth. It is to be noted that according to IATA [17], the ‘sustainability’ evaluation of aviation fuels comprise 

of life-cycle analysis (net emissions). 

 In-line with environmentally responsible aviation (ERA) program, National Aeronautics and Space 

Administration (NASA) initiated the concept of ‘N+i’ goals to reduce noise, fuel consumption and landing and 

take-off (LTO) NOx emissions, and to improve aircraft performance [18]. This will encourage advanced 

aircraft concepts and technologies along with the use of alternative fuels. These are expected to enter service 

in a fixed timeframe in future. ‘N+i’ nomenclature is used to define the sequence of improving aircraft 

generations, where N specifies the present generation and ‘i’ represents a specific future generation beyond N 

(ibid). Each generation is an improvement over the previous one, in terms of LTO NOx emissions, noise, fuel 

consumption, and performance. 

 Considering technology development, regional or short-range air travel could be powered by batteries 

and/or fuel cells, and medium range flight could be powered by hybrid-electric (battery or turbo) technologies 

along with fuel cells [19]–[22]. There are low-carbon technologies predicted for future travel, such as 

Hyperloop, which could be an alternative transport mode for short and medium distance (intra-continental) 

air-travel. The travel time predicted using Hyperloop is lesser than short and medium distance (range) air-
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travel [23]. However, there is no alternative to air-transportation for ‘quick’ long intercontinental travel. Long-

range travel of a large aircraft is a challenging domain to decarbonise as there are few alternative fuels that can 

match the energy density (both gravimetric and volumetric) of conventional jet fuel [24], [25]. Long-range 

aircraft are either large twin aisle (LTA) aircraft seating approximately 300 passengers over 14,000 km at 

design point, such as Boeing 777 and 787, and Airbus A350, or very large twin aisle (VLTA) aircraft seating 

at least 400 passengers for more than 14,000 km at design point such as Boeing 747 and Airbus A380. Long-

range passenger aircraft in the airline operations (range > 5,000 km, seating approximately 250 passengers) 

contribute to 27% of the global aviation CO2 emissions [26], [27]. More recent LTA aircraft have enabled 235 

new point-to-point routes [28]. During the 2020 COVID-19 lockdown, a number of major airlines retired their 

VLTAs (A380 and/or B747) [29]–[31]. Therefore, it appears that LTAs will likely be the most common means 

of intercontinental or long-range travel in the coming decades.  

1.2 Objectives 

 The broader aim and scope of this research is to evaluate future aircraft technologies and alternative 

fuels, which will be essential to evaluate feasible technology and energy vector combinations for future 

intercontinental or long-range 300-passenger aircraft (a challenging domain to decarbonise) considering 

lifecycle effects, towards the goal of sustainable aviation. This aim is in-line with IATA strategy #1 of the 

four-pillar strategy discussed above within its ‘sustainability’ definition.  

 The rationale for this aim is as follows. In the present setup, the aviation-related technology development 

and regulations are limited only to the use-phase or direct-use of aircraft. The present regulations are for noise 

and air-quality. In year 2016, International Civil Aviation Organization (ICAO) released CO2 standard (kg/km) 

for new aircraft [32]. Moreover, not all alternative fuel pathways are energy efficient (considering the 

embodied emissions). For example, using the conventional perspective of looking at direct emissions, liquid 

hydrogen seems to be an excellent candidate for aviation use because of its higher energy density and zero-

carbon emissions during aircraft operation, compared to the conventional Jet-A fuel. Using the Greenhouse 

Gases, Regulated Emissions, and Energy Use in Technologies (GREET) 2021 model [33], it is found that 

liquid hydrogen (LH2) from coal has approximately 23 times more CO2 emissions (g/MJ) compared to Jet-A 

in the fuel manufacturing phase, and has three times more CO2 emissions than Jet-A on a lifecycle basis. 

GREET is a lifecycle assessment tool developed by Argonne National Lab, USA. The embodied 

energy/emissions associated with alternative fuel production also need to be considered for estimating greener 

production pathways. In general, a holistic approach needs to be used for evaluating the performance of future 

aircraft technology and energy vector combinations. In addition, the energy performance of LH2 powered 

aircraft could be sensitive to aircraft and cryogenic tank technology [34], and thus requires further quantitative 

evaluation. 

 A review study by Pinheiro Melo et al. [35] establishes the need for an integrated methodological 

framework that should consider life-cycle impacts of aircraft performance towards the goal of sustainable 

aviation. Such a framework will enable a better understanding of the implications of future technologies 

considering the three sustainability parameters by coupling different scenarios and examining the interactions 



27 

 

between different designs, spatial differences, and product parameters. Additionally, novel methodologies are 

required to understand the implications of aviation technologies of the future, beyond the operational phase of 

the aircraft. Though advanced technologies and alternative fuels could provide solutions for mitigating aviation 

emissions, there might be new socio-economic and environmental challenges associated with these. Thus, the 

authors establish the need for diversifying environmental indicators beyond GHG emissions and the need to 

consider social and economic aspects. According to the authors, this approach can help engineers towards a 

more sustainable aircraft design and operation.   

 Considering the discussion so far (high-level research gaps) and above rationale with the defined scope 

for long-range 300 passenger LTA subsonic aircraft, the research aim can be achieved with the detailed 

objectives comprising: 

1. Quantify the energy performance characteristics of LTA (tube-wing) aircraft powered by the shortlisted 

alternative fuels and identify the fuels that enable a typical long-range flight within the aircraft’s structural 

limit; and evaluate the off-design energy performance of the LTA aircraft powered by identified alternative 

fuel(s) which meets the Jet-A design target range, 

2. Perform a global sensitivity analysis to evaluate the effects of identified technology parameters for 

enabling an LH2 powered long-range travel with an LTA (tube-wing) aircraft, within the maximum take-

off weight (MTOW) limit of a baseline Jet-A aircraft, 

3. Develop a model for estimating the performance metrics of the future aircraft powerplant using 

conventional and identified alternative fuels (separately), 

4. Develop an operational energy consumption model for the future long-range LTA aircraft powered by 

conventional and identified alternative fuels (separately), 

5. Develop a model for calculating the lifecycle GHG emissions and other unintended impacts mitigation 

potential of the aircraft technology and alternative fuel combinations. This requires: 

a. Development of a database of manufacturing phase energy, emissions, and materials inventory for 

identified alternative fuels produced from different pathways. 

b. Evaluation of the aircraft operational phase emissions. 

 The above five research objectives are high-level and are addressed in separate main chapters 

(discussed next) where a dedicated literature review is conducted. Each objective is accompanied by sub-

objectives that result from the gaps in a literature (reviewed in specific chapters). These sub-objectives are 

discussed and listed in respective chapters. It is to be noted that the timeframe for ‘future’ in the overarching 

research aim and in objectives #3 and #4 get defined in Chapters 2, 5, 6, and 7.  

1.3 Structure of thesis 

 The subsequent chapters of this thesis are organised as follows.  

• Chapter 2 includes a comprehensive literature review with a summary of this review. Chapter 2 creates a 

context for the main research contributions of this thesis (Chapters 4 - 8), particularly with respect to the 

climate and human health impacts of aviation and solutions to minimise these. It also includes research 
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addressing the measures included in IATA’s four-pillar strategy to mitigate the human and environmental 

health impacts.  

• The overall research philosophy, methodology, and flow of thesis is presented in Chapter 3. This chapter 

provides a context and perspective to the reader for identifying the research theories or approaches that are 

employed in the individual research chapters and thesis. Additionally, overall methodology and thesis flow 

is discussed, with a glimpse of contents of the main research chapters. 

• Chapter 4 includes energy performance evaluation of different alternative aviation fuels and helps in the 

identification of the fuels that enable a typical long-range flight within (tube-wing LTA) aircraft’s 

maximum take-off (MTOW) limit. Chapter 4 addresses research objective #1. 

• This is followed by a global sensitivity analysis in Chapter 5 to evaluate the effects of identified technology 

parameters for enabling a liquid hydrogen powered long-range travel with an LTA tube-wing aircraft, 

within the MTOW limit of a baseline present-day aircraft. Chapter 5 addresses research objective #2. 

• Thereafter, in Chapter 6 engine modelling is presented. Chapter 6 includes the conceptual design 

methodology for engine performance simulation at on-design and off-design points for conventional jet 

fuel and identified fuels (separately). Chapter 6 addresses research objective #3. 

• Chapter 7 includes the aircraft energy consumption modelling of a future technology aircraft powered by 

conventional jet fuel and identified fuels (separately), which is part of the conceptual aircraft design phase. 

Results of Chapters 6 and 7 are used for predicting the future aircraft’s fuel consumption in one flight 

mission. Chapter 7 addresses research objective #4. 

• Thereafter, in Chapter 8, lifecycle approach is considered that requires results of Chapters 4 – 7 towards 

aircraft’s use phase energy and emissions. In addition to the results of Chapters 4 - 7, GREET model is 

used for obtaining the manufacturing phase information for different fuels and their manufacturing 

pathways, which enables the estimation of GHG emission (both CO2 and non-CO2 effects), and other 

unintended socio-environmental impacts including air quality, water use, and resource impact. Chapter 8 

addresses research objective #5. 

• The summary, conclusions, and the recommendations for future work from this thesis are included in 

Chapter 9, along with the limitations and significance of the present thesis.  
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Chapter 2: Literature review 

2.1 Introduction and chapter structure 

 The literature review in this chapter develops the context for this research. The negative impacts of 

aviation are first reviewed in sub-section 2.2 to 2.5 to understand the problem at depth. Thereafter, a high-level 

review of technological solutions is conducted in sub-section 2.6 to 2.12, that could enable minimisation of 

the said impacts. This literature review is conducted along the lines of IATA’s four-pillar strategy to mitigate 

the human and environmental health impacts of aviation, and it is divided into multiple sections. These are 

followed by the summary of the literature review. 

2.2 Impact of aviation on climate 

 Aviation has climate impacts through gases and particulate emissions which change the ‘greenhouse’ 

properties of the atmosphere [8], [10]. This contributes to climate warming and climate change (ibid). Aviation 

has climate change impacts via CO2 and non-CO2 effects [10]. CO2 is a key pollutant from aviation, and it is a 

well understood and quantified GHG. CO2  has been assigned a ‘very high’ level of confidence in its share of 

net anthropogenic forcing (ibid). Aviation also has a number of significant non-CO2 impacts through its 

emissions of water vapour, particles, and NOx; affecting clouds, aerosols and atmospheric composition [8]. 

The primary metric used for attributing the contribution of the changes that has an impact on the global mean 

surface temperature is ‘radiative forcing’ (RF) [watts per square meter (W m-2)] [10]. The RF changes are 

approximately proportional to the anticipated (equilibrium) mean surface temperature changes of the planet. 

In the case of impacts of soot emission on cirrus cloud formation at high altitudes, both the sign (cooling or 

warming) and magnitude of the forcing are uncertain (ibid). In the case of impacts of aviation sulphur 

compound emissions on low-level clouds, even though the sign of the impact is known (cooling), the 

magnitude is still uncertain (ibid). There is a significant progress made on modelling the impacts of aviation 

NOx emission, and the formation and impacts of linear contrails and contrail-cirrus (ibid). Overall, contrails 

and cirrus clouds have a net warming effect (ibid). 

 Aircraft NOx emission causes the formation of atmospheric ozone (O3), a radiatively active gas (a GHG), 

via complex atmospheric chemistry. NOx emissions also result in the formation of the short-lived hydroxyl 

radical (OH), which is the principal reactant that leads to the removal of ambient methane (CH4) by about 1-

2%. Methane in the atmosphere is primarily from natural sources (e.g., wetlands) and anthropogenic sources 

(e.g., agriculture and industry). Therefore, the destruction of ambient CH4 is a negative RF (cooling) and the 

formation of O3 is a positive RF (warming). The net NOx RF term is a combination of these two terms, but 

overall is a positive RF. 

 The non-CO2 pollutants can have both negative and positive RF effects (cooling and warming), though 

scientific consensus puts the overall non-CO2 effects of aviation as having a net positive (warming) RF effect, 

which in terms of RF is thought to be approximately two to three times that of the RF effect from aviation’s 

historical CO2 emissions [8], [10]. The ‘Radiative Forcing Index’ (RFI) is defined as the total RF from aviation 
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divided by the RF from historical aviation CO2 emissions, and was introduced by the Intergovernmental Panel 

on Climate Change (IPCC) in their 1999 Special Report, ‘Aviation and the Global Atmosphere’ [8]. Global 

warming potential (GWP) is defined as the cumulative radiative forcing (direct and indirect effects) over a 

specified time period due to the emission of a unit mass of gas related to some reference gas [36]. It should be 

noted that the RFI is not an emissions metric for comparing effects of equivalent emissions to CO2, like the 

GWP [10]. 

 When non-CO2 effects and their impacts are considered (including the effect of aircraft induced cirrus), 

it is estimated that currently aviation contributes to 3.5% of total man-made radiative forcing [12]. According 

to the study by Lee et al. [11], for 2018 the net aviation RF is +149.1 mWm−2 (5–95% likelihood range of (70, 

229)) where CO2 (34.3 mW m−2), contrail cirrus (111.4 mW m−2), and NOx (8.2 mW m−2) are major 

contributors. Non-CO2 species cause a net positive (warming) RF that accounts for more than half (77%) of 

the aviation net RF in 2018.  

 A study by Grobler et al. [37] calculates aviation’s marginal climate and air quality impacts per (metric) 

tonne of released species and considers the chemical composition, location, and altitude of emissions. The 

authors calculate the climate impacts using a reduced-order climate model. The study finds that three 

components are responsible for 97% of climate and air quality damages per unit aviation fuel burn. These are 

climate impacts of CO2 at 25%, climate impacts of contrails at 14%, and air quality impacts of NOx at 58%. 

The impacts of different air-pollutants and the findings of the study by Grobler et al. in the context of air-

quality impacts are discussed next in detail. 

2.3 Impact of aviation on air-quality 

 A review study by Pinheiro Melo et al. [35] establishes the need for diversifying aircraft impact 

indicators beyond GHG emissions and the need to consider social aspects (such as human health/air-quality). 

Air quality in the airport vicinity is important because of relatively high concentration of different pollutants 

which affect human-health. Aviation emissions are responsible for 16,000 premature deaths annually because 

of damage to the air quality [37]. This is approximately 0.4% of air-quality related premature deaths from all 

sources [38]. The human health impacts of some of the common emissions are as follows [39]: 

a. CO:  

At high levels CO causes drowsiness, headaches, slowed reflexes and nausea, and at very high levels it 

results in death. At low levels it can impair nervous system function and concentration, and it may cause 

heart pain in people with coronary heart disease. 

b. NOx:   

NOx impairs respiratory cell function, and damage cells of the immune system and blood capillaries. It may 

aggravate asthma and increase susceptibility to infection. In children, exposure may result in colds, coughs, 

breathing problems, phlegm, respiratory diseases including bronchitis, and chronic wheezing. 

c. Particulate matter (PM):   

PM is strongly related with a broad range of symptoms such as colds, coughs, chest pain, asthma, breathing 

problems, phlegm, respiratory diseases including bronchitis, chronic wheezing, sinus problems, 
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emphysema, and loss of lung efficiency. As many as 7% of chronic obstructive pulmonary disease and 15% 

of asthma cases in the urban population are estimated to be possibly associated with prolonged exposure to 

high concentrations of PM. Long term exposure to PM is associated with high risk of death from lung and 

heart diseases. It may carry carcinogens such as polycyclic aromatic hydrocarbons (PAHs), therefore may 

increase the risk of developing cancer. 

d. VOC:  

This type of pollutant includes thousands of various chemicals, many of which are hydrocarbons. VOC 

may cause breathing difficulties and skin irritation. Long term exposure to VOC may impair lung function. 

Many individual compounds are carcinogenic (including benzene). Benzene can cause leukaemia. Those 

most at risk are people exposed to benzene at work or who live or work in vicinity of vehicle activity.  

e. Sulphur Dioxide (SO2):  

SO2 is associated with chronic bronchitis and causes irritation of lungs. People suffering from asthma are 

particularly vulnerable and SO2 exposure of few minutes may trigger an attack. However, the most serious 

effect occurs when SO2 is absorbed by PM which is then inhaled deep into the lungs. Inhaling air with high 

concentrations of SO2 can release sulfuric acid in the lungs (SO2 reacts with moisture in lungs to form 

sulfuric acid). This can result in widespread illness and death. For example, it is likely to have been the 

main cause of the 4000 deaths during the notorious 1952 London smog. 

f. O3: 

Ozone is formed when VOC reacts with NOx in the presence of sunlight. Ground level ozone reduces lung 

function in healthy people as well as those with asthma. It may increase susceptibility to responsiveness 

and infection to allergens such as pollens and house dust mites. It may cause cough, nausea, headaches, 

chest pain and nose, eye and throat irritation, and loss of lung efficiency; and it increases the likelihood of 

asthma attacks. 

For long-haul aircraft flight missions, the aircraft spends majority of flight time in cruise. Cruise emissions 

dominate global health impacts attributable to air pollution caused by aviation [37], [40]. The study by Grobler 

et al. [37] evaluates the air quality-related health impacts using marginal atmospheric sensitivities to emissions 

from the adjoint of the GEOS-Chem (global chemistry-transport model) along with the value of statistical life 

and concentration response functions. According to the authors, 64% of all damages are due to air quality 

impacts and about 90% of the impacts per unit of fuel consumption are due to cruise emissions. Three 

components are responsible for 97% of climate and air quality damages per unit aviation fuel burn. These are 

climate impacts of CO2 at 25%, climate impacts of contrails at 14%, and air quality impacts of NOx at 58%. 

The authors found that the air quality impacts of aviation emissions are significantly higher (1.7 to 4.4 times) 

than the climate impacts per unit of fuel burn. Cruise emissions, which are not regulated currently, should be 

explicitly considered in policy, and technology and operations development process for mitigating the air-

quality impacts of air transportation [40].   

Koo et al. [41] performed long-term (greater than one year) simulations with a global atmospheric 

chemistry-transport model with a focus on population exposure to fine particulate matter (PM2.5) and associated 

risk of early death. Sensitivities relevant to high-altitude and intercontinental PM pollution are estimated for 
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aircraft emissions. Specifically, the sensitivities of premature mortality risk in different regions to SOx, NOx, 

VOC, CO, and primary PM2.5 emissions as a function of location are calculated. They found that NOx emissions 

are responsible for 93% of population exposure to aircraft attributable PM2.5. Aircraft NOx accounts for all 

aircraft-attributable nitrate exposure and 53% of aircraft attributable sulphate exposure due to the strong 

‘oxidative coupling’ between aircraft NOx emissions and non-aviation SO2 emissions in terms of sulphate 

formation (ibid). Of the health risk weighted human PM2.5 exposure attributable to aviation, 73% occurs in 

Asia and 18% in Europe. 95% of the air quality impacts of aircraft emissions in the US are incurred outside 

the US.  

2.4 Environmental cost of aviation 

 Wolfe et al. [42] model the distribution of environmental damages and net cost from one year of aviation 

operations. They find that community staying at airport boundaries face damages between $5–16 per person 

per year from climate damages, and $100–400 per person per year from aircraft noise (in 2006 dollars). The 

expected damages from air quality depend on the number of operations at the airport. They range from $20 to 

over $400 per person per year with air quality damages approaching those of noise at high volume airports 

(ibid). The mean expected air quality and noise damages decay with distance from the airport, but for noise 

the range of expected damages at a given distance can be high. This depends on the orientation with respect to 

flight patterns and runways. Damages from climate change caused by aviation dominate those from 

degradation of local air quality and noise pollution further away from the airport (ibid). However, air-quality 

damages may exceed those from climate when considering the impact of cruise emissions on air-quality (ibid). 

2.5 Systems-level measures and policies 

 In a study to examine the air-quality impacts of UK airports, Yim et al. [43] estimate that up to 65% of 

the health impacts of UK airports could be reduced by: desulfurizing jet fuel, avoiding use of auxiliary power 

units (APUs), electrifying ground support equipment, and using single engine taxiing. 

 The study by Sgouridis et al. [44] evaluates the impact of policies for reducing the emissions of 

commercial aviation. These policies include technological efficiency improvements, operational efficiency 

improvements, use of alternative fuels, demand shift, and carbon pricing (i.e., market-based incentives) (ibid). 

The evaluation of impacts of the said policies on total emissions, air transport mobility, airfares, and airline 

profitability, is carried out by using dynamics modelling approach (ibid). It is to be noted that this study takes 

rebound effect into account. The rebound effect in this case is the induced demand created because of 

decreasing operating costs (and thus average fares), which in turn stimulates demand (ibid). Sgouridis et al. 

observed that no single policy can maintain emissions levels steady while increasing projected air-

transportation demand (ibid). A combination of policies that includes aggressive levels of operations and 

technological efficiency improvements, use of biofuels along with moderate levels of carbon pricing and short-

haul demand shifts achieves a 140% increase in capacity in year 2024 over year 2004 while only increasing 

emissions by 20% over year 2004 (ibid). Additionally, airline profitability is moderately impacted (10% 
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decrease) in comparison with the other scenarios where profitability is reduced by over 50% which can impede 

necessary investments and the implementation of measures to reduce CO2 emissions (ibid). A study by Grobler 

et al. [37] finds that CO2 emissions, contrails, and cruise NOx emissions are principal targets for future 

strategies to mitigate the atmospheric impacts of aviation emissions. 

 According to the study by Teoh et al. [45], 2.2% of flights contribute to 80% of the contrail energy 

forcing (EF) in the study region. A selective diversion of 1.7% of the fleet could decrease the contrail EF by 

up to 59.3% with a negligible penalty (0.014%) in total fuel consumption (and CO2 emissions). Using a low-

risk flight diversion strategy if there is no increase in fuel consumption (CO2 emissions), then it would decrease 

contrail EF by 20.0%. Future or advanced engine combustor technologies are predicted to reduce black carbon 

(BC) particle emissions. Use of such advanced combustor technology could decrease 68.8% contrail EF. A 

combination of above strategies could decrease the contrail EF by 91.8%. 

2.6 Alternative aviation fuels 

One of the IATA strategies that can significantly reduce aviation sector’s carbon footprint and 

potentially enable carbon-neutral growth, on a lifecycle or well-to-wake (WTWa) basis (raw material 

extraction to use of jet fuel in aircraft), is the use of low-carbon fuel [46]. Fuels such as synthetic jet fuel (fossil 

fuel based, biomass based, and power-to-liquid), hydrogen, natural gas, ammonia, ethanol, and methanol are 

explored in literature as alternative aviation fuels [47], [48]. Among these fuels, biomass derived jet fuel has 

been extensively explored in literature. Performance characteristics of an aircraft powered by natural gas, 

ammonia, ethanol, and methanol, especially for intercontinental travel are less published. These fuels require 

a separate viability examination for aviation application.   

According to the study by Nygren et al. [49], the use of alternative fuels can be helpful in increasing the 

availability of fuel for growing aviation demand, but it is less likely to provide large contribution, considering 

that there is work-in-progress in this domain. The possibility of bio-jet fuels replacing conventional jet fuel is 

limited, but the development of bio-jet fuel is still significant for the future aviation sector (ibid).  

On a WTWa basis, some bio-jet fuels have the potential to significantly reduce the GHG emission from 

the aviation sector, depending on the feedstock type/source [50]. A study by Hileman et al. [51] examines 

performance of bio-jet fuels based on a first-order approach using the Breguet-range equation. The results from 

this study show that the fleet-wide (hypothetical) use of pure (100%) synthetic paraffinic kerosene fuels (SPK), 

like fuels produced from hydro-processing of renewable oil sources or Fischer–Tropsch (FT) synthesis, can 

decrease aircraft energy consumption (in-flight) by 0.3% (ibid). A study by Blakey et al. [52] reveals that the 

use of FT-SPK can help in reducing the local air-quality as a result of reduced particulate matter release. Also, 

the use of correct alternative fuels has the potential to make the aviation sector carbon-neutral (ibid). A study 

by Daggett et al. [48] provides fuel solutions for the future to reduce the environmental impact of aviation. 

Daggett et al. propose 50/50 blend of FT-SPK/conventional jet fuel to be used in present day aero engines as 

a near-term solution; 0-50% HEFA-SPK (hydro-processed esters and fatty acids) with 100-50% FT-SPK to be 

used in advanced engines like inter-cooled recuperated engines, and ultra-high bypass ratio engines like geared 
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turbofan engines and un-ducted propfan as a mid-term solution; and LH2 and/or liquid methane to be used in 

cryo-fuelled engine as a long-term solution to dramatically reduce aviation sector’s GHG emissions (ibid).  

Testing by Rolls Royce [22] provides a range of alternative fuels and propulsion technology towards 

making aviation more sustainable, which are similar to the above literature findings. The alternative fuels 

comprise of:  

a. SPK produced from non-crude oil sources but fossil-fuel sources (typically using FT process) 

b. Biomass derived SPKs (using FT, alcohol-to-jet, sugar-to-Jet-And HEFA manufacturing pathways) 

and  

c. Fuel produced from renewable electricity.  

In the first kind of alternative fuel, hydrotreated pyrolysis oil (from fossil fuel), coal (coal to liquid), 

natural gas, and/or flue gas (gas to liquid) are used for producing SPKs typically using FT synthesis [53]. 

Biofuels (second type of alternative fuel) produced from crops that compete with food are termed as first-

generation biofuels, while those produced from non-food crops that require arable land for cultivation are 

termed as second generation or advanced biofuels. Biofuel produced from algae: a non-food ‘aquatic’ crop, is 

termed as third generation biofuel. The third type of alternative fuels comprise of fuels produced from 

electrochemical synthesis, where the manufacturing process uses electricity produced from renewable sources. 

Broadly, the third type of alternative fuels can be categorised into carbon-rich and carbon-lean fuels. Power to 

liquid fuel is a carbon rich fuel, as it is essentially an SPK which is chemically similar to the conventional jet 

fuel (Jet-A) [54]. Fuels which are rich in hydrogen content fall under the category of carbon-lean fuels. 

Hydrogen is a clean fuel because its combustion produces only water vapour and small amount of NOx, and 

zero carbon emissions (operational phase) [55]. Hydrogen can be used as a fuel in form of compressed gas, 

LH2, and hydrides. Methane and ammonia are examples of hydrides. However, it is to be noted that the methane 

combustion produces carbon emissions, and ammonia combustion cannot be called as a self-sustained 

combustion process (poor flammability characteristics) and produces higher NOx [56]–[58]. These aspects will 

be further discussed in detail in section 2.6.3.1. 

Hydrogen is a flexible energy vector, though it has major infrastructure implications [22]. According to 

Rolls Royce [22], small size and short range aircraft can be powered by hydrogen fuel by using proton 

exchange membrane (PEM) fuel cells. The range can further be extended by the use of batteries. This system 

of propulsion has better efficiency than small gas turbine engines and lithium-ion batteries (ibid). Additionally, 

for medium and long-range aircraft, direct combustion of hydrogen in gas turbine engine is the solution. 

However, with this system of hydrogen combustion NOx is produced along with water vapour, which is not 

the case with fuel cell as it only produces water vapour. Storing hydrogen is a major challenge considering the 

lower volumetric density of compressed hydrogen gas and LH2 (ibid). Additionally, all-electric propulsion can 

power a small aircraft with short range. This is typically a regional and single-aisle aircraft category. Moreover, 

hybrid-electric aircraft technology could be used for typical medium flight range aircraft, and potentially with 

its range extended to slightly higher range. Lastly, drop-in SPKs (like biofuels, FT fuel, power to liquid fuel) 

and hydrogen fuel could be used for medium to long range aircraft applications. ‘Drop-in’ fuels are the fuels 

that can be used in current aircraft and/or engines without modifying aircraft hardware [52]. 
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A recent study by the World Economic Forum [25] provides insights into pathways that could make 

aviation climate neutral. This study explores for alternatives to Jet-A other than SPK. This study finds that for 

short-range travel, battery–electric aircraft utilising renewable electricity could be less carbon intense than 

conventional aircraft (<400 km in 2035 and <600 km in 2050). This study points out the need to improve 

battery life cycles and management, and advance battery-electric aircraft energy density. For medium-range 

flight, fuel cell (LH2) powered aircraft could provide a low-carbon alternative to Jet-A powered aircraft (<2,000 

km in 2035 and <4,000 km in 2050). This study emphasises the need to develop lighter fuel cell systems. 

Lastly, for long-range travel combustion-based LH2 aircraft could cause lesser climate impacts than Jet-A fuel. 

Overall, for LH2 as a fuel (fuel cell based and combustion-based), this study points out the need to: accelerate 

the introduction of green hydrogen, develop low weight cryogenic tanks, and redesign aircraft (not retrofit) for 

optimised hydrogen performance. Additionally, this study emphasises the need for more detailed research that 

would improve confidence levels of prediction of climate effect of contrails and mitigation strategies, 

especially for LH2 fuel. The above findings in terms of technology roadmaps for every (aircraft range and size) 

domain is similar to Rolls Royce’s testing [22].  

2.6.1 Biomass derived jet fuels 

 Not all bio-jet fuels (i.e. fuel from different production pathways) can be directly used in the present 

aircraft (called ‘drop-in’ fuels), because some of fuel properties and chemical contents are not same as that of 

the conventional jet fuel [59]. Some systems within the aircraft are designed considering the properties of 

conventional jet fuel. For example: The aromatic content of conventional jet fuel causes rubber seals used in 

the high-pressure fuel system to swell, thereby preventing fuel leakage during aircraft operation at different 

altitudes; and synthetic paraffin kerosene (SPK) jet fuel cannot be used in neat form (100%) without 

modifications to aircraft or without addition of synthetic aromatics/additives [59]. The American Society for 

Testing and Materials (ASTM) has approved four bio-jet fuel pathways which can be used in aircraft as ‘drop-

in’ fuels [60]. These are:  

1. FT SPK (FT-SPK) with maximum 50% blend and syngas FT with aromatic alkylation (FT-SPK/A) 

with maximum 50% blend 

2. Hydro-processed renewable jet fuel (HRJ) or HEFA (HRJ/HEFA-SPK) with maximum 50% blend  

3. Bio-chem sugars or hydro-processed fermented sugars to synthetic iso-paraffins with maximum 10% 

blend (also referred to as sugar-to-jet fuel or STJ), and  

4. Alcohol-to-jet (ATJ-SPK) fuel with maximum 50% blend (recently revised from 30% blending)  

where the blending is done with the conventional jet fuel (ibid). 100% SPK (biomass-based and electro-fuel) 

is not strictly a drop-in fuel as it has not yet been approved. 

 A study by Wei et al. [61] reviews different bio-jet fuel types produced from different feedstocks. The 

authors carry out a comparison of holistic life cycle (WTWa) GHG emission for the fuel type and feedstock 

combinations, which is summarised in Table 2.1 (also includes use-phase GHG emissions [without the effect 

of contrails]). The GHG lifecycle analysis is carried out at an industrial level and the GHG emission comprise 

of following process components:  
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• Feedstock cultivation, harvesting, and transportation  

• Land use effect  

• Production and transportation of ancillary chemicals  

• Refining  

• Transport, distribution, storage, and the combustion of the fuel  

 

Table 2.2. Cost comparison of fuel type and feedstock combinations (information source [61]) 

Fuel Cost (€/litre) 

Conventional jet fuel (petroleum) 0.47 (in 2018) 

Fuel type Feedstock Cost MJSP (€/litre) 

FT Lignocellulose 1.24 – 1.51 

HEFA Microalgae 6.36 

Camelina oil 0.33 – 0.92 

Waste oils and animal fat 0.47 – 0.94 

Soybean oil 0.76 – 0.88 

Jatropha 1.1 – 1.15 

ATJ Lignocellulose (thermochemistry) 1.46 – 1.56 

Sugar cane (biochemistry) 0.73 – 1.61 

Corn grain (biochemistry) 0.77 – 1.32 

Lignocellulose (biochemistry) 0.86 – 2.17 

STJ Lignocellulose 3.61 – 4.86 

Sugar cane 1.43 

 

 Additionally, the authors carry out a cost comparison of some of the fuel type and feedstock 

combinations (from Table 2.1) and this is summarised in Table 2.2. It can be observed from Table 2.1 and 

Table 2.1. Comparison of GHG emission for the fuel type and feedstock combinations  

Use-phase GHG emissions (without the effect of contrails) from GREET 2021 [33] 

Fuel Use-phase GHG (g CO2-eq/MJ)  

Conventional jet fuel (petroleum) 73.2 

100% SPK 70.4 

WTWa GHG emissions (information source [61]) 

Fuel GHG (g CO2-eq/MJ) 

Conventional jet fuel (petroleum) 90 

Fuel type Feedstock GHG (g CO2-eq/MJ) 

FT Lignocellulose −1.60 to 18.20 

HEFA Microalgae 27.00 to 38.00 

Camelina oil 3.06 to 53.10 

Waste oils and animal fat 16.80 to 21.40 

Jatropha 33.00 to 40.00 

ATJ Corn grain 47.5 to 117.50 

Sugar cane  −27.00 to 19.70 

Poplar 32.00 to 73.00 

Switchgrass 11.70 to 89.80 

STJ Sugar cane 22.00 to 80.00 
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Table 2.2 i.e., considering both holistic life cycle GHG emission and fuel cost, that HEFA-camelina oil and 

HEFA-waste oils and animal fat are the preferred candidates of fuel type and feedstock combinations followed 

by ATJ-sugarcane (biochemistry) and ATJ-switchgrass (lignocellulose-biochemistry). 

 Another study by Pavlenko et al. [62] examines different alternative jet fuel types produced from 

different feedstocks. The authors use three different parameters that measure embodied carbon for a given fuel. 

The first measure is called direct lifecycle emissions (i.e., WTWa). This is attributable to upstream phase of 

fuel manufacturing (feedstock production and fuel conversion), transport, and the use-phase of the fuel. The 

second measure is indirect land-use change (ILUC) that comprises of indirect GHG emissions considering 

land-use effects. The ILUC emissions are associated with crop-based feedstocks. The ILUC emissions may 

also be attributable to by-products, waste, and residues if these are deflected from the present utilisation. Such 

impacts may be significant, especially if the economic relationships of the feedstocks are closely related with 

vegetable oils (ibid). 

Table 2.3. Comparison of complete lifecycle GHG emissions (three measures) and levelized production 

cost for the fuel type and feedstock combinations (source [62]) 

Fuel Carbon intensity (gCO2-eq./MJ) 

Approximate 

wholesale cost 

(€/litre) 

Conventional jet fuel  87 0.4 

Fuel 

type 
Feedstock 

Direct lifecycle 

emissions 

(WTWa) 

ILUC 

emissions 
Carbon intensity 

Approximate 

levelized costs 

of production 

(gCO2-eq./MJ) (€/litre) 

FT Agricultural residue 6.3 – 6.3 1.75 

Municipal solid waste 

(MSW) 
14.8 – 14.8 1.34 

Power-to-liquids (solar) 1.0 12.5* 13.5 2.35 

Energy crop 11.7 – 12.0 – 0.3 1.87 

HEFA Palm oil 30.8 to 36.5 231.0 216.8 to 267.5 1.01 

Palm fatty acid distillate 

(PFAD) 
19.4 213.0 232.4 0.98 

Soy oil 27.9 to 34.9 150.0 177.8 to 184.9 1.09 

Used cooking oil (UCO) 19.4 – 19.4 0.88 

ATJ Agricultural residue 14.9 – 14.9 2.33 

Corn grain 65.0 14.0 79.0 1.67 

Sugarcane 48.1 17.0 65.1 1.65 

Energy crop 20.3 – 20.3 2.48 

STJ Molasses 47.0 – 47.0 3.85 

* emissions attributable to infrastructure required for new renewable electricity generation 

 

 The third measure is called carbon intensity, which is a sum of the first and the second measure i.e. 

sum of direct lifecycle (WTWa) emissions and ILUC emissions [62]. Additionally, the authors carry out a cost 

comparison of some of the fuel type and feedstock combinations, where they compare the levelized cost of the 

production process. The levelized cost comprises of capital, feedstock, and operating cost. The comparison of 
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complete life cycle GHG emissions (three measures) and levelized production cost for the fuel type and 

feedstock combinations is summarised in Table 2.3. 

 

Figure 2.1. Comparison of feedstock and fuel type considering the levelized production cost and 

(WTWa) direct lifecycle emissions (data source [62]) 

 

Figure 2.2. Comparison of feedstock and fuel type considering the levelized production cost and 

carbon intensity (data source [62]) 

 The information in Table 2.3 is important, particularly considering the first and third measure. This 

information is helpful for analysing the ‘sustainability’ aspect of bio-jet fuels with the limited feedstocks 

evaluated in the study by Pavlenko et al. [62]. The levelized production cost and the first measure i.e., direct 

lifecycle emissions for feedstock and fuel type is analysed through Figure 2.1. Similarly, the levelized 

production cost and the third measure i.e., carbon intensity for feedstock and fuel type is analysed through 
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Figure 2.2. Figure 2.2 absorbs the unintended impacts of crop-based feedstocks i.e., ILUC emissions. 

Typically, ILUC emissions are not calculated in all lifecycle studies. It can be observed from Figure 2.1 and 

Figure 2.2 that none of the feedstock and fuel type combination fall in the ‘ideal alternative fuel zone’ (or 

sustainable alternative fuel zone) i.e., the combination that has lower GHG emission and cost compared to the 

conventional jet fuel. Referring to Figure 2.1, HEFA-UCO and HEFA-PFAD (food crop) are the preferred 

candidates of fuel type and feedstock combinations followed by HEFA-palm oil (food crop) and HEFA-soy 

oil (food crop). After considering the land-use impacts of the crop-based feedstocks i.e., Figure 2.2, particularly 

for food-crops, HEFA-PFAD (food crop), HEFA-palm oil (food crop) and HEFA-soy oil (food crop) are no 

longer preferred candidates. Referring to Figure 2.2, HEFA-UCO and FT-MSW are the top two preferred 

candidates. Figure 2.1 and Figure 2.2, especially the latter convey the importance of a holistic evaluation. 

Though ‘direct lifecycle emission’ or WTWa is a holistic measure, it does not capture the unintended impacts 

of certain feedstocks for fuel production, especially feedstocks that compete with food-crops.   

2.6.2 Power-to-liquid fuel 

 A study by Schmidt et al. [63] demonstrates the development of a relatively novel fuel called ‘power-

to-liquid’ (PtL) jet fuel. Electricity produced from renewable sources like solar and wind energy is used in the 

electrolysis of water for hydrogen production. After carbon (CO2) capture, hydrogen and CO2 undergo 

chemical process to form hydrocarbon fuel (PtL). This study provides information on different pathways of 

producing PtL fuel, and it estimates the life cycle GHG from the production pathways. PtL has significantly 

lower/near-zero lifecycle GHG emission and about 55% lower water consumption compared to conventional 

jet fuel. It is not currently approved for civil aviation. The lifecycle GHGs of PtL from two paths [54], [63]; 

are as follows: 

i. PtL (wind/photovoltaics[PV] in Germany, renewable world embedding) = ~1 g/MJ 

ii. PtL (wind/PV in Germany, today’s energy landscape in material sourcing and construction) = 11 

to 28 g/MJ  

 One of the processes involved in fuel refining is the FT process. It is to be noted that 50% blended FT 

jet fuel is approved by ASTM, and 50% blend of PtL from FT process can be used directly. It has higher fuel 

productivity per hectare land compared to all bio-jet fuels. Its thermo-physical and fuel handling properties are 

like conventional jet fuel,  which means that PtL can be potentially used as a ‘drop-in’ fuel (ibid). This enables 

status-quo in aircraft powerplants. Presently, it costs 7.3 – 10 times more than conventional jet fuel. Similar 

information is revealed in the report by the German Environmental agency [54], where details of PtL fuel 

production, lifecycle GHG, and its current and year 2050 production costs are provided. In 2050, the cost of 

PtL is predicted to be 1.4 – 4.5 times the cost of conventional jet fuel [54], [63]. Table 2.3 and Figure 2.2 

provide the ILUC emissions of PtL. The ILUC emissions are attributable to the infrastructure required for new 

renewable electricity generation. The direct lifecycle GHG emissions for PtL in future renewable energy 

landscape is 1 g/MJ and after considering the ILUC emission of 12.5 g/MJ results in a carbon intensity of 13.5 

g/MJ for PtL. Referring to Table 2.3, the levelized cost of production of FT-PtL (using future energy landscape) 

is 5.9 times the present cost of the conventional jet fuel. 
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2.6.3 Hydrogen as fuel and the physical state of its storage 

 Hydrogen is a suitable energy storage medium which is carbon free and does not include other 

impurities [64]. Hydrogen as a fuel was enthusiastically examined during the last fuel crisis. Considering the 

previously discussed environmental impacts of aviation, hydrogen is again being studied as a long-term energy 

solution. Hydrogen is a versatile energy carrier and can be produced from a wide range of primary energy 

sources. It can potentially reduce the geopolitical tensions related to the high concentration of fossil fuel 

resources in a small geographical area (ibid). Therefore, it can enable a geographically decentralised system 

of fuel production and supply. Additionally, it can improve the fuel supply reliability for aviation [65]. Because 

of this versatility, its adoption might lead to a stability in fuel cost [66]. 

2.6.3.1 Physical state of hydrogen as a fuel 

 Hydrogen can be stored as: a pressurised gas, a hydride, LH2, or slush or solid form. Examples of 

hydride include methane, ammonia, etc. Storage as slush or solid hydrogen demands high energy to sub-cool 

the fuel and its use only leads to nominal savings in tank volume and weight [66]. Hydrogen storage as a super-

saturated (subcooled) liquid can cause high pressure fluctuations inside the tank thereby resulting in heavier 

tanks. Hydride and gaseous storage are impractical because of the excessive tank weight or volume resulting 

from carrying a fuel of low energy density per unit volume especially for ‘gaseous’ hydrogen [66], [67]. A 

first order evaluation of a small twin aisle aircraft (such as Boeing 767) with a flight range of 5,600 km suggests 

that LH2 is preferred over liquid natural gas (LNG), liquid ammonia (LNH3), ethanol, and methanol [47]. 

Additionally, LNG combustion releases CO2, which is not wanted in this exercise. These fuels require a 

separate viability examination for aviation application. A more detailed examination compared to above, by 

Verstraete [68], shows that for a long-range (double-decker) aircraft the operational energy consumption 

reduces by 12% compared to conventional jet fuel operation. Therefore, hydrogen storage as a saturated liquid 

(LH2) is preferred for aviation applications requiring a considerable fuel load.  

 Moreover, hydrides such as NH3 have higher NOx emission [56] considering a chemical kinetics 

viewpoint. NOx formation by NH3-air combustion can be understood via three mechanisms: prompt NOx, 

thermal NOx, and fuel-NOx [57]. For hydrocarbon and hydrogen fuel, the third mechanism, NOx formation 

(fuel-NOx),  does not apply because these fuels do not carry ‘N’ with them. Along with NOx, the ‘N’ from the 

fuel has the potential to also make more nitrous oxide (N2O) (a strong GHG) compared to other 

fuels. Additionally, combustion in engine is expected to be a self-sustaining process. NH3 has low flammability 

[56] and complete combustion of NH3 requires presence of a catalyst (viz. platinum). Experimental studies for 

NH3 combustion are usually carried out in the presence of hydrogen [58] or CH4, as these fuels increase the 

flame properties (radical and heat diffusion, flame speed, increases flammability of mixture etc.). Additionally, 

future combustors are expected to burn in fuel-lean region and NH3 combustion in this regime results in higher 

NOx formation [58]. Moreover, there are ultra-low NOx combustors (compared to conventional jet fuel) such 

as ‘lean direct injection’ and ‘micro-mix’ combustors designed for combustion of hydrogen [64]. Therefore, 

LH2 is the preferred form of storing hydrogen for aircraft use.   
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2.6.3.2 LH2 as aviation fuel 

 LH2 as an aviation fuel comes across as an interesting candidate, primarily because of its higher 

energy density (lower calorific value [LCV]) of 120 MJ/kg compared to conventional jet fuel’s LCV of 43.2 

MJ/kg [55], and because hydrogen combustion does not release emissions like CO2, CO, VOC, PM, BC and 

organic carbon (OC), and SOx during direct-use. The high energy density of LH2 for aviation applications can 

be extracted via two ways: fuel cell powered and gas turbine engine powered aircraft. The study by Ashcraft 

et al. [18] finds that fuel-cells are unlikely to be ready for completely powering propulsion systems on large 

aircraft by year 2035 but they are more likely to be used for augmenting a primary power source. The fuel cell 

specific power metrics are typically reported for fuel cell stacks [69]. The specific power for fuel cell systems 

(FCS) includes important supporting and/or auxiliary components. This is based on the stack or site-specific 

requirements, e.g., hydrogen-, air-, water-, heat-, and system-management. They are integrated into a 

comprehensive fuel cell system package. FCS performance is based on the functioning of non-stack systems. 

In terms of modelling energy systems, FCS specific power is used. In a study by Delgado Gosálvez et al. [70], 

a small LH2 fuel cell powered regional aircraft called the ‘Greenliner’ is designed. The range of ‘Greenliner’ 

is 500 nautical mile (nmi) or 926 km and it seats 19 passengers. The authors have assumed a specific power 

capacity for the FCS similar in magnitude (2.72 kW/kg) as that of the fuel cell stacks used in latest fuel cell 

powered car ‘Toyota Mirai’ (2 kW/kg). It is to be noted that the FCS specific power capacity of the fuel cell 

technology used in Toyota Mirai has a maximum value of 0.8 kW/kg. Additionally, the said aircraft is partially 

powered by lithium-sulphur battery. If the previous discussion on Rolls Royce’s testing is recalled, then Rolls 

Royce’s plan is much more ambitious (thrice the range) than ‘Greenliner’. It is to be noted that this future plan 

despite being ambitious is limited to flight range of ~1,500 nmi (~2,800 km). This could be representative of 

a fuel-cell powered single-aisle aircraft seating approximately 150 passengers.  

 Recent studies also limit the application of fuel cell powered aircraft and/or turbo-electric aircraft 

(powered by LH2) for regional/short- to mid-range application (small- to mid-sized aircraft). A study by Kasim 

et al. [71] models the performance of a regional aircraft (Cessna) retrofitted with fuel cell and hydrogen fuel 

systems. The maximum passenger seating reduces from 14 to 8, and the aircraft range is 350 km. A study by 

Nicolay et al. [72] examines the performance of a small/regional aircraft powered by fuel cell and hydrogen 

fuel systems. The maximum payload is 428 kg (or four passenger seating) with a range of 1,678 km. A study 

by Waddington et al. [73] models an LH2 fuel cell powered aircraft called CHEETA of an unconventional 

airframe or architecture seating 180 passengers over 5,436 km range (similar to a class of Boeing 737). A 

thesis by Vonhoff [74] designs a regional aircraft powered by fuel cell and hydrogen systems. A study by 

Brelje et al. [75] designs a small fuel cell powered aircraft (range ~2,000 km), where the LH2 fuel is stored in 

wings. The author conducts a detailed aero-structural analysis of the wings for the installation of LH2 fuel 

tanks. A study by Marciello et al. [76] provide conceptual design of a fuel cell powered regional aircraft with 

a design range of 926 km seating 19 passengers. A study by Pastra et al. [77] models a hybrid hydrogen fuel 

cell and battery powered regional turboprop aircraft with a design range of 2,035 km seating 74 passengers. A 

study by Dietl et al. [78] designs a turbo-electric aircraft called Polaris which is powered by LH2 fuel (stored 
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in foam based tanks) employing N+3 technology and an unconventional aircraft architecture with open rotor 

engines. This aircraft seats 150 passengers with 2,780 km at design point. A study by Druot et al. [79] models 

turbo-electric aircraft fleet powered by LH2 fuel by employing different configurations of fuel tank integration. 

The study finds that such a propulsion technology enables range and payload combination only for a single 

aisle type of aircraft with short-range application. 

  

Figure 2.3. Trend of specific power of fuel cell technology and comparison with the specific power of a 

gas turbine engine used on Boeing 777-200LR aircraft (data source [69], [80]–[82])  

 Figure 2.3 shows the trend of fuel cell technology development (with time until year 2030) on both 

stack level and systems level. On a Boeing 777-200LR aircraft, two GE90 engines are used. The fuel flow rate 

at take-off is known to be 4.32 kg/s from the ICAO emissions databank while using conventional jet fuel 

(gravimetric energy density of 43.2 MJ/kg) [83]. The overall efficiency is known to be 0.37 [84]. Additionally, 

the engine weight is known to be 8,761 kg [85]. The specific power of this engine (system level) is calculated 

to be (4.32 x 43,200 x 0.37/8,761 =) 7.88 kW/kg. Therefore, from Figure 2.3 and previous discussions it can 

be concluded that fuel-cells do not appear to be a technological solution for future large aircraft with a long 

range. In terms of hydrogen use, according to World Economic Forum’s report and Rolls Royce’s tests 

discussed previously, long range large aircraft need to be powered by direct combustion of hydrogen in gas 

turbine engines.  

The products of hydrogen combustion include water vapour and NOx, and therefore it has the 

potential to make aviation cleaner and carbon-neutral in the use-phase. LH2 as an aviation fuel has gravimetric 

energy density or LCV of 120 MJ/kg as compared to 43.2 MJ/kg for the conventional jet fuel [55]. However, 

conventional jet fuel is about 11.4 times denser (by mass) than LH2 [47]. Therefore, the volumetric energy 

density (MJ/litre) of the conventional jet fuel is about 4.1 times as that of LH2. This implies that the fuel tanks 

on LH2 powered aircraft will require more volume storage (bigger tanks with insulation), which will further 
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increase aircraft weight and penalty due to drag. To maintain the same payload capacity, it is necessary to re-

design the aircraft (fuselage and wing-loading for a conventional tube-wing aircraft) accounting extra fuselage 

and fuel tank weight, and form factor for the fuel tanks. The increase in aircraft weight and size, increases the 

drag on the aircraft. Verstraete [68] models the use of LH2 in different sizes of aircraft (conventional tube-wing 

architecture) and finds that use of LH2 shows energy consumption improvements only in long-range aircraft. 

For short and mid-range aircraft, there is an increase in energy use. The use of LH2 in long-range (double-

decker) aircraft mission leads to an improvement in energy efficiency of up to 12% (ibid). Therefore, LH2 is 

an excellent candidate as an alternative fuel for long-range large aircraft. Current aircraft structures (tube-

wing) are designed to accommodate jet fuel and gas turbines allowing a limited retrofitting only. New designs 

such as the blended wing body (BWB), also known as hybrid wing body (HWB), enable a more flexible 

integration of new storage technologies and energy converters such as cryogenic hydrogen tanks due to higher 

internal volume as compared to a tube-wing architecture [34], [86]. On similar lines, a study by Rompokos et 

al. [87] qualitatively examine morphologies of short-to-medium range and long-range LH2 aircraft that enable 

shortlisting or selection of concepts for a more detailed study. A tube-wing aircraft with extended wing roots 

is selected for short-to-medium range application and a BWB design is selected for the long-range application. 

Therefore, a dedicated literature review on BWB aircraft architecture is deemed necessary and is conducted in 

sub-section 2.12. As discussed, this promising and new aircraft architecture is expected to provide benefits in 

terms of LH2 storage.  

2.7 Heat recovery in aircraft engines for improving efficiency 

 Heat recovery in aircraft (thrust-powered and shaft-powered) has been pursued for a long-time, 

especially in the past two decades, to improve the overall efficiency of aircraft. With such systems, there is 

always a balancing act between efficiency improvement and weight addition. A patent application by Fonseca 

[88], [89] reveals a heat recovery system for a thrust-powered aircraft engine (i.e. turbofan engine in this case). 

A design-optimisation study based on this system, by Perullo et al. [90], shows that the addition of this heat 

recovery system will have thrust-specific fuel consumption improvement of 0.9 – 2.5%. In a granted patent, 

Jagtap [91],[92] reveals a heat recuperation system for the family of shaft-powered aircraft gas turbine engines 

(turbo-shaft and turbo-prop engines) which increases the engine performance and life. A study based on this 

patent, Jagtap [93] presents the conceptual design of a novel compact heat-exchanger for application within 

annular fluid-flow path. 

The study by Misirlis et al. [94] reveals an intercooled recuperated aero-engine of MTU Aero Engines 

AG. This engine uses an alternative thermodynamic cycle with intercooling and heat recuperation, where the 

heat recovery system comprises of heat exchangers installed in its exhaust nozzle (ibid). The intercooled 

recuperated aero-engine reduces the specific fuel consumption by 9.1 – 13.1 % depending on the selected heat 

exchanger type (ibid). 
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2.8 Air-to-air refuelling 

 The civil-aviation sector’s fuel efficiency can be increased by implementing air-to-air refuelling and 

reducing short-haul flights. A study by McRoberts et al. [95] shows that air-to-air refuelling can give up to 

14% fuel-burn and 12% operating-cost savings, when compared to a similar technology-level aircraft concept 

without aerial refuelling, which represents up to 26% in fuel burn and 25% in total operating cost over the 

existing operational model, at present standard fleet performance and technology. However, these potential 

savings are not uniformly distributed throughout the network, and the system is highly sensitive to the routes 

serviced, with decrease in revenue-generation potential observed throughout the network for air-to-air 

refuelling operations due to decrease in passenger revenue [95]. Another study on air-to-air refuelling by 

Nangia [96] shows that aerial refuelling can have 15 – 30% improvement in fuel burn. A research thesis by 

Verhagen [97] finds that shape formation/flocking can have up to 4% fuel improvement. Aerial refuelling 

reduces aviation-related noise and emissions (local and global air quality) with energy reduction in ground 

system at airport [96]. Medium-range flights (approximately 3,000 nmi or 5,555 km) will be efficient with air-

to-air refuelling (ibid). For passenger aircraft, safety is the paramount concern, and safety issues with air-to-

air refuelling persists with defence sector aircraft. Air-to-air refuelling is not yet certified for civil aviation use. 

Moreover, for a sector which contributes to 3.5% of total man-made radiative forcing, if short-haul flights are 

removed, then the transportation load on ground and rail transportation will increase, which already contribute 

significantly to climate impacts. Also, the proposed removal of short-haul flights will cause inconvenience to 

people in the need of travel emergency. For example: The distance between Seattle, USA and Miami, USA is 

approximately 2,800 nmi (5,185 km) [98], which approximately represents the maximum (diagonal) distance 

in USA. According to Nangia [96], medium-range aircraft will be efficient with air-to-air refuelling. If short-

haul flights are removed to support it, then the domestic aviation sector in USA could collapse i.e., it could 

have economic as well as social impacts. For air-to-air refuelling to succeed (after certification), it is required 

to re-design aircraft, re-structure air-traffic system, routing revisions, and development of automated systems 

for air-to-air refuelling. 

2.9 Infrastructure, supply chain, and lifecycle analysis of aviation systems  

 A comprehensive and detailed lifecycle energy and emissions assessment of passenger transportation 

has been carried out by Chester et al. [99] to help the decision makers in appropriately developing technology 

and policies for mitigating environmental impacts of transportation. For aviation sector, depending on the type 

of aircraft (small, midsize, or large), active operations account for 69 – 79% and inactive operations account 

for 2 – 14% of air travel lifecycle energy (ibid). Aircraft have the largest ratios of operational energy to the 

total lifecycle energy due to their large fuel requirements per passenger kilometre travelled (PKT) and 

relatively small infrastructure (as aircraft is in cruise for majority of the flight-time) (ibid). During the life 

cycle of an aircraft, majority of SO2 emissions come from the non-operational phase (primarily from the 

electricity required during individual paths in aircraft’s life cycle), majority of NOx comes from operational 

phase of aircraft, and majority of CO emissions come from vehicle manufacturing and infrastructure operation 
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(ground support equipment) (ibid). Therefore, technological advancements for improving fuel economy and 

switching to lower-carbon fuels are the most effective measure for improving the environmental performance 

of the aviation sector (ibid). Additionally, the use of alternative fuels/green energy instead of diesel or gasoline 

equipment, or stronger emission controls can reduce aircraft’s total lifecycle CO emissions via ground support 

equipment operations and truck transport (ibid). 

2.10 Recent efforts towards cleaner aviation 

 In the past few years, there have been efforts in terms of implementing unconventional aviation 

propulsion systems (prototype or for pilot-use/small-scale); and using alternative fuel and renewable energy. 

Test flights using biofuels (SPK) from algae and camelina were successfully conducted which marks the 

beginning of using alternative fuel in aviation [59], [100]–[102]. Additionally, Lufthansa successfully 

completed a six-month flight-operation using 50% blended biofuel on Airbus A321 between Hamburg and 

Frankfurt, without any technical problems or operational inconsistencies [59], [100], [103]. In recent years 

many test flights have been conducted on regional jets (ATR aircraft) [104], business jets [105], and LTA 

(A350), and VLTA (A380) [106], powered by 100% SPK primarily from HEFA pathway using waste biomass. 

From these test flights, no major issues were reported. Cochin airport in the Kerala state of India, is the world’s 

first airport to be powered 100% by solar energy [107]. Solar impulse [108], is the world’s first solar-powered 

aircraft with a seating capacity of one passenger. This solar-powered aircraft has successfully toured the globe 

(ibid). Researchers at the University of Cambridge have developed a single-seater hybrid-electric aircraft and 

have flown it successfully [109]. In 2016, the world’s first four-seater passenger aircraft (range of up to 1,500 

km) powered by fuel cells and battery system called ‘HY4’ made its first flight [110]. An ion-based propulsion 

method has been applied to a model aircraft (no passengers) by researchers at MIT, and test flights have been 

conducted [111]. In September 2022, Alice, the first all-electric passenger aircraft (Eviation company) made 

its maiden flight [112]. This is a nine-seater aircraft with a design range of 250 nmi (460 km). The above 

efforts are in-line with the measures suggested to mitigate the impacts of aviation, via advancements in aircraft 

technology, and use of alternative fuels and/or improved airport energy systems.  

2.11 Future aircraft technology 

A thesis by Cullen [113] examines the energy efficiency of various energy systems. The analysis also 

includes the possible improvements to energy systems for increasing their efficiencies. In the chapter on 

aircraft, the author finds that significant fuel efficiency improvements can be made via structural/airframe, 

aerodynamics, and propulsion systems. The author conducts comparison of presently used swept-wing aircraft 

and a future laminar-flow wing aircraft using un-ducted fan engine (LFW-UDF). LFW-UDF is essentially a 

combination of improved structural/airframe, aerodynamics, and propulsion systems. The LFW-UDF 

particularly uses boundary layer suction for maintaining laminar flow over the complete airframe and employs 

engine with improved propulsive efficiency. This analysis is based on the specific fuel burn model from the 
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greener by design (GBD) report [114]. The study by Cullen finds that approximately 46% fuel efficiency 

improvement can be achieved with the LFW-UDF configuration.  

 

A study by Benzakein [115] guides the readers through the future technologies for commercial aviation 

until year 2050. The discussion in this study is primarily about NASA N+i concepts1, especially the propulsion 

systems involved in these concepts (ibid). Table 2.4 lists the NASA N+i subsonic fixed-wing aircraft 

technology goals (ibid). N+1 (year 2020 and beyond) will have advanced turbofan engines with high bypass 

ratios (BPR), and N+2 (year 2025 and beyond) will have ultra-high BPR (UHB) turbofan engines (open-rotor 

and/or ducted geared turbofans [GTF]), via improvement in the thermal efficiency by increasing the overall 

pressure ratio (OPR) [18],[115]. The N+3 generation (year 2030 and beyond) will include ultra-high BPR 

propulsion (net effective BPR), hybrid engines, alternative cycles, integrated propulsion, variable cycle engine, 

and/or engines with inter-cooling (ibid). The technological improvements in N+1 category include: improving 

the current aerodynamics and structure (tube and wing body) and using efficient turbofans (high BPR) [116]. 

Also, advancements in the N+2 category include use of advanced form of tube and wing body and 

unconventional aircraft body; efficient turbofans (UHB/GTF); low NOx combustor concepts for high OPR 

environment; improved thermal efficiency of engines (or high operating temperatures) without increasing NOx 

emissions (ibid). Overall, the N+2 category engines will have cleaner combustion, partial pre-mixed and lean 

direct multi-injection, lightweight ceramic matrix composite (CMC) liners to handle higher temperatures 

associated with higher OPR, advanced instability control, improved fuel-air mixing to minimise hot spots that 

create additional NOx, and will have the flexibility to implement emerging alternative fuels [116].  

A study by Ashcraft et al. [18] provides a systems-level review of the N+3 aircraft concepts which 

include Boeing’s SUGAR (Subsonic Ultra Green Aircraft Research) concepts (more specifically Boeing 

SUGAR Volt concept); MIT’s Double-bubble; Northrop Grumman SELECT (Silent Efficient Low-Emissions 

Commercial Transport); General Electric concept developed in partnership with Cessna and Georgia Tech; 

 
1 For N+i technology description and nomenclature, please refer Chapter 1 

Table 2.4. NASA N+i subsonic fixed wing aircraft technology goals [115] 

Corners of the trade 

space 

N+1 (service entry year 

2020 and beyond) 

technology benefits relative 

to a single aisle reference 

configuration (Boeing 

737/CFM 56) 

N+2 (year 2025 and 

beyond) technology 

benefits relative to a 

large twin aisle reference 

configuration (Boeing 

777/GE 90) 

N+3 (year 2030 and 

beyond) technology 

benefits 

Noise -32 dB -42 dB -71 dB 

LTO NOx emissions 

(below  Committee on 

Aviation 

Environmental 

Protection 6) 

-60% -75% Better than -75% 

Performance (Aircraft 

fuel burn) 
-33% -50% Better than -70% 
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and NASA’s N3-X Turboelectric Distributed Propulsion (TeDP) concept. Additionally, a study by Jagtap 

[117] conducts a systems-level assessment of subsonic hybrid-electric propulsion concepts for NASA N+3 

goals with conceptual aircraft sizing (300 passengers). This comparative study is conducted using systems 

engineering methods to select the best concept from Boeing SUGAR Volt, MIT Double-bubble, Northrop 

Grumman SELECT, and NASA N3-X TeDP [117]. This study is helpful in phase one of such a project. The 

Georgia Tech Integrated Product-Process Development method is used in the study by Jagtap [117] to conceive 

a commercial aircraft which meets the rigorous N+3 goals set by NASA. The benefits of such a study are that 

it enables design changes to be made in early life of the project, thereby decreasing lifecycle costs (ibid). This 

study evaluates the NASA N3-X TeDP concept (BWB airframe) to be the best of the four concepts under 

consideration (ibid). 

 The N+1 technology is almost similar in architecture (tube and wing body) and in propulsion type, to 

most of the present-day aircraft. The N+1 technology can be thought of as an improvement in performance 

relative to the present-day aircraft, which is majorly a result of using high BPR engines, improved 

aerodynamics, and reduced weight of the aircraft. The aircraft concepts under N+1 are currently undergoing 

development-manufacturing (example Boeing 777X). The N+3 aircraft concepts have their own set of 

technology challenges to make them feasible for entering service in the targeted year. The study by Ashcraft 

et al. [18] shows feasibility criteria and constraints for N+3 hybrid-electric aircraft. For N+3 aircraft concepts, 

the electric motors and boundary layer ingestion (BLI) require significant technological developments (ibid). 

The BLI affects the propulsion system design due to flow distortion, and it has to be accurately included within 

the propulsion system design and optimisation via high-fidelity multi-physics approach [118]. As discussed in 

sub-section 2.6.3.2, fuel-cells are unlikely to be ready for powering propulsion systems on large aircraft by 

year 2035 but they are more likely to be used for augmenting a primary power source.  

 Additionally, according to the study by Ashcraft et al. [18], considering past battery development cycles, 

it is unlikely that new chemistries will be available for year 2035 advanced concepts. NASA N3-X TeDP 

concept uses novel propulsion system, which utilises superconducting electrically driven, distributed low-

pressure-ratio (1.35) fans with power provided by two remote superconducting electric generators [119]. The 

turbogenerators are located at the wing tips, while the fans are positioned at the rear of the planform where 

they ingest the boundary layer. NASA N3-X TeDP concept has the potential to reduce fuel consumption by 

70-72% (ibid). For this concept it is assumed that the required power density of the generators and motors is 

achieved from wound rotor synchronous machines with superconductor windings on stator and rotor. For 

keeping the required cooling capacity within acceptable limits, the stator conductors must be engineered 

carefully for reducing the alternating current losses. The required filament size for enabling this presently 

appears achievable only for the superconductor MgB2. The critical temperature (the highest temperature at 

which it is superconducting) for MgB2 is only 39 K, and it must be below 30 K for producing useful current 

density (ibid). Although Bismuth Strontium Calcium Copper Oxide cannot be manufactured presently with 

acceptable alternating current losses, a future development is assumed which makes it possible. Motors and 

generators with a hypothetical fine-wire Bismuth Strontium Calcium Copper Oxide are assumed. Additionally, 

according to Ashcraft et al. [18], superconducting electric motors are extremely important to the success of 
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NASA’s N3-X TeDP concept. The limitations of using the said superconducting system is the increased system 

complexity. Along with the electric motors, other components such as a compressor, cryocooling system, 

inverter, and power source would also need to be added (ibid). The viability is closely related to the 

development of boundary layer ingestion and superconducting electric motor/generators that will eliminate 

mechanical connections for power distribution. 

 Other future aircraft concepts (LTA or VLTA) include the aircraft from the CENTRELINE project 

[120], Airbus’ MAVERIC aircraft [121], KLM - TU Delft V-shaped aircraft [122], and MIT’s H3.2 BWB 

aircraft [123]. The aircraft from the CENTRELINE project [120] has two UHB engines that power an electric 

fuselage BLI fan that reduces drag and improves the aerodynamic performance. This concept has the potential 

to reduce the fuel consumption by 27% seating 340 passengers with a design range of 12,000 km in comparison 

with a reference aircraft of year 2000 technology. Airbus’ MAVERIC aircraft [121] is predicted to reduce 20% 

fuel consumption as compared to an unknown reference aircraft. KLM - TU Delft V-shaped aircraft [122] can 

potentially reduce the fuel consumption by 20% seating 314 passengers compared to the latest Airbus A350 

aircraft. The design details and other performance characteristics of Airbus’ MAVERIC aircraft and KLM - 

TU Delft V-shaped aircraft are not published so far. Lastly, MIT’s H3.2 BWB aircraft [123] can enable travel 

of 354 passengers over 14,075 km with 53.7 % payload fuel energy intensity improvement for the podded-

engine version as compared to B777 aircraft. 

 Studies on electric aircraft (turbo-electric, battery electric – hybrid and/or full electric) [18], [19], [117], 

[119], [124]–[128], [20]–[22], [25], [78], [79], [109], [110] suggest that these technologies are infeasible for 

typical long-range Mach 0.85 flight of an LTA aircraft, considering future technology development trend.  

 Figure 2.4 provides the specific energy of different battery technologies as compared with the energy 

density of kerosene/conventional jet fuel. It is to be noted that this figure is on a log-scale, and there is an order 

of magnitude difference between the specific energy of the best battery technology and conventional jet fuel. 

A study by Grönstedt et al. [124] finds that aircraft fuel is currently 50-100 times more power dense than 

batteries and historical improvement rate of 2-3% makes it uncertain whether batteries will reach the power 

density required for (approximately) year 2050 timeframe. Brelje et al. [125] raise safety concerns, as batteries 

are a known aviation hazard and have much less service experience, and fail in seemingly more-complex 

modes. The design of economically viable fixed-wing electric-aircraft demands high-end technology (ibid). 

According to studies by Pornet et al. [126] and Voskuijl et al. [19], the current technology is not ready, and 

significant development in battery technology is required for hybrid-electric aircraft, especially for a long-

range 300 passenger aircraft. 

 The current battery energy density is 100-200 Wh/kg. Pornet et al. [126] investigated the use of batteries 

as energy source alongside conventional jet fuel as a retrofit for short-to-medium range single-aisle turbofan 

aircraft. They conclude that the use of batteries with an energy density of 1,500 Wh/kg, as an energy source, 

can provide a block fuel reduction (of 16%) on short-range missions. Further analysis by Pornet et al. 

demonstrates that batteries with an energy density below 1,000 Wh/kg provide no significant fuel savings at 

all. Voskuijl et al. [19] examine the use of 1,000 Wh/kg energy density batteries for powering a 70 passenger 

regional turbo-prop aircraft with a range of 1,528 km, comprising of 34% electric shaft power. The authors do 
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not account for the turbo-prop noise effects in this study. This arrangement results in 28% reduction in mission 

fuel, but it comes at the expense of a larger aircraft in terms of weight and wing area. In a study by Friedrich 

et al. [20], a Boeing 737–800 aircraft was retrofitted with a hybrid electric propulsion system. Assuming a 

specific energy of 750 Wh/kg, 10.4% fuel saving was computed on a two-hour mission. The study by Schäfer 

et al. [21] uses battery packs of 800 Wh/kg for an aircraft completely powered by batteries. This full-electric 

aircraft seats 150 passengers for a range of up to 1,111 km. The authors find that this full-electric aircraft has 

the potential to decrease net CO2 emissions by 15%. Additionally, this full-electric aircraft can decrease the 

airport NOx emissions by 40% (ibid). For the 2040 timeframe, DLR researchers are developing a 70 seater 

hybrid-electric aircraft (battery energy density unknown) with a range of 2,000 km [110]. 

 

Figure 2.4. Specific energy of different battery technologies as compared with the energy density of 

kerosene/conventional jet fuel (data source [129]) 

 Overall, with the assumption of battery energy density reaching 4-8 times the present capacity, the 

maximum fuel consumption reduction of 28% is observed in a turbo-prop aircraft. Additionally, if lifecycle 

effects are taken into consideration, the savings in fuel consumption come at the expense of extra electricity 

production or emissions elsewhere which is also sensitive to the energy-mix of a country/region (thermal vs 

renewable power production).  

 The N+2 aircraft concepts and the studies based on it, show the potential to meet the set targets. Some 

of these concepts include advanced tube-wing body, BWB, and box-wing body aircraft versions by different 

companies/organizations. These concepts use an UHB, direct-drive, or open-rotor/un-ducted turbofan or GTF 

engine. From Table 2.5, it can be observed that the N+2 goals have significant fuel savings (50% reduction) 

compared to the present fuel consumption. This is achieved through technological advancements in aircraft 

concepts, architecture, and propulsion systems, including the unconventional aircraft architecture like 
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blended/hybrid wing body (BWB or HWB). The blended/hybrid wing body is also a part of the N+3 concept 

(NASA N3-X TeDP), as discussed previously. Additionally, the use of UHB engines/propulsion system will 

be started with N+2 technology. A study by Nickol et al. [130] (NASA) models a fleet of advanced N+2 aircraft 

and conducts their performance evaluation. The fleet comprise of regional jet/RJ (small-range), single aisle/SA 

(mid-range), very large twin aisle/VLTA (long-range), small twin aisle/STA (long-range) and large twin 

aisle/LTA (long-range); with at least 2 options of aircraft for each aircraft type.  

 LTA options have both tube-wing and BWB architecture using UHB engines. Only the BWB concept 

with UHB shows the potential of tending towards NASA N+2 noise, fuel consumption (of ~47% reduction 

compared to the 2005 level baseline aircraft), and LTO NOx reduction goals. Overall, N+2 is a generation 

where technology starts transitioning significantly and rapidly. N+2 concepts appear to be technologically 

feasible as indicated by studies. In the context/scope of this work that considers LTA aircraft, the NASA 

concepts and their features are summarised in Table 2.5. 

  

2.12 BWB aircraft 

 BWB is a category of aircraft between conventional and all-wing (example: Horten wing) aircraft 

configurations [131]. It is characterised by a low aspect ratio high thickness ratio inboard wing, a high aspect 

ratio outboard wing, and basic verticals (ibid). The lift to drag ratio (L/D) at cruise can be improved up to 25% 

compared to a similar passenger capacity tube-wing aircraft, and the installed thrust and fuel savings are even 

higher (ibid). Figure 2.5 shows a typical large/very-large BWB aircraft with two podded UHB engines. 

2.12.1 Benefits of BWB aircraft configuration 

2.12.1.1 Aero-structure 

 The BWB weight is distributed more optimally along the span, and has lower reduced structural weight 

as compared to a conventional tube-wing aircraft [132]–[136]. The integration of the thick centre-body with 

the outer wing in a BWB decreases the bending moments (ibid). The BWB has lower total wetted area and 

such an architectural integration allows for a long wingspan [132], [133], [137]. This results in the optimal 

aspect ratio of the outer wing being slightly higher than that of a tube-wing aircraft [132], [138]. Therefore, 

BWB has a higher lift-to-drag ratio and is structurally efficient than a tube-wing aircraft [132], [133], [138]. 

Table 2.5. Summary of NASA’s LTA concepts for 301 passengers (source [130]) 

Features 

Concepts 

Tube-wing 301 – 

direct-drive 

Tube-wing 301 – 

GTF 

BWB 301 – 

direct-drive 

BWB 301 – 

GTF 

Mid fuselage 

nacelle 301 – GTF 

Architecture Tube-wing Tube-wing BWB BWB Tube-wing 

Engine drive Direct Geared Direct Geared Geared 

Tail type Conventional Conventional - - T-tail 

Engine location Below the wing Below the wing 
Aft of 

airframe 

Aft of 

airframe 
Mid fuselage 
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Figure 2.5. Graphical representation of a typical large BWB aircraft 

2.12.1.2 Aerodynamics and propulsion 

Considering the aerodynamics, the BWB architecture inherently follows the area-rule and thus can 

potentially enable higher cruise Mach numbers without the need to modify the basic shape [132], [139], [140]. 

The variation of cross-sectional area in BWBs is similar to that of the body of minimum wave drag due to 

volume i.e. the Sears-Haack body, which results into decrease in wave drag at transonic speeds [132], [139], 

[140]. A crucial feature of the BWB is its lift-generating centre-body that provides benefit over the tubular 

fuselage of a tube-wing aircraft [132], [136], [141], [142]. This enhances the aerodynamic performance by 
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decreasing the wing loading. Additionally, the reduction in wetted area through a smaller outer wing as 

compared to a similar sized present-day tube-wing aircraft results into an improved lift-to-drag ratio as it is 

proportional to the wetted aspect ratio. The wetted aspect ratio improves because it its inversely proportional 

to the wetted area [132], [133], [139], [143], [144]. The elimination of horizontal tail compared to a tube-wing 

aircraft, implies a decrease in the associated penalties due to friction and induced drag, causing further 

improvement in L/D [132], [138]. This causes the BWB shape to be more streamlined. The additional benefits 

are lesser wetted area to volume ratio for larger BWBs compared to a tube-wing aircraft. The interference drag 

decreases because of the reduction and/or elimination of surface-intersections/junctions between the fuselage 

and wings of a tube-wing aircraft [132], [134]–[136], [141], [143], [145].  

In terms of the interaction of aerodynamics and propulsion system, some BWB aircraft concepts have 

engines partially embedded in the aft section of the BWB. With such an arrangement, the BLI technology can 

be used. The BLI can be done from a portion of the centre-body upstream of the engine inlet BLI results in the 

ram drag reduction which improves propulsive efficiency [132], [133], [139], and resultantly decreases the 

required thrust and fuel burn [146]. The aft installation of engine offsets the weight of the furnishings, payload, 

and other systems, and effectively balances the airframe. Additionally, this maximises the benefits from BLI 

because the boundary layer is completely developed towards the aft of wing [132], [146]. There is a potential 

for further reduction in drag via active and passive laminar flow control through laminar flow technology and 

wing shaping, on the lifting surfaces and engine nacelle. This can significant decrease skin friction drag [132], 

[143]. The BWB is an appropriate aircraft for the use of such technologies. 

2.12.1.3 Noise 

The BWB configuration inherently has the potential to produce lesser noise than a tube-wing aircraft 

type [132], [139], [146]. The BWB features that contribute to its low-noise characteristics are smooth lifting-

surfaces, no tail, and minimally exposed cavities and edges (ibid). In the current tube-wing aircraft (mostly) 

the engines are installed/positioned below the wing. Whereas, for BWB the engines are installed on the aft 

side of its upper surface. The BWB airframe shields noise (fan and exhaust), from passengers and community, 

as compared to a current tube-wing aircraft (ibid). 

2.12.1.4 Flight control and stability  

According to Liebeck [133], a complicated high-lift system is not needed for the Boeing design due 

to the low-effective wing loading. The author discusses the reconfigurability and redundancy of the trailing 

edge flight controls. This decreases the secondary power requirement of the control system [132], [147]. 

2.12.1.5 Passenger safety  

The pressure vessel because of its unique structural needs, and the requirement to handle pressure 

loads and wing bending, should be robust and have substantial crashworthiness [132], [133], [139]. The aft 

position of engines on the BWB displaces the shrapnel from engine failure behind the flight controls devices, 
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the pressure vessel, and systems and fuel tanks. In some BWB designs, broad cargo bays separate the fuel 

systems and the passenger section [132], [133]. 

2.12.1.6 Manufacturing, modularity, economics, and marketing  

BWB design eliminates the need of mechanical joints of highly-loaded structures at 90o to each other 

and fillets [132], [139], [147]. Additionally, there is a significant reduction (order of 30%) in the total number 

of parts (ibid). Considering the aspect of passenger-comfort levels, the vertical cabin walls in the BWB might 

offer a more spacious experience than the curved walls of a tube-wing aircraft [132], [139]. The direct 

operating costs per seat/mile for the BWB are forecast to be 15% lesser than a tube-wing aircraft [132], [138].  

In terms of design and reconfiguration, the BWB aircraft can be used for military and civil aviation 

applications; and it can be stretched laterally that will increase the span and wing, and resultantly the payload 

[132], [139], [147]. These benefits are not possible with a tube-wing aircraft as they are longitudinally stretched 

for increasing the payload. The commonality between 450-passenger and 250-passenger versions has been 

assessed, with the nose/cockpit section and outer wings being common members of this family of aircraft. The 

modular centre-bodies are aerodynamically balanced and smooth. The required fuel volume in the outer wing 

is sufficient for all the members of the family. This commonality offers 12% and 23% reduction in recurring 

costs and non-recurring costs respectively, compared to the stand-alone cases of the 450-passenger and 250-

passenger versions. This decrease in cost is anticipated to increase if more sizes of BWB are considered viz. a 

350-passenger version [132], [139], [147]. With the Boeing cabin design, this commonality between families 

holds good even with the interior, as the cabin cross-sections would be similar for all aircraft. From the 

perspective of airline companies, this would translate to advantages which are: a potential decrease in the 

manufacturing learning-curve penalties; fleet mix needs can be readily accommodated; and increased savings 

in maintenance and lifecycle cost. These can be achieved by variation of the wing area and span with weight, 

for maintaining the aerodynamic efficiency [132], [139]. This benefit is only possible with the BWB aircraft 

(ibid). As discussed before, the BWB architecture inherently follows the area-rule. This can decrease the 

manufacturing costs associated with a tube-wing aircraft that must be manufactured with a variable cross-

section, commonly referred as called ‘coke-bottle’ fuselage to obtain the area-rule [132], [147]. So BWB 

aircraft has the potential to perform at higher speeds and at lower costs.  

2.12.1.7 Operations 

The likely advantages of BWB in terms of operations include effect on the off-loading and loading 

times due to the smaller fuselage length on a mid-sized BWB (200-passenger) [132], [148]. Additionally, BWB 

requires smaller take-off field-length without the necessity of complicated high-lift devices [132], [142]. As a 

result, in future, with the wider use BWB in the fleet (or fleet of 100% BWB) will cause airport to use lesser 

land-space (land-use effects of aviation). 



54 

 

2.12.2 Challenges/current limitations of BWB aircraft 

2.12.2.1 Structures 

The BWB's non-cylindrical pressure vessel poses an important challenge [132]. This pressure vessel 

has to weigh less, and it should bear the cabin pressure loads and the wing bending loads. The stress associated 

with a box-type BWB fuselage could be about an order of magnitude greater than the stress in a cylindrical 

pressurised fuselage [132], [149]. The increased stresses in such a pressure vessel results in increased structural 

weight [132], [133], [150].  

2.12.2.2 Propulsion 

There are challenges associated with aft-mounted engines and airframe-propulsion integration aspect 

in BWB, because this type of integration impacts multiple aspects of BWB more directly compared to a tube-

wing aircraft [132], [133], [151]. Moreover, the interaction between the control surfaces, wing, and propulsion 

system increase design complexity [132], [137]. A recent study by Flamm et al. [152] focusses on the UHB 

engine integration for BWB technology demonstration located within the ERA vehicle systems integration’ 

sub-project. This study addresses the ERA technical challenge to show decreased noise-level resulting to 42 

EPNdB to Stage 4 noise margin for the aircraft system and simultaneously minimise the integration and weight 

penalties to provide 50% fuel savings (ibid). This study examines the UHB’s engine operability aspect where 

this engine is mounted on the upper surface of the aircraft; and it optimises the high lift system for increasing 

L/D and improving noise performance (ibid). The authors observe that all inlet distortion case-studies within 

BWB’s operating boundary have allowable blade stresses and engine operability. Systems-level examinations 

show that the BWB aircraft scaled-model obtained reduction of 53% in fuel consumption as compared to the 

reference configuration (ibid). The authors infer from the certification noise level examination that the 

cumulative margin below Stage 4 is 38.4 dB for the vehicle including chevron nozzle technologies and landing 

gear fairing (ibid). 

2.12.2.3 Aerodynamics 

Unconventional transonic air-foils with high thickness to chord ratio (t/c) of about 17% according to 

the Boeing designs [139] are needed to hold the landing gear, cargo and passengers on-board. Additionally, 

this t/c must be retained along a substantial section of the BWB, which is a challenge if low drag is to be 

maintained [132], [137], [139], [151]. Moreover, because of the deck angle restrictions, the centre-body air-

foils should be designed to produce the required lift at angles of attack that are consistent with the deck angle 

requirements [132], [137], [139], [144]. The supersonic flow on the lower surface of the BWB is another 

challenge, which is not observed in a tube-wing aircraft [132], [137]. A smooth transition from the thicker 

centre-body air-foils to the thinner outer-wing air-foils might be problematic [132], [142]. This could be 

problematic specifically for the medium-sized 200-passenger BWBs as such transition might be more abrupt 

for such smaller vehicles (ibid). Lastly, though embedded engines and BLI technologies are promising, 

difficulties persist with the airframe-engine integration and with the inclusion of these technologies that 
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comprise of turbomachinery integration, design of low-loss inlet system, and distortion control of inlet flow 

[132], [146]. The manufacturing constraints should be considered within the aerodynamic design of the aircraft 

[132], [137], [139]. The complex 3D shapes which might be difficult and expensive to manufacture can be 

replaced with simple and smooth curved surfaces (ibid). Additionally, other challenges include landing 

approach speed, and stall-buffet aspects [132], [139], [144]. There are other studies of BWB having engines 

installed on pylons under the wing, which would take away a lot of the advantages previously discussed in 

terms of drag and noise reduction [132], [138]. 

2.12.2.4 Flight control and stability  

As discussed previously, the BWB is an integrated aircraft configuration with no tail. This implies 

that interactions between aerodynamic loads, inertial forces, elastic deformations and the flight control system 

responses may significantly impact the aircraft’s stability and performance [132], [139], [150], [153]. The 

aircraft should be balanced and simultaneously it is to be ensured that the control deflections do not negatively 

impact the drag and span-load [132], [151]. For bigger BWBs, the control surface hinge moments are 

considerable [132], [144]. Therefore, in case of aircraft instability and that the aircraft is dependent on the 

active flight controls, then the secondary power requirements can be restrictive [132], [139], [144], [151]. 

2.12.2.5 Passenger safety and certification 

The certification of the BWB might be impacted due to the requirement of efficient emergency exit 

[132], [139]. This might be more challenging for larger BWBs because of the increased distance between exits 

[132], [138]. The shortage of clear views of the different exit doors on larger BWBs will be difficult for cabin 

crew passengers during evacuation [132], [154]. However, according to both Liebeck [139] and Bolsunovsky 

et al. [138], procedures that are compliant with federal aviation regulation 25 can be incorporated. Liebeck 

suggests that passengers have a direct view of at least one exit-door(s), and they do not need turn 90 degrees 

from the aisle to get access to the door. This is supported by the Boeing design that includes a main cabin door 

directly ahead of every aisle and an exit via the aft pressure bulkhead at the back end of every aisle. Moreover, 

four spanwise aisles cross the longitudinal aisles [132], [139]. The full-scale evacuation tests and computer 

simulations were carried out by Galea et al. [154] for BWB aircraft with more than one thousand passengers. 

The authors observed that the aircraft-layout awareness and enhanced visual access, are important for efficient 

exit during evacuation. The fire simulations resulted in 12 fatalities which were deemed inevitable, but 

independent of the cabin architecture (ibid). In a worst-case scenario, the BWB can be used only for cargo 

application (civil and military). 

2.12.2.6 Ergonomics and marketing 

The BWB presents a more spacious environment, however, there are some aspects that can make the 

marketing this configuration challenging viz. passenger acceptance [132]. Firstly, having only one window in 

each main cabin door and no windows on the cabin walls of BWB, the passengers might feel uncomfortable. 

A proposed solution to this challenge is installing display screens connected to a series of digital video cameras 
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for making every seat a window seat [132], [139]. Secondly, considering the lateral offset from the aircraft’s 

centre of gravity, the quality of flight experience might degrade, especially in the outer sections of the BWB, 

as compared to a tube-wing aircraft flight experience. A series of flight simulation tests was conducted by 

Boeing for the B747-400 and BWB-450 with the flight profile and participation by same pilots. The NASA 

Jacobsen ride quality model was used to estimate the passenger satisfaction for the worst and seats on both 

aircraft [132], [139], [147]. The authors observed that the ride quality only reduced slightly by approximately 

4%. Okonkwo et al. [155] recommend that the BWB should be designed for maximum productivity, because 

profitability and safety are the main needs of commercial aviation. This implies creating BWBs with good ride 

and handling quality; and determining the optimal altitude and cruise speed that improves operating efficiency 

and minimises fuel burn (ibid). The good handling quality could be achieved by setting the best combination 

of planform variables (aerodynamic and geometric twist, sweep angles, etc.) that improves aircraft 

controllability and trimmability, and simultaneously the ride-quality is enhanced by minimising the impact of 

gust and increasing passenger comfort (ibid). 

2.13 Summary and arising insights from the literature review 

 The literature review provides insights into the social and environmental impacts of aviation, and 

different technologies, alternative fuels and pathways of making aviation more sustainable, along with 

feasibility consideration of future technologies and passenger safety within the definition of ‘sustainability’. 

‘N+i’ technology, in general, is in-line with the four-pillar strategy of IATA for mitigating the impacts of 

aviation. Overall, N+i is inclusive of aircraft technology improvements and the use of alternative fuels, which 

will offer significant fuel savings/reduction in emissions. Overall, the review suggests that the research efforts 

agree with each other and are in-line with the IATA strategies for making future aviation more sustainable. 

 Solar-electric and ion propulsion technology appear to be infeasible currently and require dramatic 

improvement for enabling typical long-range Mach 0.85 flight of ~300 passengers with passenger safety 

considerations. Battery, fuel cell, and hybrid- and turbo-electric technology development trend could enable 

passenger travel only for a small short-range to medium-range aircraft. Different approved blends of drop-in 

SPKs are currently the alternative to Jet-A fuel. Based on the literature review, methanol, ethanol, 100% SPK, 

LH2, LNG, and LNH3 ‘appear’ to be future alternatives to the conventional Jet-A fuel based on their properties. 

 N+2 is identified as the aircraft technology level that provides significant energy consumption 

improvements, and it appears to be technologically feasible as indicated by studies. Also, several alternative 

aviation fuels are identified via literature review, that are widely studied, and these include: ASTM approved 

sugar-to-jet (STJ) SPK (10% blending), and (50% blending) HRJ-SPK, ATJ-SPK and FT-SPK; PtL; and LH2. 

Additionally, 100% SPK is also found to provide negligible energy efficiency benefit in the use-phase, though 

it is not a drop-in fuel currently. The performance characteristics of an aircraft powered by LNG, LNH3, 

ethanol, and methanol, especially for intercontinental travel are less published. These fuels require a separate 

viability examination for aviation application along with LH2 and 100% SPK. Moreover, in a life cycle of a 

conventional aircraft, active operation (direct fuel-use) dominates lifecycle energy and GHG emissions (~75% 

of the total lifecycle energy), followed by fuel production (~10% of the total lifecycle energy). Hence, a 
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lifecycle approach is deemed necessary for the alternative and conventional jet fuel, to be used in the future 

aircraft concepts. Additionally, not all alternative fuels mentioned above are ‘drop-in’ fuels, therefore it is 

required to examine the operability issues and the interaction between alternative fuels and aircraft. For 

example: LH2 has lower density than conventional jet fuel, so it requires more volume storage on aircraft.  

 In terms of airframe selection, the literature review on BWB aircraft suggests that BWBs have higher 

internal volume storage capacity for the same passenger capacity compared to a conventional tube-wing 

aircraft architecture. In other words, BWBs have higher volume to wetted area ratio, which means that they 

provide same drag for higher internal volume compared to a tube-wing architecture. This enables storage of 

extra-large and bulky fuel tanks, especially for using LH2 fuel, which might not require re-designing/re-

structuring of aircraft as required in the case of a tube-wing architecture. LH2 use will have maximum benefits 

if used on BWB because of its higher aircraft volume storage for same payload and wetted area/drag, compared 

to a tube-wing architecture. Therefore, BWBs enable a more flexible and efficient integration of new storage 

technologies such as LH2 fuel storage tanks. However significant technical and operational challenges remain 

for BWB concepts ranging from structural integrity, manufacturing, and aerodynamics to whether it is possible 

to evacuate such a passenger aircraft safely. 

 From the literature review it is found that CO2 emissions, contrails, and cruise NOx emissions, are the 

three components that are responsible for 97% of climate and air quality damages per unit aviation fuel burn. 

Thus, these are principal targets for future strategies to mitigate the atmospheric impacts of aviation emissions. 

In terms of methodological approaches (high-level), multiple studies are identified which are relevant to this 

research. The methodological approach used in this study is a combination of the following studies. The study 

by Chester [99] conducts lifecycle assessment (LCA) of present passenger aircraft fleet using conventional jet 

fuel. It finds that fuel life cycle GHG/energy dominates (~85% of) aircraft’s life cycle GHG/energy. However, 

the effects of improvement in aircraft design/architecture, alternative fuel, and source/feedstock for alternative 

fuel production on aircraft’s lifecycle energy, are not explored. Thesis/study by Cullen [113] uses model from 

GBD report [114], to evaluate (current and future) aircraft’s direct fuel use, via a simple computational model 

called the SFB model. These studies do not consider alternative aviation fuels except LH2, and their lifecycle 

effects. A recent review study by Pinheiro Melo et al. [35] establishes the need for an integrated methodological 

framework that should consider lifecycle impacts of aircraft performance towards the goal of sustainable 

aviation. This framework will enable a better understanding of the implications of future novel technologies 

considering the three sustainability parameters by coupling different scenarios and examining the interactions 

between different designs, spatial differences, and product parameters.  

 Considering the above identified gaps, this research will also examine N+2 BWB aircraft technology 

for 300 passengers along with technologically advanced tube-wing aircraft, and the use of various alternative 

fuels from different feedstocks/pathways, on a fuel lifecycle basis, along with the assessment of operability 

issues and the interaction between alternative fuels and aircraft. In the next chapter (Chapter 3), the research 

philosophy and overall methodology of the thesis is discussed. In addition to the philosophical and 

methodological approach, the novelty of this research is underscored by the computation models developed 

towards the research objectives which are discussed in Chapters 4 – 8. 
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Chapter 3: Research philosophy and overall methodology  

3.1 Introduction and chapter structure 

 In this chapter the research philosophy, and overall thesis research methodology along with flow of 

information in this thesis are discussed. The discussion on philosophy of research in section 3.2 provides a 

context and perspective to the reader for identifying the research theories or approaches that are employed in 

the individual research chapters and thesis. In addition, the overall methodology and thesis flow is discussed 

with a glimpse of contents of main research chapters, in section 3.3. 

3.2 The philosophy of research 

 Figure 3.1 shows the schematic of the research ‘onion’, which includes different research philosophies, 

research approaches, methodological choices, strategies, time horizon, and techniques and procedures [156]. 

The research philosophy – forms a research basis by delineation of ontology – nature of reality, epistemology 

– nature, sources of knowledge or facts and axiology – values, beliefs and ethics of the research [156], [157].  

 In an inductive approach, the research begins with observation and data collection, moving to discussion 

and analysis for forming a theory [156], [157]. In a deductive approach the research begins with an existing 

theory, then putting forward a question or hypothesis and data collection for rejecting or confirming the 

hypothesis. With an abductive approach, the observation of an empirical phenomena is followed by the 

research using a best guess or inference based on available evidence. A deductive approach is applied for 

existing theory testing and an inductive approach is generally used in developing a theory or in research areas 

with lesser research on a topic. An abductive approach generally begins with a surprising fact and moves 

between deductive and inductive approaches for finding the most likely explanation (ibid). A deductive 

research approach is typically used in scientific examinations [158]. The inference from a deductive approach 

is guaranteed to be true, whereas the inference from inductive and abductive approach are ‘probably true’ and 

‘best guess’ respectively. 

 The research philosophies of interpretivism (interviews, ethnography, and grounded theory) and post-

modernism (discourse analysis and visual methods) are used for pure qualitative evaluations. Critical realism 

(archival research and historical analysis) and pragmatism (any strategy) take an abductive approach and are 

used for quantitative and/or qualitative evaluations. Positivism primarily reflects the philosophical stance of a 

natural scientist [156], [157]. Its ontology is based on objectivist assumptions that “entities are observed, 

atomistic events, existing external to social actors, therefore only observation and empirical data may be 

referred to as ‘credible’” (ibid). Knowledge is acquired by observation and finding event regularities that are 

based on law-like, functional, and causal relations. Positivism uses a deductive approach, and it is used for 

pure quantitative evaluations (experiments, surveys, etc.).  
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Figure 3.1. Schematic of the research ‘onion’ (data source [156])   

The research in the present thesis is a ‘quantitative’ assessment of low-carbon technology and energy 

vector combinations for future intercontinental passenger aircraft. Considering the above discussion, the 

research philosophy of ‘positivism’ is relevant and is thus used in this research, which uses deductive approach. 

Table 3.1 lists the research routes and associated risks and benefits using the philosophy of positivism while 

employing a deductive approach. Referring to Table 3.1, routes 1 – 3 would employ mix methods (quantitative 

and qualitative) towards the overall thesis.  

In the context of the thesis, research route #4 is chosen based on the risk and benefit analysis listed in 

Table 3.1. Each main chapter (Chapters 4 – 8) in this thesis would use a mono quantitative method (numerical 

experiment). Overall, this thesis would employ multi-method quantitative research approach with the 

philosophy towards the research aims and objectives. 
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Table 3.1. Different research routes and associated risks and benefits using the philosophy of positivism 

while employing a deductive approach 

 Route I Route II Route III Route IV 

Chapter 4 Mono-method 

qualitative (survey 

based)  

Mono-method 

quantitative (numerical 

experiment) 

Mono-method 

qualitative (survey 

based)  

Mono-method 

quantitative 

(numerical 

experiment) 

Chapter 5 Mono-method 

quantitative (numerical 

experiment) 

Mono-method 

quantitative (numerical 

experiment) 

Mono-method 

quantitative (numerical 

experiment) 

Mono-method 

quantitative 

(numerical 

experiment) 

Chapter 6 Mono-method 

quantitative (numerical 

experiment) 

Mono-method 

quantitative (numerical 

experiment) 

Mono-method 

quantitative (numerical 

experiment) 

Mono-method 

quantitative 

(numerical 

experiment) 

Chapter 7 Mono-method 

quantitative (numerical 

experiment) 

Mono-method 

quantitative (numerical 

experiment) 

Mono-method 

quantitative (numerical 

experiment) 

Mono-method 

quantitative 

(numerical 

experiment) 

Chapter 8 Mono-method 

qualitative (survey 

based) 

Mono-method 

qualitative (survey 

based) 

Mono-method 

quantitative (numerical 

experiment) 

Mono-method 

quantitative 

(numerical 

experiment) 

Overall 

thesis 

Mixed method 

(quantitative and 

qualitative) 

Mixed method 

(quantitative and 

qualitative) 

Mixed method 

(quantitative and 

qualitative) 

Multi-method 

(quantitative) 

Risk A qualitative 

methodology with 

survey strategy 

inherently bring in 

biases and not everyone 

in the sample set would 

be willing to share all 

information. Such an 

approach for Chapter 4 

(which forms a basis for 

the thesis), and Chapter 

8 would ignore other 

emerging alternative fuel 

candidates and their 

production pathways, 

respectively    

A qualitative 

methodology with 

survey strategy 

inherently bring in 

biases and not everyone 

in the sample set would 

be willing to share all 

information. Such an 

approach for Chapter 8 

would ignore other 

emerging alternative 

fuel production 

pathways 

A qualitative 

methodology with 

survey strategy 

inherently bring in 

biases and not everyone 

in the sample set would 

be willing to share all 

information. Such an 

approach for Chapter 4 

(which forms a basis for 

the thesis) would ignore 

other emerging 

alternative fuel 

candidates 

The accuracy of 

quantitative methods 

depend on the order 

(or fidelity level) of 

analysis  

Benefit Likelihood to get more 

hints into unpublished or 

on-going research on 

emerging/novel 

alternative fuel 

candidates and their 

production pathways  

Likelihood to get more 

hints into unpublished 

or on-going research on 

emerging/novel 

alternative fuel 

production pathways 

Likelihood to get more 

hints into unpublished 

or on-going research on 

emerging/novel 

alternative fuel 

candidates 

Scientific backing to 

the (first-hand 

experimental) 

results as compared 

to second- or third-

hand opinions that 

could have biases  
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3.3 Overall methodology and flow of information in thesis 

 The scope of the quantitative evaluation in this thesis is limited to a long-range 300 passenger LTA 

subsonic aircraft. The high-level research methodology for individual chapters in this thesis are discussed next 

based on research route #4. The overall process or thesis information flow schematic is provided in Figure 3.2, 

where each of the research objectives discussed previously are addressed in individual chapters. 

 

Figure 3.2. Schematic of the overall process or thesis information flow 

 In Chapter 4, six alternative fuels (methanol, ethanol, 100% SPK, LH2, LNG, and LNH3) are examined 

to check whether they could enable a typical long-range flight of an LTA aircraft within MTOW limit, and 

fuels that can enable such a flight are identified. In Chapter 4 the operational (pump-to-wake [PTWa]) energy 

performance of a long-range tube-wing LTA aircraft powered by six alternative fuels is modelled. This is 

followed by a global sensitivity analysis of technology parameters on the operational (PTWa) energy 

performance of an LH2 aircraft, in Chapter 5, using the model developed in Chapter 4. Additionally, the work 

in Chapters 6 and 7 combined, enables the estimation of operational (PTWa) energy performance of a future 

(N+2 timeframe) BWB aircraft powered by fuels identified in Chapter 4. Chapter 6 includes the conceptual 

design methodology for (N+2 timeframe) (UHB) engine performance simulation at on-design and off-design 

points for conventional jet fuel and identified fuels (separately). Chapter 7 includes the aircraft energy 

consumption modelling of a future (N+2 timeframe) BWB technology aircraft powered by conventional jet 

fuel and identified fuels (separately), using conceptual design methods. Overall, the operational (PTWa) 
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energy performance modelling of an LTA aircraft powered by identified fuels is conducted in Chapters 4 – 7, 

and this enables the estimation of emissions in the aircraft use-phase. Thus, knowing the fuel manufacturing 

emissions, WTWa or lifecycle emissions can be calculated. In Chapter 8 the life cycle or WTWa performance 

or impacts are evaluated for different long-range LTA aircraft powered by identified alternative fuels, where 

each of them are manufactured from different feedstocks and/or pathways. This WTWa performance is 

compared with the Jet-A LTA aircraft performance, to evaluate which alternative fuel(s) and associated 

manufacturing route(s) could enable zero/negative GHG emissions long-range flight. 

 In general, low-order quantitative modelling methods are used in Chapters 4 – 8. Particularly, for 

aircraft energy consumption modelling in Chapters 4 – 7, the analysis doesn’t consider detailed structural/stress 

and stability analysis, and the fuel manufacturing database in Chapter 8 is primarily based on GREET 2021 

model (US specific data). 

 In the next chapter, a quantitative energy performance evaluation of the six alternative liquid fuels – 

methanol, ethanol, 100% SPK, LH2, LNG, and LNH3 – is conducted to evaluate whether they could enable 

design target long-range (similar to Jet-A) travel considering realistic effects on aircraft design. Additionally, 

off-design point analysis of the aircraft powered by the identified fuels is conducted as airlines rarely operate 

at aircraft design point. 
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Chapter 4: Energy performance evaluation of alternative energy vectors for subsonic long-range tube-

wing aircraft 

4.1 Introduction 

4.1.1 Background  

 Different alternative energy vectors were reviewed in Chapter 2 (sections 2.6 and 2.11), and it is 

observed that methanol, ethanol, 100% SPK, LH2, LNG, and LNH3 appear to be the six principal future 

alternatives to the Jet-A fuel. Among these fuels, both 100% SPK and LH2 have been extensively reviewed. 

Performance characteristics of an aircraft powered by LNG, LNH3, ethanol, and methanol, especially for 

intercontinental travel are less published and thus require a separate viability examination for aviation 

application. This is the motivation for the present chapter, which quantitatively evaluates the performance of 

these six fuels to determine if they could enable long-range travel considering their realistic effects on aircraft 

design. The aim of this chapter is to evaluate the energy performance characteristics of six alternative fuels 

using Breguet’s range equation to identify fuels that enable design target long-range (similar to Jet-A) for 

future LTA aircraft. Breguet’s range equation is a very fundamental equation in aeronautics which estimates 

the flight range, where the flight range is influenced by aircraft aerodynamics, engine overall efficiency, 

aircraft structure and material, and calorific value of fuel. Additionally, off-design point analysis is conducted 

as aircraft rarely operate at design point.  

 The broader objectives of this chapter are to quantify the energy performance characteristics of LTA 

aircraft powered by the six alternative fuels and identify the fuels that enable a typical long-range flight within 

the aircraft’s structural limit; and evaluate the off-design energy performance of the LTA aircraft powered by 

identified alternative fuel(s) which meets the Jet-A design target range. This is research objective #1 of the 

thesis as discussed in Chapter 1. The present chapter is a low-order evaluation of the aircraft energy 

performance using different fuels. The detailed objectives of this chapter are formulated based on the literature 

review in section 4.2. 

4.1.2 Chapter structure  

 The studies that explore the performance characteristics of an aircraft powered by 100% SPK, LH2, 

LNG, LNH3, ethanol, and/or methanol are first reviewed in section 4.2. Thereafter, a comparative assessment 

of the performance characteristics of the six alternative fuels is conducted using the standard Breguet’s range 

equation using the methodology described in section 4.3 and the results are discussed in section 4.4. Lastly, 

based on these findings a further examination is conducted on the retired VLTA aircraft such as Airbus A380.  

4.2 Literature review on alternative fuel powered aircraft 

 Bicer et al. [47] examined small twin aisle aircraft of conventional tube-wing architecture (like Boeing 

767) with a mid-range flight of 5,600 km, where the aircraft is operated by Jet-A, LH2, LNG, LNH3, ethanol, 

and methanol. The authors found that only LH2 aircraft consumes less energy relative to Jet-A. However, it is 
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unclear how the volumetric energy density of these alternative fuels and the subsequent impacts on aircraft 

design and energy performance were accounted for. The above five alternative fuels and 100% SPK appear to 

be principal future alternatives to Jet-A fuel. However, there is a need to quantitatively evaluate the 

performance of these six fuels to determine if they could enable long-range travel with an LTA aircraft 

considering their realistic effects on aircraft design. 

 Among the six principal fuels identified through review, 100% SPK  has been extensively reviewed in 

literature [48], [51], [52], [59]. Hileman et al. [51] evaluated the performance of 100% SPK based on a first-

order approach using Breguet’s range equation. The authors found that a hypothetical fleet-wide scenario using 

pure (100%) SPK could decrease aircraft energy consumption by 0.3% as compared to a Jet-A aircraft. 

Similarly, a study by Proesmans et al. [159] found that a 100% SPK aircraft had similar energy consumption 

as that of a Jet-A aircraft. 

 LH2 is an attractive fuel because of its high gravimetric energy density and its potential to emit zero 

carbon emissions in the use-phase. There is a growing interest in LH2 as an aviation fuel and the aviation 

industry has begun R&D and investments on conceptualising aircraft design, cryogenic tank testing, and fuel 

infrastructure [160]–[164].  

 Studies on combustion based LH2 aircraft [165]–[170] model the energy performance of a 

regional/small- to mid-size aircraft for a short- to medium-range application. Other literature based on 

combustion based LH2 aircraft: (i) is designed for different (smaller) payload and range combination compared 

to the reference long-range LTA aircraft [171], [172]; (ii) LH2 aircraft cruises at lower Mach and/or altitude 

and has different aircraft design characteristics compared to the typical baseline long-range LTA aircraft [159], 

[173]; (iii) aircraft is not completely powered by LH2 (powered 33% by biofuel) [174]. These above studies are 

discussed below. 

 A study by Prewitz et al. [165] simulates the performance of a regional hydrogen powered aircraft (ATR-

72) that has a design range of 1,324 km (715 nautical miles) for maximum payload of 7,050 kg. A study by 

Yang et al. [166] models a small single aisle LH2 aircraft (range 5,480 km with 177 passengers) and examines 

the environmental impact of a fleet of this LH2 aircraft on a world-wide network. The authors use the Fleet-

Level Environmental Evaluation Tool (FLEET) tool to model different scenarios and estimate equivalent 

carbon emissions and LH2 cost. The study finds that that by introducing a (small) single aisle LH2 aircraft (in 

2035) could reduce fleet-level carbon emission by 9.96% in comparison with a baseline with no liquid 

hydrogen aircraft. 

 A thesis by Svensson [167] simulates a medium range LH2 aircraft that seats 185 passengers over a 

range of 7,400 km. The design of this aircraft is carried out in a design environment called PIANO (and also 

referencing to the Cryoplane study [175]). The energy consumption of this LH2 aircraft increases by 10% 

compared to a reference Jet-A aircraft.  

 A study by Silberhorn et al. [168] designs LH2 aircraft seating 165 passengers with range of 5,740 km. 

The authors design three LH2 aircraft, each having a distinct cryogenic tank installation configuration – aft of 

fuselage, on top of fuselage (best energy performance), and wing podded. Depending on the type of tank 

installation, the energy consumption of the LH2 aircraft increases by 6.5 – 7.5% compared to the baseline Jet-
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A aircraft. Another study by Silberhorn et al. [176] models the energy performance of LH2 aircraft seating 261 

passengers over 7,220 km using advanced aircraft technology. The energy consumption of this LH2 aircraft 

decreases by 37.6% compared to present-day Jet-A aircraft and increases by 2% compared to same technology 

Jet-A aircraft. A study by Lammen et al. [170] simulate the energy performance of a 300 passenger LH2 aircraft 

having 3,704 km range, using advanced aircraft technology.  

 A study by Cipolla et al. [171] designs LH2 powered small– and medium–range aircraft, where a box-

wing aircraft concept is a reference aircraft that has 5,722 km range seating 308 passengers. The authors 

primarily consider two fuselage/cabin layouts (for installing LH2 tanks) that affect the passenger seating and 

range. For one of the layouts the passenger seating is 308 but the range (<=4,000) reduces. However, for the 

other layouts the passenger seating is between 164 and 196, and their corresponding ranges are 6,000 km and 

4,000 km respectively.    

 A study by Gomez et al. [172] models the performance of an LH2 powered tube-wing aircraft. The 

reference aircraft seats 296 passengers with range of 6,500 km. The modified version of this aircraft for LH2 

use seats 194 passengers with range of 9,000 km, and the fuselage length is equal to the reference aircraft. For 

this LH2 powered tube-wing aircraft, the cryogenic tank η is 0.826 for the rear tank and 0.741 for the forward 

tank. The authors conduct a detail structural and stress analysis of the cryogenic tanks, where the tanks are of 

integral type made of Aluminium alloy employing polyurethane insulation. 

 A study by Grewe et al. [174] examines the climate impact of a futuristic multi-fuel BWB aircraft seating 

300 passengers for design range of 14,000 km. For this aircraft 33% of energy is provided by bio-kerosene and 

67% energy either comes from LNG or LH2. It is to be noted that this aircraft design performance is based on 

an extremely simple model as it does not take into account details such as the cryogenic storage requirements 

and the associated drag and weight penalty. The study finds that LNG – bio-kerosene has lower climate impacts 

compared to LH2 – bio-kerosene and the conventional aircraft. 

 Troeltsch et al. [173] designed an LH2 aircraft (range 11,853 km with 400 passengers) with foam-based 

tanks (front and aft). In contrast to other studies on LH2 aircraft design, the authors choose to reduce the cruise 

Mach speed from 0.82 of the reference Jet-A aircraft to 0.7, and this LH2 aircraft shows a 9% increase in energy 

consumption compared to the reference aircraft. Proesmans et al. [159] conducted a pareto-optimal design 

examination of LH2 and 100% SPK (separately) powered aircraft for short-, medium- and long-range aircraft, 

where each fuel and aircraft type was designed separately to minimise climate impact or operating costs. When 

minimising climate impact, for a long-range LTA aircraft, the optimal cruise altitude (6.1 km) and cruise Mach 

(0.6) are similar for their Jet-A, LH2, and 100% SPK. However, these are lower than is typical for present-day 

Jet-A aircraft, which cruise at an altitude of ~10.5-12.8 km and cruise Mach of up to ~0.9. The energy 

performance of their Jet-A and 100% SPK aircraft were identical. Their LH2 aircraft had a 7.6% lower gross 

take-off weight (GTOW), 22.8% higher operating empty weight (OEW), 41.1% longer fuselage, and 12.9% 

higher energy consumption compared to the baseline Jet-A aircraft. 

 A study by Onorato et al. [177] designs LH2 aircraft of three different sizes – regional/small (72 

passengers, 926 km), medium-sized (150 passengers, 4,560 km), and large aircraft (295 passengers, 7,674 km) 

– while considering five different tank installation configurations for each aircraft size. For a large LH2 aircraft, 
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the authors find that the front and aft tank installation in both single deck and double deck seating type provides 

energy consumption improvement of 4.2% (37.1% increase in fuselage length) and 7% respectively, compared 

to a single-deck Jet-A aircraft. Additionally, studies by Huete et al. [178], [179] examine the performance of 

(double-decker) large aircraft (different range and payload combinations). The authors design four large 

aircraft: 232 passengers with 10,370 km range, 332 passengers with 8,890 km range, 388 passengers with 6,112 

km range, and 720 passengers with 3,334 km range. However, the energy performance characteristics are 

unknown from these studies. 

 Verstraete [68] modelled the use of LH2 in different aircraft size/types including a long-range double-

decker (greater fuselage diameter) aircraft (conventional tube-wing architecture) with 14,000 km range. The 

study considered the additional structural weight resulting from integral LH2 fuel tank systems and changes in 

aerodynamic performance resulting from a longer fuselage length, required to accommodate LH2, and found a 

12% improvement in operational energy efficiency for a 400-passenger double-decker tube-wing aircraft. 

Brewer [180] evaluated different aircraft size/types, including a 400 passenger very long-range (18,500 km) 

tube-wing double-decker aircraft powered by LH2, and found that the block fuel energy (kJ/seat-km) improved 

by 33% relative to a baseline Jet-A aircraft.  

 An analysis of LH2 powered aircraft from the Airbus Cryoplane study [181], which adopts a minimal 

change approach to the aircraft wing planform and engine design for a hydrogen aircraft [182], showed a 9% 

increase in specific energy consumption (SEC) (energy/passenger-nautical mile) for a LH2 powered double-

decker (greater fuselage diameter) long-range large aircraft (14,000 km design range seating approximately 

300 passengers) [175]. This increase in the SEC is primarily attributable to the larger wetted area of the LH2 

powered aircraft required to accommodate LH2 tanks. 

 It is clear from the above discussion that there is a need to examine and compare the aircraft performance 

of the six identified alternative fuels to check whether they could enable a typical long-range flight with an 

LTA aircraft while considering both gravimetric and volumetric energy density effects on aircraft design 

(associated weight, aerodynamics, and energy performance penalties), especially for cryogenic fuels like LH2, 

LNG, and LNH3. Furthermore, there is a scarcity of literature on the design an LTA long-range single-decker 

aircraft completely powered by the combustion of LH2, to the same design specification as that of the baseline 

Jet-A aircraft. 

 The use of low-carbon energy vectors and/or alternative fuels is critical to the mitigation of aviation’s 

climate impact. The objectives of this work are to: (i) quantitatively evaluate the energy performance 

characteristics of six alternative fuels – methanol, ethanol, 100% SPK, LH2, LNG and LNH3 – to identify fuels 

that enable the typical design target for future single-decker LTA aircraft (similar to Jet-A); (ii) conduct off-

design point analysis for the identified fuel(s) and evaluate sensitivity of SEC (in MJ/tonne-km) to range and 

payload combinations, especially for LH2 aircraft; and (iii) quantify the relationship between the OEW and 

GTOW for combustion based LH2 aircraft based on regression analysis of the data obtained from the present 

work and literature to inform future studies on LH2 aircraft weight sizing. The above analysis will be conducted 

using Breguet’s range equation.  
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 The present chapter is a low-order evaluation of the aircraft energy performance using different fuels. 

The methodology for the performance evaluation is detailed in section 4.3 followed by the results and 

discussion in section 4.4. Details omitted from the main text are included in the Appendix A. 

4.3 Methodology 

 Breguet’s range equation is used for the performance evaluation of methanol, ethanol, 100% SPK, 

LH2, LNG, and LNH3. Breguet’s range equation is dependent on aspects such as fuel type, aircraft 

aerodynamics, overall efficiency, and structural weight [183]. The Airbus A350-1000 aircraft is used as a 

baseline, and it is modified for the use of the six fuels accounting for both volumetric and gravimetric energy 

density effects of each fuel on the aircraft aerodynamics and structure. It is assumed that typical cruise Mach 

number, altitude, and necessary fuel reserves are maintained. 

4.3.1 Breguet’s range equation 

 Breguet’s range equation, represented by equation 4.1 (source [183]), is a fundamental equation in 

aeronautics which estimates the aircraft range given the LCV of the fuel (ℎ), 𝐿/𝐷, overall efficiency (𝜂0), and 

aircraft initial and final weight. The range, 𝑅, of an aircraft is given by,  

 𝑅 = (
ℎ

𝑔
) (

𝐿

𝐷
) 𝜂o ln (

𝑊initial

𝑊final
).  (4.1) 

where g is gravitational acceleration, and Winitial and Wfinal are the aircraft weight at the beginning and end of 

cruise, respectively. The Breguet range equation is applicable to cases where 𝜂o, L/D, and flight speed are 

constant over the flight and can therefore be used to give a first order estimate for typical cruise conditions 

[183]. The accuracy of Breguet’s range equation is evaluated by predicting the performance characteristics of 

two in-service aircraft (Airbus A320-200 and Boeing B767-300F), and this validation is included in Appendix 

A, where the aircraft range is predicted for two separate payload cases for both aircraft types. The performance 

characteristics predicted using the range equation for these four points are in reasonable agreement with the 

published data (within ±5%, a criterion defined for low-order aircraft performance modelling [184], [185] in 

Appendix A). 

4.3.2 Overall efficiency and lost-fuel factors 

4.3.2.1 Overall efficiency 

 Table 4.1 lists the properties of different alternative fuels that are considered in this chapter. The ratio of 

fuel consumption rate of Jet-A fuel and fuel consumption rate of a given fuel (𝑚̇f,Jet−A/ 𝑚̇f) for Jet-A, 100% 

SPK, LH2, and LNG, are calculated at engine design point using GasTurb 13 software. 

 GasTurb 13 is a software tool that estimates the performance and optimisation of gas turbine engines 

[186]–[189]. It can perform zero-dimensional (thermodynamic cycle performance and weight estimation) and 

one-dimensional gas turbine analysis, which at least fall within the ambit of the conceptual engine design phase. 

In GasTurb 13, the details needed for professional gas turbine performance are estimated along with the engine 
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thermodynamics. This tool also has the feature of conducting optimisation of the engine thermodynamic cycle. 

Additionally, turbine cooling and secondary air system can be analysed with this tool. The calculations in 

GasTurb are based on the engine design and performance methods and Euler turbomachinery equations [187], 

[189], [190]. GasTurb functioning and calculation procedures are detailed in [187], [189]. Additionally, the 

author of GasTurb 13, simulates three different gas turbine engines i.e. J57-19W, CFM56-3 and F107-WR-

400, in their book in reference [189].  

 For the research in this chapter, a turbofan engine in GasTurb 13 is operated for same thrust production 

(equal to Jet-A) at typical cruise altitude and Mach (35,000 ft [10.67 km] at Mach 0.85) using 100% SPK, LH2 

and LNG (separately), and the said ratios are calculated. Additionally, for LH2 this ratio is also known from 

literature [191]. Ethanol, methanol, and LNH3 are unavailable fuels in GasTurb 13 software. For methanol and 

LNH3 the said ratios are known from literature [192]. The ratio 𝑚̇f,Jet−A/ 𝑚̇f is not known for ethanol from 

literature. This ratio is calculated for ethanol as described below after assuming the ratio of overall efficiency 

for a given fuel case and overall efficiency for Jet-A (ηo,f / ηo,Jet-A). ηo is defined as the ratio of the propulsive 

power (product of thrust and velocity) to the fuel power (𝑚̇fℎf ) [183]. It is assumed that the thrust production 

and flight speed remain same for all fuel cases. The ratio ηo,f / ηo,Jet-A = (𝑚̇f,Jet−AℎJet−A)/ (𝑚̇fℎf), for same thrust 

production and flight speed. Except for ethanol, this ratio is calculated from the known values and are listed in 

Table 4.1. The value of ℎ for ethanol is greater than that for methanol but less than h of Jet-A. The ratio ηo,f / 

ηo,Jet-A increases from 99.93% (methanol) to 100% (Jet-A). Therefore, for ethanol this ratio must be between 

99.93% and 100%. A value of 99.95% is assumed and the ratio 𝑚̇f,Jet−A/ 𝑚̇f is calculated for ethanol to be 0.63 

as listed in Table 4.1. ηo for the aircraft (Jet-A) considered in this chapter is discussed in section 4.3.7. Knowing 

this and the ηo,f / ηo,Jet-A ratio for all fuels, the ηo is calculated for all alternative fuels to be used on the said 

aircraft. A sanity check is further conducted on the ratio 𝑚̇f,Jet−A/ 𝑚̇f for all alternative fuels, which is calculated 

by using the above approach, using a simple thermodynamic cycle analysis of a turbofan engine (further details 

in Appendix A section A.1). It is observed that the ratio 𝑚̇f,Jet−A/ 𝑚̇f for all alternative fuels calculated using 

both methods are similar. 

Table 4.1. Properties of different alternative fuels 

Fuel h (MJ/kg) 
Density ρ 

(kg/m3) 
𝑚̇𝑓,𝐽𝑒𝑡−𝐴/ 𝑚̇𝑓 ηo,f / ηo,Jet-A (%) 

Jet-A 43.2 [47] 808 [47] 1.00  100.00 

100% SPK 44.1 [33] 757 [33] 1.02 * 99.97 

LH2 120.0 [47] 71[47] 2.86 *,[191] 103.14 

LNG 50.0 [47] 424 [47] 1.16 * 100.42 

LNH3 18.6 [47] 730 [47] 0.40 [192] 92.90 

Methanol 19.9 [47] 796 [47] 0.46 [192] 99.93 

Ethanol 27.2 [47] 794 [47] 0.63 *** 99.95 ** 

* Calculated using GasTurb 13  

** is assumed value and *** is calculated based on it 

 



69 

 

4.3.2.2 Lost fuel factor 

 Equation 4.1 estimates the aircraft range and the estimation of the fuel consumed in non-cruise phases 

is conducted using the lost fuel factor, which represents a percentage of the aircraft GTOW and varies for 

different fuels [114], [193]. The lost fuel factor for Jet-A and LH2 fuel is 2.2% and 1.4% of the GTOW of the 

aircraft [114], [193]. Using the findings listed in Table 4.1, the lost fuel factor for other alternative fuels is 

calculated as a percentage of the (same) MTOW. For example, the MTOW of the Airbus A350-1000 aircraft 

is 316 (metric) tonnes. The lost fuel factors for other alternative fuels are listed in Table 4.2. Using the lost 

fuel factor of 2.2% of MTOW (316 tonnes for the A350-1000) Jet-A aircraft, the lost fuel is calculated (to be 

6,952 kg). For the same period of operation, 𝑚̇f,Je𝑡−𝐴/ 𝑚̇f calculated in Table 4.1 equals Mf,Jet-A / Mf listed in 

Table 4.2. Knowing Mf,Jet-A / Mf ratios for other alternative fuels and Mf,Jet-A  (6,952 kg) for Jet-A, the Mf for 

each of these alternative fuels is calculated. The lost fuel for each alternative fuel is then listed as a percent of 

the MTOW (316 tonnes). As can be observed from Table 4.2, the alternative fuels with gravimetric energy 

densities lesser than Jet-A, such as LNH3, methanol, and ethanol have higher lost fuel factor i.e., more of the 

respective fuel is consumed. This is an expected trend. 

Table 4.2. Lost fuel factor for alternative fuels 

Fuel Mf,Jet-A / Mf Lost fuel (kg) % of MTOW (lost fuel) 

Jet-A 1 6,952 2.20 [114], [193] 

100% SPK 1.02 6,812 2.16 

LNG 1.16 5,981 1.89 

LNH3 0.40 17,380 5.5 

Methanol 0.46 15,103 4.78 

Ethanol 0.63 11,041 3.49 

 

4.3.3 Flight mission profile and iteration process 

 Figure 4.1 and Figure 4.2 show the process schematic of the range equation analysis for the Jet-A fuel 

case and alternative liquid fuel (cryogenic and non-cryogenic) cases respectively. SEC (in MJ/tonne-km) is 

calculated for the different fuels as it is an important performance parameter that facilitates the calculation of 

direct operating costs. The A350-1000 aircraft (Jet-A) is the baseline case, and all alternative fuels will be 

evaluated for the same payload weight and design target range. The passenger payload weight (Wp) and other 

A350-1000 aircraft (Jet-A) data is included in section 4.3.7. The total fuel weight carried at mission start 

(WF,total), determines the volume needed to store that fuel and therefore OEW of the aircraft. The aircraft GTOW 

is the sum of the OEW, Wp, and WF,total. It is chosen to constrain the aircraft GTOW to be less than or equal to 

the MTOW limit of the baseline aircraft structure, which is 316 tonnes (weight breakdown in section 4.3.7). 

This constraint is applied since a detailed structural analysis is not conducted in this chapter. Therefore, the 

MTOW determines the design limit on the WF,total. In other words, for the alternative fuel cases, the WF,total is 

iterated and estimated such that the aircraft GTOW does not exceed the MTOW. For the baseline Jet-A aircraft, 

the MTOW, OEW, and WF,total are known for a given Wp (see section 4.3.7). For alternative fuel cases, the wing 

planform (area, span, and/or AR) is maintained from the baseline aircraft, which is similar to the approach used 
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in the Cryoplane study [182]. To accommodate greater volumes of fuel that could be required for alternative 

fuels, extensions of the fuselage length is allowed in this chapter. Additional fuselage length penalises aircraft 

fuel/energy performance via increased wetted area, drag, and weight (via increased OEW). For cryogenic fuels 

(LH2, LNG, and LNH3), WF,total  needs to be stored in cryogenic tank systems that are installed in the fuselage. 

For non-cryogenic fuels (100% SPK, methanol, and ethanol), a substantial fraction of WF,total fits inside the 

existing tank in the wings of the baseline aircraft. The remainder of the fuel (if any) must be accommodated in 

the (additional) fuselage. These calculations are discussed in further detail in section 4.3.4 and 4.3.5. The sum 

of the fuel consumed during non-cruise and cruise operation in a typical mission is defined here as block fuel 

consumption. For all fuels a ratio of 0.9 of the block fuel weight (WF,block) and WF,total is maintained, which 

accounts for reserve or additional fuel, as used by Nickol et al. for both tube-wing and blended wing body long-

range LTA aircraft [130]. The SEC is calculated from the WF,block for each fuel case [SEC = (WF,block h) / (Wp 

R)]. 

 

Figure 4.1. Process schematic of the range equation analysis for Jet-A (baseline) case. Boxes with 

dashed borders represent known values, boxes with solid border represent a calculation step, and # 

represent the calculation step number 

 The lift to drag ratio for all fuel cases are calculated using method described in section 4.3.4. Using the 

lost fuel factors for different fuels, the aircraft weight at the beginning of cruise [Winitial  = (1 – lost fuel factor) 

x GTOW] is calculated. The aircraft weight at the end of cruise [Wfinal = GTOW – 0.9 x WF,total] is calculated by 

subtracting 90% of WF,total from the GTOW. Therefore, all parameters of equation 4.1 are known and the aircraft 

range can be calculated. The stepwise procedure of the range equation analysis for the baseline and alternative 

fuel cases is described in Appendix A section A.2 (referencing the step numbers shown in Figure 4.1 and Figure 

4.2). 
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Figure 4.2. Process schematic of the range equation analysis for alternative fuel cases. Boxes with 

dashed borders represent known values, boxes with thin solid border represent a calculation step, 

boxes with solid thick border represent a decision box, and # represent the calculation step number. 

Grey and black colours are used for cryogenic and non-cryogenic fuel cases, respectively 
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4.3.4 Aerodynamics and additional fuselage structure 

4.3.4.1 L/D ratio 

 The drag coefficient (𝐶D) is estimated using equation 4.2, assuming that it is the sum of the zero-lift 

drag coefficient and lift-induced drag coefficient, and that there is no wave drag, 

 
𝐶D = 𝐶D,0 +

𝐶L
2

π AR e
 , (4.2) 

 where 𝐶D,0 = 
𝐶f  𝑆wet 

𝑆
 , and (4.3) 

 
𝐶L =

𝑊aircraft 
0.5 𝜌a 𝑆 𝑉

2
  . (4.4) 

𝐶D,0 is the coefficient of zero-lift drag, 𝐶L is the coefficient of lift, AR is the AR for a given aircraft (see section 

4.3.7), and e is the Oswald’s efficiency factor – a correction factor that is representative of change in drag with 

lift of a 3D wing in comparison with an ideal wing that has same AR with an elliptical lift distribution. An 

LTA aircraft such as the B777 has an ‘e’ value of 0.85 and this is used in the present chapter for the baseline 

aircraft [194]. Cf is the skin friction coefficient, which for today’s large transport jets is typically 0.003 [195], 

[196]. S is the wing area known from aircraft data (see section 4.3.7). The wetted area (Swet) is calculated 

separately using the model described in the next section. Assumed values for the airspeed (V) and air density 

(𝜌𝑎) are known from aircraft data (see section 4.3.7). Waircraft is the aircraft weight at cruise, calculated as the 

average of the weight at the start and end of cruise. The wave drag modelling is a high order or high-fidelity 

analysis, which is beyond the scope of this chapter. For a present-day long-range sub-sonic aircraft like B787, 

the contribution of the wave drag (compressibility effects) to the total drag is small (2.9% at cruise altitude of 

37,000 ft and Mach 0.85) [197]. After both 𝐶L and 𝐶D are calculated, the L/D (𝐶L/𝐶D) is calculated for cruise.  

4.3.4.2 Wetted area and fuselage weight prediction model 

Aircraft wetted area prediction 

 As observed from equations 4.2 and 4.3, 𝑆wet is required for estimating the 𝐶D. For a tube-wing 

aircraft, 𝑆wet is calculated from using an empirical equation from Roskam [198] that relates 𝑆wet to GTOW,  

 log10(𝑆wet [ft
2]) = 𝐷 log10(GTOW [lb]) + 𝐶 , (4.5) 

where the coefficients C and D are 0.0199 and 0.7531 respectively, for transport jets [198]. A validation of 

equation 4.5 is conducted for two cases, a Boeing 787 [197] and a tube-wing aircraft of future [199], and gives 

agreement to within ±5% (< + 2%) (see Appendix A section A.4.2).  
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Fuselage wetted area and weight prediction 

 For alternative fuels that are being studied here, a fraction of (for non-cryogenic fuels) or the entire 

fuel tanks (for cryogenic fuels) are installed in the fuselage. The increase in the fuselage length increases the 

aircraft wetted area, drag and weight, and resultantly the fuel consumption. Therefore, the 𝑆wet of the 

alternative fuel powered aircraft is the sum of the 𝑆wet of baseline aircraft and the wetted area of the additional 

fuselage required to store the alternative fuel. The fuselage wetted area (𝑆wet,Fuselage) is calculated as [200], 

 
𝑆wet,Fuselage [ft

2] =  𝜋 𝑑F 𝑙F  (1 −
2 𝑑F

𝑙F
)

2

3
(1 + (

𝑑F

𝑙F
)
2
) , (4.6) 

where the parameters 𝑑F and 𝑙F represent the cylindrical fuselage diameter and length (in ft). The fuselage 

weight (𝑊Fuselage) is then calculated as [201], [202],  

 𝑊Fuselage[lb] = 5  𝑆wet,Fuselage [ft
2]. (4.7) 

Validations of equations 4.6 and 4.7 are included in Appendix A section A.4.3, where 𝑆wet,Fuselage and 

𝑊Fuselage of a Boeing 787 predicted using this method are within ±5% of their known values. 

4.3.5 Additional systems weight for alternative fuels 

 In all cases of alternative fuels studied here, the OEW of the aircraft is expected to change because of 

the need for additional fuel storage, or fuel tank systems and the structure required to support these tank 

systems. The additional fuselage length for all alternative fuels is estimated from the fuel volume that need to 

be stored in the fuselage tanks. 

4.3.5.1  Non-cryogenic fuels 

 For non-cryogenic fuels, a substantial fraction of the WF,total fits inside the existing tanks in the wings 

based on the tank volume of the baseline aircraft. The remainder of the fuel must be accommodated in the 

(additional) fuselage. There are two components of additional weight considered for non-cryogenic fuels: the 

additional tank weight required to hold the remaining fuel that cannot fit in the wing tanks and the additional 

fuselage weight required to accommodate this additional tank. The additional fuselage weight is calculated 

according to the approach described in section 4.3.4.  

To estimate the additional tank weight for non-cryogenic fuels that have similar mass densities as Jet-

A (100% SPK, ethanol, and methanol), the findings of Goraj [203] are used, who reported that the structural 

weight of a conventional fuel tank is ~1/70 of the fuel weight. Thus, the OEW calculation for non-cryogenic 

fuels (OEWnon−cryogenic) is given by,  
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OEWnon−cryogenic

= OEWbaseline(1 − 𝜔)

+
1

70
(𝑊F,total,non−cryogenic −

𝜌non−cryogenic  𝑊F,total,baseline

𝜌Jet−A
)

+ (𝑊Fuselage,non−cryogenic − 𝑊Fuselage,baseline)(1 − 𝜔), 

(4.8) 

where 𝑊F,total,non−cryogenic and  𝑊F,total,baseline are the total fuel weights of the non-cryogenic fuel and Jet-

A fuel respectively at mission start; 𝜌non−cryogenic and 𝜌Jet−A are the densities of the non-cryogenic fuel and 

Jet-A fuel respectively; and 𝑊Fuselage,non−cryogenic is the fuselage weight of the non-cryogenic aircraft. ω is 

the weight reduction factor for fuselage weight and OEW (in percentage), which is dependent on technology 

improvement. It is zero by default for all non-cryogenic fuel cases during the performance evaluation of 

different alternative liquid fuels considered in this chapter. 

4.3.5.2  Cryogenic fuels 

 For cryogenic fuels (LH2, LNG, and LNH3), in addition to the extra fuselage weight, the weight of 

cryogenic tank systems is added to the structural weight required to support the cryogenic tank system, to the 

OEW of the aircraft.  

The gravimetric index, gravimetric efficiency, or gravimetric storage density (η), is defined as the ratio 

of cryogenic fuel weight to the sum of the dry tank weight and cryogenic fuel weight [34], [66], [86], [191]. 

The tank weight is dependent on the type of the insulation system used in its design [64]. Therefore, η is an 

important technology parameter that determines the feasibility of cryogenic-fuelled aircraft [34]. Advances in 

lighter and stronger composite materials have recently shown LH2 cryogenic tank η = 0.92 for manufactured 

tanks [204] (which could improve in future), and that too for a small size tank (diameter 1.2 m and length 2.4 

m). A study by Sjöberg et al. [205] models a light weight LH2 tank (4.7 m length and 3 m diameter) using 

composite materials with η = 0.94 for a full tank, in comparison with metallic tank having η = 0.71. For the 

LH2 fuel case in the present chapter, an integral type of cryogenic tank with foam-based insulation is selected 

in this study. An average value of η of 0.78 for long-range LH2 aircraft is selected with an insulation thickness 

of 8.1 cm according to the study by Verstraete et al. [66]. There is significant uncertainty in the value of η. For 

example, foam based integral tanks are known to have higher η compared to other tank types, especially for 

larger tank volumes (on the order of 75%) [66], whereas a value of η = 0.38 was assumed to represent a double-

wall evacuated tank with multi-layer insulation for a large long-range aircraft by the Clean Sky 2 - Fuel Cells 

and Hydrogen (FCH) joint project [34], [206]. In this chapter,  an optimistic value is used and the sensitivity 

due to this uncertainty is explored in Chapter 5. For LNG, two cases are analysed, where the fuel tank is 

integral to the fuselage structure. The first LNG case uses a hypothetical value of η = 0.78, similar to LH2 case. 

In the second LNG case, a present-day (best) value of η = 0.63 is used, which is similar to the values used in 

transportation of LNG fuel via trucks [207]. For LNH3, the fuel the tank is assumed to be integral to the fuselage 

structure. The weight of cryogenic tank (assumed to be made of steel) is a quarter of the weight of required 

fuel (or η = 0.8) as a thumb rule according to Dincer et al. [208]. To calculate the tank internal volume, with 
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the outer diameter constrained by the fuselage diameter, the insulation thickness of 8.1 cm is assumed for the 

LH2 case [66] and it is also applicable to the LNH3 and LNG cases. 

For all three cryogenic fuels (LH2, LNG, and LNH3) to be installed in the fuselage, a structural support 

weight for the integral cryogenic tanks is added which is 6% of the fuselage weight according to the study by 

Verstraete et al. [66]. While this weight penalty was defined for a LH2 aircraft, it is assumed that the same 

penalty applies to both LNG and LNH3 aircraft since there are less published studies on these fuels. Therefore, 

the OEW calculation for cryogenic fuels is,   

OEWcryogenic = OEWbaseline (1 − 𝜔) +
(1 − 𝜂)  𝑊F,total,cryogenic

𝜂
+ 0.06 𝑊Fuselage,baseline(1

− 𝜔) + (𝑊Fuselage,cryogenic − 𝑊Fuselage,baseline)(1 − 𝜔), 

(4.9) 

where OEWbaseline is the baseline aircraft OEW, 𝑊F,total,cryogenic is the total fuel weight of the cryogenic fuel 

at mission start, and 𝑊Fuselage,cryogenic and 𝑊Fuselage,baseline are the fuselage weight of the cryogenic and 

baseline aircraft respectively. ω is dependent on technology improvement and it is zero by default for all 

cryogenic fuel cases in this chapter. 

4.3.6 Off-design analysis 

 

Figure 4.3. Schematic for the estimation of the maximum permissible range with full fuel tank for a 

given payload case. Boxes with dashed borders represent known values, boxes with solid border 

represent a calculation step, and # represent the calculation step number 

 By using the methodology discussed in sections 4.3.1 to 4.3.5 for Breguet’s range equation analysis, 

the aircraft performance at design point is known for different fuel cases. The aircraft now becomes a ‘fixed’ 
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aircraft with fixed OEW, fuselage length, and maximum fuel capacity for each fuel under consideration. 

However, in real world applications, airlines do not always operate their aircraft with full design payload 

capacity, design range, and/or full fuel tank. For example, with a full fuel tank and reduced payload or load 

factor (compared to design payload i.e., 100% load factor), the aircraft can fly greater distance compared to 

the design range. Such operation is known as the off-design point performance of the aircraft. 

 

Figure 4.4. Schematic for the estimation of the WF,block of an aircraft for given range and payload 

combination. Boxes with dashed borders represent known values, boxes with thin solid border 

represent a calculation step, boxes with solid thick border represent a decision box, and # represent 

the calculation step number 

 In this chapter, after identifying the alternative fuels that meet the design target range of the baseline 

Jet-A aircraft within the MTOW limit, the off-design aircraft performance for such fuel(s) is evaluated for 

typical range and payload (load factor) combinations for long-range flights. Three off-design passenger – load 

factor cases are considered for A350-1000 aircraft, other than its design reference point (366 passengers, 34.8 

tonnes passenger payload): (i) 200 passengers (19 tonnes passenger payload, 55% load factor); (ii) 250 

passengers (23.8 tonnes passenger payload, 68% load factor); and (iii) 301 passengers (28.6 tonnes passenger 

payload, 82% load factor). These different payload cases are evaluated for aircraft range between 5,000 km 
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and the maximum range for a given load factor case flying with full tank capacity. The flowchart/schematic 

for the estimation of the maximum range with full fuel tank for a given load factor case using Breguet’s range 

equation is shown in Figure 4.3. Additionally, Figure 4.4 shows the schematic for the estimation of the WF,block 

of an aircraft for given range and payload combination using Breguet’s range equation. The stepwise process 

in Figure 4.3 and Figure 4.4 is detailed in Appendix A section A.3. 

4.3.7 Known and calculated aircraft data 

Table 4.3. Airbus A350-1000 Jet-A aircraft data and cruise conditions 

Parameters Units Value 

Aircraft data (Airbus A350-1000) 

Maximum take-off weight (MTOW) kg 316,000 [209] 

Maximum PAX in a 3-class configuration - 366 [209]  

Average weight of one passenger kg 95 [209], [210] 

Passenger payload weight (Wp) kg 34,770 (= 366 x 95) 

Total fuel weight (WF,total, Jet-A) at mission start  kg 126,101 [209] 

Operating empty weight (OEWBaseline) (= MTOW 

– WF,total, Jet-A – Wp) 
kg 155,129 

Overall efficiency (𝜂o) - 0.4 [211] 

Fuselage length (lf) m 72.25 [209]  

Fuselage width (df) m 5.96 [209] 

Fuselage fineness ratio (lf /df) - 12.12 

Wing area m2 465 [212] [213]  

Span m 65 [209] 

Aspect ratio AR (= span2/wing area) - 9.12 

Typical cruise conditions for large transport jets 

Altitude  ft 35,000 

 m 10,668 

Airspeed at 35,000 ft (10,668 m)  knots 490 [214] 

 m/s 252.1  

Mach number - 0.85 [214] 

Air density 𝜌𝑎 at 35,000 ft kg/m3 0.38 [215] 

Calculated data 

𝑆wet,Fuselage  m2 1,208 

ft2 13,000 

𝑊Fuselage kg 29,484 kg 

𝑆wet,Fuselage  m2 2,445 

ft2 26,320 

 

The Airbus A350-1000 aircraft is chosen as the baseline aircraft for the comparative assessment of the 

performance characteristics of the 100% SPK, LH2, LNG, LNH3, ethanol, and methanol in comparison with 

the performance of Jet-A. Table 4.3 lists the A350-1000 aircraft data which will be used for the aircraft 

performance modelling using Breguet’s range equation. ηo for the A350-1000 aircraft (Jet-A) is known to be 
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0.4. Knowing this and the ηo,f / ηo,Jet-A ratio for all fuels (known from section 4.3.2), the ηo is calculated for all 

alternative fuels to be used on the aircraft. 

 The validation of equations 4.1, 4.5, 4.6, and 4.7 is conducted Appendix A section A.4. The accuracy 

of the Breguet range (equations 4.1) is evaluated by predicting the performance characteristics of two in-

service aircraft (Airbus A320-200 and Boeing B767-300F), and this validation is included in section A.4.1. A 

validation of equation 4.5 is conducted in section A.4.2 for two cases, a Boeing 787 and a tube-wing aircraft 

of future. Validation of equations 4.6 and 4.7 is included in section A.4.3, where 𝑆wet,Fuselage and 𝑊Fuselage 

of a Boeing 787 is predicted. Lastly, an attempt is made to validate the long-range LH2 aircraft design in the 

Clean Sky 2 - Fuel Cells and Hydrogen (FCH) joint project [34], and this is included in section A.4.4. The 

performance prediction using respective equations are in reasonable agreement with the published data (within 

±5%, a criterion defined for low-order aircraft performance modelling [184], [185] in Appendix A section 

A.4). 

4.4 Results and discussion 

 The results of the performance evaluation of the six fuels at design point are analysed in section 4.4.1 

and the off-design performance analysis results of the identified alternative fuels that meet the baseline aircraft 

range within the MTOW limit are discussed in section 4.4.2. Lastly, section 4.4.3 presents the relationship 

between OEW and GTOW for LH2 aircraft. 

4.4.1 Performance evaluation of alternative liquid fuels at design point 

 Figure 4.5 shows the comparison of different alternative fuels for their SEC and range performance 

within the MTOW limit of the baseline Jet-A aircraft carrying 366 passenger-payload (34,770 kg). It is to be 

noted that 100% SPK fuel has similar properties as that of Jet-A fuel, and thus its SEC is similar to Jet-A. The 

SEC points for 100% SPK and Jet-A fuel overlap, thus in Figure 4.5 these two points are combined together 

and labelled as ‘Jet fuel’. It can be observed from Figure 4.5 that of the six alternative fuels only 100% SPK 

and LH2 powered LTA aircraft (single decker tube-wing) enable the typical long-range flight distance as that 

of the Jet-A aircraft (baseline) of 13,870 km for 366 passenger-payload of 34,770 kg, within the limit of 

MTOW (of 316 tonnes). Thus, 100% SPK and LH2 powered aircraft are quantitatively identified alternative 

liquid fuels from this chapter that enable a long-range air travel with an LTA aircraft. Further details of the 

performance characteristics of the baseline aircraft modified for the use of six alternative liquid fuels (for same 

payload of 34,770 kg i.e., 366 passenger payload) is included in Appendix section A.5. Additionally, Appendix 

section A.5 includes details of comparison of the aircraft and systems characteristics (such as fuselage length, 

wing loading, etc. for similar tank η) for LH2 aircraft with other studies in literature. 

 Table 4.4 shows the SEC performance of identified alternative liquid fuels that enable long-range 

travel with an LTA aircraft. A study by Proesmans et al. [159] found that a 100% SPK aircraft had similar 

energy consumption as that of a Jet-A aircraft. Similarly, according to the findings of Hileman et al. [51], 

100% SPK offers a 0.3% improvement in energy consumption relative to Jet-A while considering that the fuel 

gravimetric energy density is a significant aspect compared to the volumetric energy density. In the present 
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chapter, both gravimetric and volumetric energy densities are considered to be equally important. Considering 

this, the energy consumption benefits due to slightly better gravimetric energy density performance of 100% 

SPK gets reduced due to its slightly poor volumetric energy density performance (increase of fuselage length 

by 0.25 m or by 0.3%), compared to Jet-A. It can be observed from Table 4.4 that 100% SPK offers an 

insignificant (net) improvement (of 0.17%) in energy consumption as compared to Jet-A, which is similar to 

the findings of Hileman et al. For non-cryogenic fuel, especially 100% SPK it is observed that the fuselage 

length increases insignificantly (by 0.3%) to store additional fuel and this fuel could be accommodated in 

future aircraft designs with minor changes to the aircraft wing design instead of storing the fuel in fuselage as 

considered in this chapter. 

 

Figure 4.5. Comparison of different alternative fuels for their SEC and range performance within the 

MTOW limit of the baseline Jet-A aircraft carrying 366 passenger-payload (34,770 kg)  

Table 4.4. Nominal SEC of LTA aircraft at 13,870 km range for payload of 34,770 kg with Jet-A, 

100% SPK and LH2 

Fuel 

ΔL  

(%) WF,block (kg) L/D GTOW (kg) OEW/GTOW 

Wing loading at 

take-off 

(kg/m2) 

SEC 

(MJ/tonne-km) 

Jet-A - 113,491 18.63 315,999 0.49 679.6 10.17 

100% 

SPK 
0.3 110,988 18.57 

313,404 

(-0.82%) 
0.50 674.0 

10.15 

(-0.17%) 

LH2 37.2 45,338 16.09 
268,516 

(-15%) 
0.68 577.5 

11.28 

(+10.97%) 

 

 It can be observed from Table 4.4 that LH2 aircraft consumes more energy than Jet-A aircraft due to 

its poor volumetric energy density performance compared to Jet-A and higher OEW due to cryogenic systems 

requirements, thereby resulting in longer and heavier fuselage (negative impact on L/D). The LH2 aircraft 

fuselage length increases by 26.87 m (or by 37.2%) compared to Jet-A case. This finding is similar to the 

observation made in the study by Verstraete [68] where there is 38.2% increase in fuselage length for a single-

decker 300 passenger LH2 aircraft (using similar cryogenic tank η) but has a shorter design range of 9,000 km. 
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In terms of absolute value, for a single decker 400 passenger aircraft with a design range of 14,000 km, the 

study by Verstraete [68] finds that the LH2 aircraft (similar cryogenic tank η) fuselage length is greater than 

95 m which is of the similar order as that of the finding of this chapter (of approximately 99 m). More design 

details of this single decker 400 passenger aircraft by Verstraete [68] are not known in sufficient detail to 

enable further comparison. Moreover, according to a study by Onorato et al. [177], for a large LH2 aircraft 

(295 passengers, 7,674 km), the authors find that there is a 37.1% increase in fuselage length (similar to the 

findings of the present chapter), compared to a single-deck Jet-A aircraft. 

 The cryogenic tank η used by Brewer [172], [180], [191] (η = 0.836) is of the similar order used in 

this chapter (η = 0.78). According to the book by Brewer [180], the LH2 aircraft will have lower wing loading. 

Brewer [172], [180], [191] evaluates a double-decker 400 passenger LH2 aircraft (18,500 km range). The wing 

(area) is subjected to modifications (wing structural weight and loading). The wing loading of the Jet-A and 

LH2 aircraft are calculated to be 681.6 kg/m2 and 569.3 kg/m2, respectively (details in Appendix section A.5.1). 

Therefore, the wing loading (at take-off) of the double-decker 400 passenger LH2 aircraft (18,500 km range) 

evaluated by Brewer [180] reduces by 16.5%, compared to the baseline Jet-A aircraft. In this chapter, the wing 

planform (area, span, and/or AR) is maintained constant for different fuel cases. This is similar to or in-line 

with the approach used in the Cryoplane study of minimal change to the wing planform. As observed from 

Table 4.4, the wing-loading of the LH2 aircraft at take-off (577.5 kg/m2) modelled in this chapter reduces by 

15% (similar to 16.5% reduction observed by Brewer), in comparison with the wing-loading of the Jet-A 

aircraft (679.6 kg/m2).  

 The significant reduction in the GTOW of LH2 aircraft is of importance during emergency landing 

situations as a lighter aircraft will not necessitate jettison of a highly flammable LH2 fuel (details in Appendix 

section A.5.2). For LH2 aircraft, it is observed that relative to the baseline Jet-A aircraft, for a high energy 

dense (by weight) LH2 fuel there is a net reduction in the aircraft GTOW of 15% (OEW/GTOW = 0.683) and 

10.97% increase in SEC (for η = 0.78). These findings are similar to the observations made in the Cryoplane 

study which uses foam based insulation tanks (exact tank η not known but is expected to be of the similar order 

used in this chapter), where the SEC of the long-range LH2 powered aircraft (using conventional tube-wing 

architecture) increases by 9% and GTOW reduces by 14.8% (OEW/GTOW = 0.68) relative to the Jet-A aircraft 

[175].  

4.4.2 Off-design performance analysis 

 Figure 4.6 shows the SEC comparison of different fuel cases at different range and payload (load 

factor) combinations. The SEC for 100% SPK is similar to Jet-A and thus it is not shown in Figure 4.6 due to 

overlapping points (can be observed from Figure A.2 included in Appendix A section A.5.3). It can be observed 

that reducing the load factor increases the maximum aircraft range for all fuels (points on extreme right). 

Additionally, for any given load factor, the trend of SEC variation with range and the absolute values of SEC 

for Jet-A and 100% SPK are similar. For both fuels, it can be observed that there is a minimum point at ~7,000 

km. On an absolute scale, the LH2 aircraft (η = 0.78) consumes more energy than Jet-A aircraft at all 

combinations of range and load factor. For LH2 aircraft, the SEC decreases with increasing range, though SEC 
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variation with range is less sensitive beyond ~10,000 km. Increasing the load factor improves SEC, for all 

three fuels. The difference in SEC variation with range for Jet-A (and 100% SPK) and LH2 aircraft is due to 

the high OEW/GTOW ratio for LH2 aircraft. The high OEW and lighter GTOW of the LH2 aircraft than Jet-A 

case makes LH2 aircraft consume more energy at lower range. Further details on the OEW/GTOW and 

aerodynamic performance variation with range for different load factor cases are included in Appendix section 

A.5.3. 

 

Figure 4.6. SEC comparison for Jet-A (and/or 100% SPK) and LH2 aircraft (η = 0.78) at different 

range and payload (load factor) combinations 

 

Figure 4.7. Comparison of percent change in SEC for LH2 aircraft (η = 0.78) relative to the Jet-A 

aircraft at different range and payload (load factor) combinations 

 Figure 4.7 shows the comparison of percent change in SEC for LH2 aircraft (η = 0.78) relative to the 

Jet-A aircraft at different range and payload (load factor) combinations. The percent difference in SEC between 

LH2 and Jet-A aircraft decreases with increasing range for all load factor cases, and this reduction is greater at 

higher load factor cases. In other words, the effect of load factor on the percent difference in SEC between 

LH2 and Jet-A aircraft increases with increasing range. For 100% SPK the percent difference in SEC relative 

to Jet-A aircraft is insignificant and is constant for all load factor and range combinations. Thus, 100% SPK is 

not included in Figure 4.7, and the said insignificant change in SEC can be observed from Figure A.3 included 
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in Appendix section A.5.3. In summary, 100% SPK can be used across all range and load factor combinations 

with similar SEC as that of Jet-A, whereas the SEC of LH2 is lower at higher range and greater load factor 

combination though it is always greater than the SEC of Jet-A for all load factor cases i.e., tube-wing single-

decker LH2 aircraft is less energy efficient than Jet-A aircraft at all combinations of payload (load factor) and 

range. 

 Based on the findings in this section and section 4.4.1, a separate study is undertaken for a modified 

seating of A350-1000 to 301 passengers (in Appendix section A.6), and modification and use of retired aircraft 

(by major airlines during 2020 lockdown) such as Airbus A380 (in Appendix section A.7). This is in-line with 

recent efforts from Airbus to convert retired A380 aircraft into an LH2 aircraft [216]. The SEC of these different 

LH2 aircraft modelled are compared in Appendix section A.8. It is observed that due to a high ratio of OEW 

and Wp, for both LH2 versions of A350-1000 (301 passengers) and A380 aircraft (seating 312 passengers), the 

SEC values are significantly greater (i.e., the direct operating costs could be significantly greater), especially 

for A380 LH2 aircraft, than the SEC observed for A350-1000 (366 passengers). The inference from this 

separate study is that a custom designed double-decker tube-wing aircraft with large fuselage diameter (similar 

to A380) could not provide a better SEC performance for long-range travel of ~300 passengers compared to a 

single-decker tube-wing aircraft like A350-1000. 

4.4.3 Relationship between OEW and GTOW for LH2 aircraft 

 Figure 4.8 shows the relationship between OEW and GTOW of tube-wing LH2 aircraft from the 

present study and literature (Brewer [180], Verstraete [68], Troeltsch et al. [173], Beck et al. [217], Proesmans 

et al. [159], Gomez et al. [172], Silberhorn et al. [168] (2019), Silberhorn et al. [176] (2022), Lammen et al. 

[170], Onorato et al. [177], and Huete et al. [178]). For data from Proesmans et al. [159], ‘ATR’ and ‘COC’ 

denote LH2 aircraft optimised for average temperature response and cash operating cost, respectively. 

Additionally, in the study by Silberhorn et al. [168] (2019), the authors design three versions of LH2 aircraft, 

where each version has a distinct tank installation location (rear, top, and pod) and these are included in Figure 

4.8.  

 It can be observed from Figure 4.8 that the relationship between OEW and GTOW for the LH2 aircraft 

designed in this research and earlier literature follow a consistent trend, which can be approximated by a power 

law. This trend (of 31 LH2 aircraft) could facilitate a more rapid weight sizing studies on LH2 aircraft designs 

using low-order modelling approaches. Similarly, an equation is developed (in Appendix section A.5.1) which 

provides a relationship between OEW and GTOW of 100% SPK from the present chapter and aircraft in 

service. 
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Figure 4.8. Relationship between OEW and GTOW of LH2 aircraft from the literature [except Beck et 

al. data point (BWB), all aircraft are tube-wing] and present study (Brewer [180], Verstraete [68], 

Troeltsch et al. [173], Beck et al. [217], Proesmans et al. [159], Gomez et al. [172], Silberhorn et al. 

[168] (2019), Silberhorn et al. [176] (2022), Lammen et al. [170], Onorato et al. [177], and Huete et al. 

[178]) 



84 

 

4.4.4 Discussion 

 Firstly, the significant increase in the LH2 aircraft fuselage length observed in this work could be a 

potential challenge associated with the use of LH2 in the conventional tube-wing architecture, as this likely has 

structural and stability implications. Additionally, longer tube-wing LH2 aircraft might not be readily 

compatible with the current airport design and layout. Secondly, for a significantly lighter LH2 aircraft 

observed in this work (~15% GTOW reduction), aircraft design optimisation is necessary considering that a 

lighter aircraft would have reduced thrust requirement for maintaining the same thrust to weight (T/W) ratio, 

which could further decrease the SEC of the LH2 aircraft. Thirdly, 100% SPK and LH2 should be manufactured 

from less carbon intense or renewable energy pathways (considering lifecycle effects) that will enable a truly 

near-zero carbon air travel. Lastly, from the Breguet range equation it is known that the aircraft energy 

performance depends on aircraft technologies like aerodynamics, structures, and propulsion, and it is observed 

in this chapter that cryogenic tank η affects the aircraft energy performance. The effect of these four technology 

aspects on the long-range LH2 powered LTA aircraft performance (such as its SEC) could be explored via a 

sensitivity analysis, which motivates Chapter 5. The above aspects are further elaborated in Appendix A 

section A.9. 

4.4.5 Limitations of the present chapter 

 The present chapter is a low-order modelling of aircraft performance characteristics using Breguet’s 

range equation for different fuels. The L/D ratio during cruise is based on the average aircraft weight during 

cruise. Also, in the estimation of the drag coefficient, wave drag is considered to be negligible which is 

typically considered in high-fidelity analysis. The evaluation of the aircraft performance characteristics in this 

chapter is limited to the aircraft use-phase only and these include the aerodynamics, weight, and energy 

performance. Low carbon fuels with more hydrogen content compared to Jet-A fuel, such as LNH3, LH2, LNG, 

etc. are expected to produce more water vapour at typical cruise altitude and could increase contrails, which 

are known to have a net warming effect on climate. However, significant uncertainties remain as to the contrail 

induced climate effects of hydrogen aircraft, and it might be possible to implement operational avoidance 

strategies, such as avoiding ice-supersaturated regions [45], [167]. The emissions and contrail performance, 

and effect of varying altitude on LH2 aircraft, are not included in this chapter. Additionally, aircraft 

structural/stress and stability examination are not considered in this chapter (particularly resulting from 

increase in fuselage length), and these could be crucial for LH2 powered aircraft where the aircraft fuselage 

length increases significantly (~30%). The present chapter does not conduct rigorous design and optimisation 

of aircraft employing different fuels. Lastly, the effect of cryogenic tank is not considered in detail and is based 

on other studies. Ideally, a separate design model for cryogenic tank is required that accounts both internal and 

external mechanical and thermal stresses. 
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4.5 Chapter summary and conclusions 

 This chapter evaluated low-carbon energy vectors for long-range LTA passenger aircraft and used the 

standard Breguet range equation to perform a comparative assessment for the characteristics of six alternative 

liquid fuels (methanol, ethanol, 100% SPK, LH2, LNG, and LNH3). Considering the realistic gravimetric and 

volumetric energy density effects, LH2 and 100% SPK are the alternative liquid fuels that could enable typical 

long-range flight of approximately 14,000 km (or 7,500 nautical miles) in a conventional tube-wing aircraft 

for a 366 passenger-payload within the MTOW limit of the baseline Jet-A LTA aircraft. Additionally, by using 

present-day aircraft technology, the SEC (MJ/tonne-km) of the aircraft powered by LH2 and 100% SPK 

(separately) could change by +10.97% and -0.17% respectively, compared to the Jet-A aircraft. A potential 

challenge associated with the use of LH2 in the conventional tube-wing architecture is the significant increase 

in the fuselage length (~30%), as this could have structural and stability implications. Additionally, 

significantly long tube-wing LH2 aircraft might not be readily compatible with the current airport in terms of 

aircraft operations such as taxi, landing, and take-off. Another inference from this chapter is that a custom 

designed double-decker tube-wing aircraft with large fuselage diameter (similar to A380 [greater OEW]) could 

not provide a better SEC performance for long-range travel of ~300 passengers compared to a single-decker 

tube-wing aircraft like A350-1000.  

 Moreover, this chapter conducts off-design point analysis that is of interest to airlines, using different 

range and payload (load factor) combinations for aircraft (separately) powered by LH2 and 100% SPK. It is 

observed that for any given load factor, the SEC of LH2 aircraft is higher than SEC of Jet-A aircraft at all 

range. The SEC of LH2 aircraft decreases with increasing range but is less sensitive to range beyond 10,000 

km. Additionally, the difference in SEC between LH2 and Jet-A aircraft decreases with increasing range for 

all load factor cases, and this reduction is greater at higher load factor. Overall, 100% SPK can be used across 

all range and load factor combinations with similar SEC as that of Jet-A, whereas the SEC of LH2 is lower at 

higher range and greater load factor combination though it is always greater than the SEC of Jet-A for all load 

factor cases. Additionally, an equation is developed in this chapter that relates the OEW and GTOW for LH2 

aircraft at design point, based on the present chapter and literature. This equation will facilitate low-order 

modelling or weight sizing of LH2 aircraft. The aircraft energy consumption estimation in this chapter for both 

100% SPK and LH2 fuel should inform future studies on the estimation of: (i) feedstocks and/or pathways that 

could decarbonise long-range civil aviation on a lifecycle basis; and (ii) ticket pricing as the fuel cost is 

dependent on the energy consumption of aircraft and fuel manufacturing process. Lastly, it was observed that 

the four technology parameters like engine efficiency, structures (materials), aerodynamics, and cryogenic 

tank storage density could impact LH2 aircraft energy performance and fuselage length. This motivates the 

next chapter on the global sensitivity analysis of technology parameters on energy performance of a (sub-

sonic) tube-wing LH2 long-range LTA aircraft. 
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Chapter 5: Global sensitivity analysis for examining the effects of technology on subsonic liquid 

hydrogen long-range tube-wing aircraft 

5.1 Introduction 

5.1.1 Background  

 In Chapter 4, it was observed that for a present-day aircraft technology there are only two alternatives to 

Jet-A fuel such as 100% SPK and LH2 fuel for a typical long-range flight of 14,000 km (7,500 nmi) using an 

LTA tube-wing aircraft. 100% SPK aircraft performance is similar to Jet-A due to similar fuel properties but 

LH2 aircraft consumes more energy than Jet-A. The energy performance of an LH2 aircraft is dependent on 

different technologies. It is known from Chapter 4 that Breguet’s range equation predicts the aircraft 

performance metrics from the fuel type (calorific value), and three aircraft technology aspects such as aircraft 

aerodynamics, 𝜂o (propulsion), and aircraft weight (structures). Additionally, it was observed in Chapter 4 that 

cryogenic tank η affects the aircraft energy performance. The effects of these four technology parameters on 

the long-range LH2 powered LTA aircraft performance (such as its SEC) is explored in this chapter via a global 

sensitivity analysis. The learnings of Chapter 4 motivate the present chapter. 

 The present chapter is a low-order evaluation of LH2 aircraft performance. The aim of this chapter is to 

evaluate the effects of technology development on the performance of future subsonic LH2 long-range LTA 

aircraft, towards the goal of sustainable aviation. The broader objective of this chapter is to perform a global 

sensitivity analysis to evaluate the effects of identified technology parameters for enabling a LH2 powered long-

range travel (~14,000 km) with an LTA aircraft, within MTOW limit of a baseline present-day LTA aircraft 

that seats 366 passengers. This chapter addresses research objective #2 discussed in Chapter 1. The detailed 

objectives of this chapter are formulated based on the literature review in section 5.2 

5.1.2 Chapter structure  

 The studies that explore the performance characteristics of an LH2 aircraft and their cryogenic tank η, 

are first reviewed in section 5.2. Thereafter, a global sensitivity analysis is performed to evaluate the effects of 

identified technology parameters for enabling an LH2 powered long-range travel with an LTA aircraft, within 

MTOW limit of a baseline present-day LTA aircraft that seats 366 passengers using the methodology described 

in section 5.3 and the results are discussed in section 5.4.  

5.2 Literature review on impact of technology development on aircraft performance 

 100% SPK has been extensively studied in literature [48], [51], [52], [59], and the findings of Chapter 4 

are similar to studies by Hileman et al. [51] and Proesmans et al. [159], where we observe that 100% SPK 

offers negligible energy consumption benefits in the use-phase. The literature on the operational energy 

consumption or SEC of LH2 aircraft, however, is very limited. LH2 as an aircraft fuel is garnering interest 

because its gravimetric energy density is 2.78 times greater than Jet-A and its potential to emit zero carbon 

emissions in the use-phase [218]. However, the volumetric energy density of LH2 is one-fourth that of Jet-A, 
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which poses challenge to LH2 powered tube-wing aircraft design in terms of fuel storage. The aviation industry 

has initiated R&D and investments on cryogenic tank testing, fuel infrastructure, plans of fuel testing in aircraft, 

and conceptualizing aircraft design [160]–[164].  

 Studies on pure combustion based (thrust-powered gas turbine engines) LH2 aircraft [165]–[170], [176], 

[177] simulate only the performance characteristics for regional/short- to medium-range aircraft. Following are 

the other studies focussed on pure combustion based LH2 aircraft: (i) aircraft is partially powered by LH2 

(powered 67% by LH2 and remaining by bio-kerosene) [174]; (ii) LH2 aircraft is modelled for different range 

and (lesser) payload combination in comparison with the reference long-range LTA aircraft [171], [172]; (iii) 

LH2 aircraft operates at lower cruise altitude and/or cruise Mach and has different aircraft design features in 

comparison with the typical reference long-range LTA aircraft [159], [173]. 

 For tube-wing LH2 aircraft, the fuselage length could increase by one-third of the baseline Jet-A aircraft 

fuselage length for accommodating the fuel thereby penalizing the aircraft SEC [34], [159], [218], and this is 

also observed in Chapter 4. As discussed before, the Breguet range equation shows that the aircraft performance 

depends on the type of fuel used and advancements in aircraft technology such as use of energy efficient 

engines, lighter materials, and improved aerodynamics, and thus it could be employed to examine the effects 

of the above three advancements in aircraft technology, especially on the long-range LH2 powered LTA aircraft 

performance such as its SEC. 

 LH2 cryogenic tank weight is an important technology parameter which is reported in literature either 

as: (i) the gravimetric index, gravimetric efficiency, or gravimetric storage density (η), which defined as the 

ratio of cryogenic fuel weight to the sum of the dry tank weight and cryogenic fuel weight [34], [66], [86], 

[191]; or (ii) the ratio of dry tank weight and cryogenic fuel weight (λ). The integral type of tank is part of the 

basic airframe structure. Thus, it must withstand fuselage bending, shear and axial stresses along with bearing 

fuel containment load. Non-integral tanks only carry the fuel, and they are mounted inside or outside the 

fuselage [64], [66]. Therefore, with a non-integral tank type, the tank’s role is only to bear the loads resulting 

from the fuel containment such as internal tank pressure, aircraft acceleration, fuel weight, and fuel sloshing 

because of vibrations and manoeuvres. Non-integral tank design is heavier than integral tanks [64], [66]. The 

cryogenic tank weight is dependent on the type of the insulation system used in its design [64]. 

 Different studies on LH2 powered aircraft have been extensively reviewed and these are listed in Table 

5.1 along with their tank gravimetric index. It can be observed from Table 5.1 that η is dependent on the type 

of insulation and it improves with increasing aircraft size or range. For example, foam based integral tanks are 

known to have higher η as compared to other tank types, especially for long-range travel (on the order of 75%) 

[66], whereas η = 0.38 for a double-wall evacuated tank with multi-layer insulation used for a large long-range 

aircraft by the Clean Sky 2 - FCH joint project [34], [206]. Additionally, a recent study by Huete et al. [178] 

examines the effect of η on aircraft range. The authors find that for short range aircraft the effect of η 

improvement on range is not as significant as the sensitivity observed for long-range aircraft. The authors find 

that for long-haul flights improving η from 0.3 to 0.85 increases the range from 7,400 km to 12,960 km 

respectively, however, the other performance metrics such as energy consumption are not known from this 

study. Therefore, from the above discussion and Table 5.1, it is observed that η is a significant technology 



88 

 

aspect that determines the feasibility of LH2 powered aircraft. In Chapter 4, a nominal value of η = 0.78 is used 

for a foam based integral tank installed in an LH2 aircraft employing present-day single decker tube-wing 

aircraft technology. This value of η = 0.78 is based on the study by Verstraete et al. [66] for long-range LTA 

aircraft. However, based on observations from Table 5.1 and above discussion, there is a need to evaluate the 

effect of cryogenic tank technology parameter η i.e., impact of different insulation material and/or tank type, 

on the (energy) performance of long-range LH2 powered LTA aircraft. Further details on some of the studies 

in Table 5.1 is included in Appendix B section B.5 (Table B.4). 

Table 5.1. Different studies on LH2 powered aircraft and the cryogenic tank gravimetric index used  

Study Application Tank type η 

Multi-layer insulation system 

Cleansky 2 [34], [206] 19 passengers with 500 km range Integral 0.25 

Cleansky 2 [34], [206] 80 passengers with 1,000 km range Integral 0.30 

Cleansky 2 [34], [206] 165 passengers with 2,000 km range Integral 0.35 

Cleansky 2 [34], [206] 250 passengers with 7,000 km range Integral 0.37 

Cleansky 2 [34], [206] 325 passengers with 10,000 km range Integral 0.38 

Foam insulation 

Huete et al. [178], [179] 232 passengers with 10,370 km range, 

 332 passengers with 8,890 km range,  

388 passengers with 6,112 km range, 

and 720 passengers with 3,334 km range 

Integral 0.45 

Huete et al. [178] 232 passengers with 7,400 km range Integral 0.3 

Huete et al. [178] 232 passengers with 12,960 km range Integral 0.85 

Cryoplane [175], [181] All aircraft categories  Integral - 

Winnefeld et al. [86] General application of cylindrical tanks Non-integral 0.6 – 0.7 

Brewer’s work summarised 

by Verstraete [191] 

- Non-integral 0.9 

NACA/NASA [219], [220] High-altitude (20 km) reconnaissance 

aircraft 

Integral 0.881 feasible 

Delgado Gosálvez et al. [70] 19 passengers with 926 km range  Non-integral 0.5 

Verstraete et al. [66] 32 passengers with range of 2,100 km Integral 0.66 – 0.71 

Gomez et al. [172] 197 passengers with 9,000 km range Integral 0.74 – 0.83 

Brewer’s work summarised 

by Gomez et al. and 

Verstraete [172], [180], [191] 

400 passengers with 10,190 km range Integral 0.84 

Beck et al. [217] VLTA blended wing body aircraft for 

531 passengers with 11,400 km range 

Non-integral 0.77 

Verstraete et al. [66] 550 passengers with 13,890 km range Integral 0.76 – 0.79 

 

 A study by Prewitz et al. [165] models the performance of a regional hydrogen aircraft (ATR-72) having 

a design range of 1,324 km for maximum payload of 7 metric tonnes. The authors evaluate the critical value of 

η of 0.33 – 0.35 for flight operations to be more economic, while the required value of η to enable design target 

range is 0.19 (the current technology surpass the value needed). As discussed in the previous paragraph, the 

tank η depends on the aircraft type and range, and it is very likely that the critical value of η also depends on 
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these factors and the aircraft technology used. A study that estimates the critical value of η for a long-range 

LTA aircraft is missing in literature. 

 Studies by Verstraete et al. [66], Verstraete [68], Brewer [180], Airbus Cryoplane [181], Clean Sky 2 - 

Fuel Cells and Hydrogen joint project [34], [206], Troeltsch et al. [173], Proesmans et al. [159], and Huete et 

al. [178], [179] have modelled long-range LH2 powered LTA aircraft but have not conducted a detailed 

sensitivity analysis which evaluates the impact of uncertainties in technology improvements on the LH2 aircraft 

design and energy performance. There is a need for a global sensitivity analysis which quantitatively evaluates 

the potential technology improvements and outstanding uncertainties, in terms of the performance of long-

range LTA aircraft powered by LH2. Such an analysis would estimate the impact of uncertainties in technology 

improvements on the LH2 aircraft design characteristics and energy performance, which directly impacts the 

direct operating costs, and lifecycle energy and emissions. Additionally, the use of advanced technologies could 

reduce the additional fuselage length resulting from LH2 storage tanks and SEC. Lastly, this global sensitivity 

analysis will enable to estimate the critical value of tank η for a long-range LTA aircraft for the present-day 

and futuristic aircraft technologies. There are no studies in literature that conduct such a sensitivity analysis 

with the above pointed dimensions to the study. Considering the gaps pointed out in the previous paragraphs, 

none of the above three items are quantitively explored in literature. This is a first of its kind study that 

quantitively addresses the identified research gaps via an up-to-date literature review. 

 The aim of this chapter is to evaluate the effects of technology development on the performance of future 

subsonic LH2 long-range LTA aircraft, towards the goal of sustainable aviation. The objectives of this chapter 

are to: 

• Perform a global sensitivity analysis to evaluate the effects of identified technology parameters for enabling 

a LH2 powered long-range travel with an LTA aircraft with low SEC, within MTOW limit of a baseline 

present-day LTA aircraft,  

• Evaluate the critical value of cryogenic tank η for a long-range LTA aircraft, and 

• Identify the technology parameters that could cause a dramatic improvement in SEC of an LH2 powered 

long-range LTA aircraft. 

 The methodology for the global sensitivity analysis is detailed next in section 5.3 followed by results 

and discussion in section 5.4. Details omitted from the main text are included in Appendix B. 

5.3 Methodology 

 Breguet’s range equation is used for the aircraft performance evaluation towards the sensitivity 

analysis. The Airbus A350-1000 aircraft is used as a baseline, and it cruises at a typical Mach and altitude with 

required reserves. This aircraft is modified for the use of LH2 where both gravimetric and volumetric energy 

density effects of this fuel are considered on the aircraft structure, propulsion, and aerodynamics. 

5.3.1 Breguet’s range equation 

  Breguet’s range equation is given by equation 4.1 (Chapter 4 section 4.3.1) and it calculates the aircraft 

range from the L/D, aircraft weight, lower calorific value of the fuel, and 𝜂o. The Breguet range equation is 
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employed to flight operations where the flight speed, L/D, and 𝜂o are constant over the flight segment (example 

cruise) [183].  

5.3.2 Flight mission profile and iteration process 

 In this chapter, Breguet’s range equation analysis methodology is similar to the analysis at design point 

for LH2 as conducted in Chapter 4. Following is summary of the approach. The Airbus A350-1000 aircraft (Jet-

A) is selected as a sector-relevant baseline case, and LH2 is evaluated for the same payload weight and design 

target range. For Jet-A baseline aircraft, the MTOW, OEW, and WF,total are known for a given Wp (366 

passenger-payload), and this information and other data of A350-1000 aircraft (Jet-A) can be found in Chapter 

4 section 4.3.7. For storing LH2 fuel in the cryogenic tank systems, we allow for the extension of the fuselage, 

recognising that this would represent a significant engineering undertaking. The additional fuselage results in 

penalty on the aircraft performance through increased drag/wetted area and OEW. WF,total governs the volume 

requirement to store LH2 fuel and thus OEW of the aircraft. The aircraft GTOW is the summation of Wp, WF,total, 

and OEW. A constraint is set on the aircraft GTOW, and it should be less than or equal to the MTOW limit of 

316 tonnes (metric) for the baseline aircraft (weight breakdown can be found in Chapter 4 section 4.3.7). This 

MTOW constraint is employed in this chapter since a detailed aircraft structural examination isn’t conducted 

in this chapter. Thus, the MTOW governs the design limit on WF,total i.e., for LH2, WF,total is iterated and 

calculated such that the aircraft GTOW ≤ MTOW. For LH2 fuel, the wing design (AR, span, and planform 

area) is unchanged from the baseline aircraft, and this is similar to the procedure employed in the Airbus 

Cryoplane study [182]. The detailed methodology (design process schematic and equations) for calculating the 

OEW and L/D of the LH2 aircraft which accounts for the performance penalty due to installation of cryogenic 

tank (weight) and the resulting increase in fuselage length and associated increase in fuselage structural weight 

can be found in Chapter 4 section 4.3. The cryogenic tank η, and OEW and ω are absorbed in the equation for 

the estimation of OEW of the LH2 aircraft (i.e., equation 4.9 in Chapter 4). Additionally, Cf is absorbed in the 

equation for the estimation of the drag coefficient (or L/D calculation) (i.e., equation 4.3 in Chapter 4). 

 Equation 4.1 calculates the distance or range travelled during cruise. The fuel consumed in non-cruise 

operations is estimated using a lost fuel factor, which varies for different fuels and is represented as a percentage 

of the GTOW [114], [193]. The block fuel consumption (weight) WF,block is the sum of the fuel consumed during 

cruise and non-cruise operations of a typical mission. For both Jet-A and LH2, a value of 0.9 is maintained for 

the ratio of WF,block and WF,total, and it accounts for additional or reserve fuel, according to the study by Nickol 

et al. [130] for both blended wing body and tube-wing long-range LTA aircraft. The SEC (in MJ/tonne-km) is 

a pertinent performance parameter as it is an important service unit for airlines which helps in the estimation 

of the direct operating costs. The SEC for both baseline and LH2 aircraft is calculated from the WF,block [SEC = 

(WF,block h) / (Wp R)]. 

 The aircraft weight at the beginning of cruise [Winitial  = (1 – lost fuel factor) x GTOW] is calculated using 

the lost fuel factor. The lost fuel factor for Jet-A and LH2 is 2.2% and 1.4% respectively [114], [193]. The 

estimation of 𝜂𝑜,𝐿𝐻2 (overall efficiency of the LH2 aircraft) from the known 𝜂o,Jet−A (overall efficiency of the 

baseline Jet-A aircraft) is detailed in Chapter 4 section 4.3.2. The ratio 𝜂𝑜,𝐿𝐻2 / 𝜂𝑜,𝐽𝑒𝑡−𝐴 i.e., the ratio of overall 
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efficiency of the LH2 aircraft and baseline Jet-A aircraft is calculated to be 1.0314 in Chapter 4 section 4.3. 

Therefore, knowing 𝜂o,Jet−A of the baseline A350-1000 aircraft, 𝜂𝑜,𝐿𝐻2 of the modified aircraft powered by this 

alternative fuel can be estimated. Additionally, the aircraft weight at the end of cruise [Wfinal = GTOW – 0.9 x 

WF,total] is calculated by subtracting 90% of WF,total from the GTOW. Lastly, h for Jet-A and LH2 are taken to be 

43.2 MJ/kg and 120 MJ/kg respectively [47]. Thus, all parameters (or the calculation process) of equation 4.1 

are known and the aircraft range can be evaluated.  

5.3.3 Global sensitivity analysis 

 The effects of four technology parameters on the LH2 aircraft performance are evaluated by 

simultaneously varying all four input parameters, using the Breguet’s range equation: η, Cf, ηo, and ω. The 

ranges for each of these four parameters applied in the global sensitivity analysis are listed in Table 5.2. The 

ranges in Table 5.2 for four technology parameters are discussed further in this section. 

 The range for η (0.35 – 0.881) is directly based on multiple studies that model LH2 aircraft for different 

range and passenger seating capacity, and these are included in Table 5.1 and this index is absorbed in equation 

which calculates the OEW of the LH2 aircraft (i.e., equation 4.9 in Chapter 4). A study by Sjöberg et al. [205] 

simulates a light weight LH2 tank (3 m diameter and 4.7 m length) employing composite materials with η = 

0.94 for a full tank, compared with a metallic tank having η = 0.71. Recent advances in stronger and low-

weight composite materials have enabled LH2 cryogenic tank η = 0.92 for manufactured tanks [204] for a small 

sized tank (length 2.4 m and diameter 1.2 m), that might improve in future. The tank design specifics and 

application for both tanks revealed above are not known completely from respective studies, and thus they 

aren’t listed in Table 5.1 and the maximum limit for the sensitivity analysis the remains unchanged (0.881). 

Table 5.2. Input ranges for different technology parameters for the global sensitivity analysis  

Input parameter Minimum value Maximum value Reference 

η 0.35 0.881 [34], [219], [220] 

Cf 0.0025 0.003 [195], [196], [221] 

ηo 0.4 for Jet-A 

0.413 for LH2 (calculated) 

0.5 for Jet-A 

0.516 for LH2 (calculated) 

[211], [222] 

ω 0% 15% [130] 

 

 Cf enables the estimation of the aircraft L/D. For the present large transport jets the value of Cf is 0.003 

[43], [44]. For advanced/modern (N+2 and N+3 technology) large transport jets, Cf is projected to improve to 

0.0025 [221], as futuristic aircraft could employ drag reducing devices/technologies. ηo of Jet-A powered 

present-day aircraft viz. A350-1000 is 0.4, and for future Jet-A aircraft engine this value is expected to increase 

to 0.455 [130] and 0.5 [211], [222] for N+2 and N+3 technology (2050 timeframe) respectively. According to 

Chapter 4, 𝜂𝑜,𝐿𝐻2 / 𝜂𝑜,𝐽𝑒𝑡−𝐴 is 1.0314. Using this ratio for the LH2 powered A350-1000 (present-day), 𝜂𝑜,𝐿𝐻2 

is calculated to be 0.413, and for the N+2 and N+3 technology (N+i)2 LH2 powered aircraft engine 𝜂𝑜,𝐿𝐻2 is 

calculated to be 0.464 and 0.516, respectively. In a futuristic aircraft design by Nickol et al. [130] using 

 
2 For N+i technology description and nomenclature, please refer Chapter 1 
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advanced technologies and materials for a LTA tube-wing aircraft, the fuselage weight (using stitched and 

resin-infused composite) and OEW of the Jet-A aircraft reduces by 15%. Thus, ω which is absorbed in the 

calculation of the OEW of the LH2 aircraft (i.e., equation 4.9 in Chapter 4), varies from 0% (present 

technology) to 15% (N+2 and N+3 technology). 

5.4 Results and discussion 

 The range of the baseline Jet-A aircraft is calculated to be 13,870 km (approximately 7,500 nautical 

miles), which is the target range for the LH2 aircraft that has same MTOW limit of 316 tonnes (metric tonnes) 

at design point, as that of baseline Jet-A aircraft for the same passenger payload of 34,770 kg (366 passengers-

payload) [218]. The following sections evaluate the sensitivity of LH2 aircraft range, fuselage length, GTOW, 

and SEC, to the range of possible values for η, Cf, ηo, and ω. 

5.4.1 Aircraft range and critical value of η 

 

Figure 5.1. Effect of η, Cf, ηo, and ω on the LH2 aircraft range relative to the (present-day) baseline 

(BL) Jet-A aircraft range 

 Figure 5.1 shows the effect of η, Cf, ηo, and ω on the LH2 aircraft range relative to the (present-day) 

baseline Jet-A aircraft. In summary, the LH2 aircraft range matches that of the baseline aircraft for higher η, 
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ηo, and ω and lower values of Cf. The different panels in Figure 5.1 represent different combinations of discrete 

values of ηo and Cf, and in each the relative range is shown for continuous values of η and ω for the range 

summarised in Table 5.2. For a given combination of ηo and Cf, the critical values of η and ω can be determined 

that would enable an LH2 aircraft range on par with the baseline aircraft. 

 For today’s values of Cf = 0.003 and ηo = 0.413 (plot a in Figure 1) and ω = 0, ηcritical can be observed 

to be 0.52. Alternatively, if LH2 storage tank weight were greater, and η = 0.38, the relative aircraft range 

would be limited to 75% (i.e., 10,000 km) and no reasonable values of ω would enable the aircraft to match 

the baseline range. For the best-case improvements to Cf = 0.0025 and ηo = 0.516 (plot i in Figure 5.1), it can 

be observed that baseline aircraft range would be matched for η > 0.38 if ω = 0, and η > 0.35 if ω > 2.5%. 

Adding future aircraft technology reference points to the discussion, the single-dot-dashed and two-dot-dashed 

line represent N+2 (ω = 15%, Cf = 0.0025 and, ηo = 0.464) and N+3 (ω = 15%, Cf = 0.0025, and ηo = 0.516) 

technology, respectively. In Figure B.1 (in Appendix B) the effect of varying design target range and required 

ηcritical is shown for N+2 values of ηo and Cf at ω = 0, and η > 0.6 is required for a design range of 20,000 km. 

Additionally, in Figure B.2 (in Appendix B) the effect of varying design target range and required ωcritical is 

shown for N+2 values of ηo and Cf at η = 0.35, and ω > 11% is required for a design range of 14,000 km. 

 For the present-day aircraft technology, the critical value of η is 0.52 i.e., a minimum cryogenic tank 

η of 0.52 for enabling a (14,000 km) long-range LTA LH2 aircraft (seating 366 passengers). Similarly, using 

N+2 and N+3 technology for the same payload and range combination, the (expected) critical value of η < 

0.35 and η << 0.35, respectively, for a long-range LTA LH2 aircraft. 

5.4.2 Fuselage length 

 Figure 5.2 shows how the fuselage length is dependent on η and ω for different values of Cf and ηo. 

The relative increase in the LH2 aircraft fuselage length is calculated with reference to the baseline Jet-A 

aircraft. In general, increasing η and/or ω would reduce the required additional fuselage length. However, for 

lower values of η and ω, the design range is not achieved (due to the MTOW constraint) and consequently the 

LH2 aircraft fuselage length increases and peaks once the critical values of these two parameters are reached. 

Then as η and ω increase further, the fuselage length decreases due to reductions in the cryogenic tank weight 

and aircraft structural weight respectively. As a result, the WF,total,LH2 and associated OEW, and the aircraft 

GTOW reduce non-linearly with increasing η and/or ω after the critical point. At a given higher η (beyond 

critical value), increasing ω reduces the LH2 aircraft fuselage length (and associated drag) as the aircraft OEW 

reduces, which improves the energy consumption.  

 Additionally, LH2 aircraft fuselage length can be represented in terms of the fineness ratio, which is 

defined as the ratio of fuselage length and fuselage diameter [223] and/or in terms of WF,total,LH2. The trends of 

the effect of η, Cf, ηo, and ω on WF,total,LH2 and fineness ratio are shown in Figure B.3 and Figure B.4 respectively 

(Appendix B). These trends are similar to the trends observed in Figure 5.2. 
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Figure 5.2. Effect of η, Cf, ηo, and ω on the percent increase in LH2 aircraft fuselage length with 

reference to the (present-day) baseline Jet-A aircraft fuselage length 

 It can be observed from Figure 5.2 (with plot i in Figure 5.2 as a reference) that reducing Cf (from 

0.003 to 0.0025) and/or increasing ηo (from 0.413 to 0.516) reduces the increase in the LH2 aircraft fuselage 

length. Decreasing Cf reduces the drag coefficient (increases L/D), and/or increasing ηo improves the energy 

efficiency, thereby reducing the energy/fuel consumption or requirement and resultantly reducing the increase 

in the LH2 aircraft fuselage length with reference to plot i in Figure 5.2. As a result, the LH2 aircraft fuselage 

weight decreases with decreasing Cf and/or increasing ηo, and this can be observed from Figure B.5 provided 

in Appendix B. For present-day aircraft technology at η = 0.52, highest increase in LH2 aircraft fuselage weight 

of 47% is observed. Additionally, for N+2 and N+3 aircraft technology, 10 – 15% and 6 – 10% increase is 

observed (for different η) in LH2 aircraft fuselage weight, respectively. 

 Within the range defined in this chapter for the four technology parameters, the maximum increase in 

the LH2 aircraft fuselage length is observed to be 42.1% (at ηcritical ridge in plot i in Figure 5.2). Additionally, 

N+2 aircraft technology leads to an increase in LH2 aircraft fuselage length in the range of 27 – 33% (for 

different η). Lastly, the minimum increase in the LH2 aircraft fuselage length is observed to be 22.5% (plot ix 

in Figure 5.2), where η, ηo, and ω have the maximum values and Cf has the minimum value i.e., N+3 aircraft 

technology with highest η (η = 0.881).  
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 In the regime of η and ω combinations where the GTOW of the LH2 aircraft equals MTOW, increasing 

ω reduces the aircraft structural weight, and therefore more LH2 fuel quantity can be accommodated until the 

MTOW limit is reached. As a result, increasing ω increases the cryogenic tank weight in this regime. Increasing 

η and/or ω beyond their critical point reduces the cryogenic tank weight non-linearly (as WF,total,LH2 decreases 

non-linearly from earlier discussion). These trends can be observed from Figure B.6 provided in Appendix. At 

a given higher η (beyond the critical value), increasing ω reduces the cryogenic tank weight as the aircraft gets 

lighter which improves the energy consumption. Additionally, reducing Cf and/or increasing ηo decreases the 

energy consumption/requirement (and WF,total,LH2) and thus reduces the cryogenic tank weight. The lowest 

cryogenic tank weight is observed for both N+2 and N+3 aircraft technology at η > 0.85. 

5.4.3 GTOW 

 

Figure 5.3. Effect of η, Cf, ηo, and ω on the ratio of the GTOW of the LH2 aircraft (GTOWLH2) and the 

MTOW of the (present-day) baseline Jet-A (MTOWBL, Jet-A) aircraft 

 Figure B.7 provided in Appendix shows the effect of η, Cf, ηo, and ω on the ratio of OEW of the LH2 

aircraft (OEWLH2) and the OEW of the (present-day) baseline (BL) Jet-A (OEWBL, Jet-A) aircraft. It is observed 

that increasing ω decreases LH2 aircraft OEW, which is expected as per the definition of ω. As discussed 

earlier, increasing η reduces the cryogenic tank weight. Particularly, increasing η after the critical point reduces 

the cryogenic tank weight and LH2 aircraft fuselage weight non-linearly. As a result, the LH2 aircraft OEW 
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reduces non-linearly with increasing η after the critical point. Additionally, reducing Cf and/or increasing ηo 

decreases the fuel/energy consumption and thus reduces the LH2 aircraft fuselage weight and cryogenic tank 

weight, thereby reducing the LH2 aircraft OEW. As expected, it is observed that lowest OEWLH2 occurs at η > 

0.8 for both N+2 and N+3 aircraft technology. 

 Figure 5.3 shows the effect of η, Cf, ηo, and ω on the ratio of GTOW of the LH2 aircraft (GTOWLH2) 

and the MTOW of the (present-day) baseline Jet-A (MTOWBL, Jet-A) aircraft. The (dark) regime of η and ω 

combinations where the GTOW of the LH2 aircraft equals MTOW (i.e., GTOWLH2/MTOWBL, Jet-A = 1) can be 

observed from Figure 5.3. After the critical point, increasing η reduces the LH2 aircraft GTOW (= Wp + 

OEWLH2 + WF,total,LH2) non-linearly as both LH2 aircraft OEW and WF,total,LH2 reduce non-linearly (discussed 

earlier). At higher η (beyond critical value), increasing ω reduces the GTOW as the aircraft OEW reduces. 

Additionally, reducing Cf and/or increasing ηo decreases the fuel/energy consumption (and WF,total,LH2 and the 

LH2 aircraft OEW), and thus reduces LH2 aircraft GTOW. For N+2 aircraft technology with η > 0.8, LH2 

aircraft GTOW reduces by approximately 30%. Within the range defined in this chapter for the four technology 

parameters, the maximum reduction in the LH2 aircraft GTOW is observed to be 34% (plot x in Figure 5.3), 

where η, ηo, and ω have the maximum values and Cf has the minimum value i.e., N+3 aircraft technology with 

η > 0.8. 

 The effect of the four technology parameters on the L/D performance can be observed from Figure 

B.8 provided in Appendix B. Overall, the effect of Cf reduction on L/D performance is more pronounced than 

the effect of improvement in the other three technology parameters. The lift coefficient varies with the aircraft 

weight. Increasing η and/or ω reduce the GTOW or the aircraft weight (and lift coefficient) after critical point 

as discussed earlier, thereby reducing L/D. Additionally, reducing Cf reduces the zero-lift drag coefficient, 

thereby improving L/D performance. Similarly, increasing ηo decreases the fuel/energy consumption (or 

reduces LH2 fuselage length and the associated zero-lift drag), and thus improves the L/D performance.  

5.4.4 SEC and the sensitivity of technology parameters to it 

 The impact of the four technology parameters on different aircraft aspects discussed above affect the 

aircraft’s energy consumption. Figure 5.4 shows the effect of η, Cf, ηo, and ω on the ratio of SEC in MJ/tonne-

km of the LH2 aircraft (SECLH2) and SEC of the (present-day) baseline Jet-A (SECBL,Jet-A) aircraft. As η 

increases, especially beyond the critical point (where design target range is met), LH2 aircraft SEC decreases 

non-linearly due to the non-linear decrease in WF,total,LH2 and OEW. Increasing ω reduces LH2 aircraft weight 

and thus decrease the SEC, and this reduction is greater at higher η (beyond critical point). Additionally, 

reducing Cf and/or increasing ηo improves L/D and/or energy efficiency respectively, thereby reducing the LH2 

aircraft SEC. Within the range defined in this chapter for the four technology parameters, the maximum LH2 

aircraft SEC is observed to be 28.7% higher than the (present-day) baseline Jet-A aircraft (plot A in Figure 

5.4, at low η with Cf = 0.003, ηo = 0.413 and ω = 0). Table 5.3 lists the performance characteristics of tube-

wing LTA aircraft of different technologies and fuels for a design range of 13,870 km and carrying passenger 

payload of 34,770 kg. For N+2 aircraft technology (with η > 0.8) the SEC reduction for the LH2 aircraft is of 

the order of 25% compared to the (present-day) baseline Jet-A aircraft (plot F in Figure 5.4) [or ~6% increase 
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in SEC compared to N+2 Jet-A aircraft (details in Table 5.3)]. Moreover, the N+3 technology (with η > 0.8) 

leads to a highest reduction in LH2 aircraft SEC of approximately 33% than the (present-day) baseline Jet-A 

aircraft (plot I in Figure 5.4) [or ~6% increase in SEC compared to N+3 Jet-A aircraft (details in Table 5.3)]. 

This finding is very similar to the findings of the study by Silberhorn et al. [176], which models the energy 

performance of LH2 aircraft seating 261 passengers over 7,220 km using 2035 (N+3) aircraft technology. The 

energy consumption of this N+3 LH2 aircraft decreases by 37.6% compared to present-day Jet-A aircraft. 

 

Figure 5.4. Effect of η, Cf, ηo, and ω on the ratio of SEC of the LH2 aircraft (SECLH2) and SEC of the 

(present-day) baseline Jet-A (SECBL, Jet-A) aircraft 

Table 5.3. Performance characteristics of tube-wing LTA aircraft of different technologies for a design 

range of 13,870 km and carrying passenger payload of 34,770 kg 

Aircraft/fuel η 
WF,total 

(kg) 

Fuselage 

length (m) 

OEW 

(kg) 
ηo L/D 

GTOW 

(kg) 
SEC (MJ/tonne-km) 

Jet-A (A350)  126,101 72.25 155,129 0.40 18.63 316,000 10.17 

N+2 Jet-A  89,256 72.25 131,859 0.45 19.74 255,886 7.20 

N+3 Jet-A  79,791 72.25 131,859 0.50 19.55 246,420 6.43 

LH2 (A350) 0.88 49,226 98.51 175,532 0.41 15.88 259,528 11.02 

N+2 LH2 0.88 34,058 90.42 144,321 0.46 17.31 213,149 7.63 

N+3 LH2 0.88 30,433 88.48 143,155 0.52 17.33 208,358 6.82 
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 Figure 5.5 shows surface plots for comparing the effects of η, Cf, ηo, and ω on the ratio of SEC of the 

LH2 aircraft and SEC of the (present-day) baseline Jet-A aircraft. Overall, it can be clearly observed from 

Figure 5.5 that the effects of varying ω and/or η on LH2 aircraft SEC are weaker than the effects observed for 

varying Cf and/or ηo. At higher values of η, increasing ω by 15% causes a significant reduction in LH2 aircraft 

SEC compared to the effects observed at lower values of η. At higher values of η (beyond η = 0.7), LH2 aircraft 

SEC is less sensitive to η variation. This (η > 0.7) is the typical regime observed for foam-based insulation 

tanks for long-range travel in large aircraft (from Table 5.1).  

 Referring to Figure 5.5 and using same plot names from Figure 5.4 (viz. plots A, C, G, and I), for a 

fixed Cf and ηo, and constant η, increasing ω by 15% causes a maximum reduction of LH2 aircraft SEC by 

approximately 8%. Additionally, for a fixed Cf and ηo, and constant ω, increasing η from 0.35 to 0.881 causes 

a maximum reduction of LH2 aircraft SEC by approximately 21%. For a constant ηo, reducing Cf from 0.003 

to 0.0025 reduces LH2 aircraft SEC by approximately 14% (moving from surface A to surface C). For a fixed 

Cf, increasing ηo from 0.413 to 0.516 (25% increase) reduces LH2 aircraft SEC by approximately 22.5% 

(moving from surface A to surface G). Surface plot I in Figure 5.5 has highest and lowest values of ηo and Cf  

respectively, used in this chapter, and it also includes the N+3 aircraft technology (not shown in Figure 5.5 but 

shown in Figure 5.4). The lowest LH2 aircraft SEC is found on surface plot I in Figure 5.5, at highest η and ω. 

 

Figure 5.5. Surface plots for comparing the effects of η, Cf, ηo, and ω on the ratio of SEC of the LH2 

aircraft (SECLH2) and SEC of the (present-day) baseline Jet-A (SECBL, Jet-A) aircraft  

5.4.5 Synthesis of results towards chapter objectives 

 It is observed via the global sensitivity analysis that all four technology parameters – ηo, Cf, ω, and η 

– impact the long-range LTA LH2 aircraft performance. The aircraft design performance characteristics studied 

quantitatively (in section 5.4.1 to 5.4.4) are the aircraft range, fuselage length extension for LH2 storage, 

aircraft GTOW, and SEC and the sensitivity of technology parameters to it.  

 For the present-day aircraft technology, the critical value of η is 0.52 for a long-range LTA LH2 

aircraft. For N+2 and N+3 technology, the (expected) critical values of η are η < 0.35 and η << 0.35, 

respectively, for a long-range LTA LH2 aircraft. Regardless of the aircraft technology, η should be maximised 
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for reducing the SEC of the LH2 aircraft. Lastly, it is observed that by increasing the target design range, the 

critical value of  η also increases. 

 From the global sensitivity analysis and discussion, it is clear that the technology parameters that 

provide reduction in LH2 aircraft SEC, in decreasing order of impact, are ηo, Cf, ω, and η. Ideally, all four 

technology parameters have to be improved in the future in order to enable a more energy efficient long-range 

travel with an LTA aircraft powered by LH2 fuel. Particularly, ηo and Cf (or improved aerodynamics) provide 

a similar but significant order of reduction in LH2 aircraft SEC, indicating that improving the overall efficiency 

and aircraft aerodynamics should be the priorities. 

5.4.6 Discussion 

 Firstly, similar to the findings of Chapter 4 and discussion in section 4.4.4, it is observed that the LH2 

aircraft fuselage length increases significantly which could pose a challenge for LH2 use in the conventional 

tube-wing airframe, since it could have stability and structural implications. The fineness ratio of the LH2 

aircraft modelled in Chapter 4 is (99.12/5.96 =) 16.63 (37.2% increase in fuselage length compared to the 

baseline Jet-A aircraft). From the global sensitivity analysis, the maximum and minimum fineness ratios are 

17.23 (42.1% increase in fuselage length from baseline) and 14.85 (22.5% increase in fuselage length from 

baseline), respectively. Secondly, it is observed that the LH2 aircraft could have significantly lower GTOW 

(<34% reduction) and thus optimisation is required for a lighter aircraft as the required thrust for maintaining 

the same thrust to weight (T/W) ratio reduces. This optimisation would further decrease the SEC of the LH2 

aircraft. Thirdly, from the sensitivity analysis it is found that improving aircraft aerodynamics is one of the 

ways to dramatically improve the energy efficiency of an LH2 aircraft. The use of a BWB aircraft architecture 

could be a promising solution for LH2 use as it is expected to provide benefits in terms of significantly better 

integration of LH2 storage due to its higher internal volume and highly improved L/D performance [34], 

compared to tube-wing aircraft. Lastly, LH2 should be produced from pathways that have low embodied carbon 

emissions or renewable energy pathways (considering lifecycle effects) that would contribute towards a near-

zero carbon flight. The above aspects are further elaborated in Appendix B section B.2. 

5.4.7 Limitations of the present research 

 The current chapter is a low-order modelling of LH2 aircraft performance characteristics using 

Breguet’s range equation for the sensitivity analysis. The L/D ratio during cruise is based on the average 

aircraft weight during cruise. Also, in the estimation of the drag coefficient, wave drag is considered to be 

negligible which are typically considered in high-fidelity analysis. This examination is restricted only to the 

operational or use-phase of the aircraft and lifecycle impacts are not considered. The effect of cryogenic tank 

is not considered in detail and is based on other studies. Ideally, a separate design model for cryogenic tank is 

required that accounts both internal, and external mechanical and thermal stresses. The combustion of LH2 

fuel would release more water vapour at typical cruise altitude and could produce more contrails, and other 

non-CO2 effects [128]. Moreover, aircraft stability and stress/structural evaluation are not conducted in this 

chapter (especially due to increase in fuselage length), and these could be important for LH2 powered aircraft 
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which is expected to have significantly greater fuselage length (~30% increase). The LH2 aircraft could be 

significantly lighter (~30%) and thus optimisation (airframe and engine) is necessary as this aircraft would 

have reduced thrust requirement for maintaining similar T/W as that of the baseline aircraft (or same aircraft 

class/type). The current chapter does not carry out rigorous aircraft design and optimisation of LH2 powered 

aircraft. 

 The other aircraft technology aspect that is important to the design of LH2 powered long-range aircraft 

and the sensitivity analysis is the deck configuration or the fuselage diameter (single versus double deck). The 

volume of fuselage cryogenic fuel tank varies with the square of the diameter of the fuselage (for a tube-wing 

aircraft). Therefore, a large diameter (or equivalent diameter) fuselage similar to the Airbus A380 (double-

decker VLTA) can prevent large increases in fuselage length. This is also observed in the study by Verstraete 

[68] that uses FLOPS (flight optimisation system) software for aircraft performance modelling. The effect of 

fuselage diameter or cross-section is not investigated in the present chapter because this chapter is developed 

mostly using publicly available data. There is not a single aircraft in the present/past fleet that has full double-

decker configuration in the LTA aircraft type which is the scope of this research work. 

5.5 Chapter summary and conclusion 

 In this chapter, a global sensitivity analysis is performed to evaluate the effects of four technology 

aspects – improved aerodynamics, use of lighter materials, cryogenic tank weight, and improved overall 

efficiency – on the performance of subsonic LH2 powered tube-wing LTA aircraft for 14,000 km range (or 

7,500 nmi) seating 366 passengers at the design point, while considering the realistic gravimetric and 

volumetric energy density effects of LH2 fuel on aircraft design within the MTOW limit of the baseline Jet-A 

LTA aircraft. It is observed that the aircraft fuselage length increases significantly (~30%). This could pose 

challenges associated with the use of LH2 in the conventional tube-wing architecture in terms of aircraft 

stability and structural design, and the compatibility of significantly long tube-wing LH2 aircraft with the 

present airport infrastructure especially during aircraft operations such as LTO. It is observed that for the 

present-day technology, the critical value of η is 0.52 for a long-range LTA LH2 aircraft. For N+2 and N+3 

technology, the (expected) critical values η are η < 0.35 and η << 0.35, respectively, for a long-range LTA LH2 

aircraft, but regardless of the aircraft technology used η should be maximised for reducing the SEC of the LH2 

aircraft. Additionally, it is observed that by increasing the target design range, the critical value of η also 

increases. Moreover, it is observed that improving the 𝜂o and aircraft aerodynamics could contribute 

dramatically towards a more energy efficient LH2 powered long-range aircraft compared to the present-day 

Jet-A aircraft. Using the most optimistic estimates for technology development, the SEC of the LH2 tube-wing 

aircraft could be up to 33% lower than a present-day Jet-A aircraft, requiring at least 22% increase in fuselage 

length. Considering the above, the use of a BWB architecture could be a promising solution for LH2 use as it 

is expected to provide benefits in terms of better integration of LH2 storage due to its higher internal volume 

and highly improved aerodynamics performance, compared to a tube-wing aircraft. This motivates Chapters 6 

and 7. In Chapter 6, N+2 technology UHB engine is modelled fuelled by Jet-A, LH2, and 100% SPK, and 

Chapter 7 provides operational phase energy performance modelling of N+2 BWB aircraft. Lastly, the results 
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of this chapter should inform further studies on the holistic lifecycle impacts of different LH2 production 

pathways on LH2 aircraft operation, which is explored in Chapter 8. This will enable informed decision making 

towards the selection of alternative fuels and its production pathway, for a truly climate neutral long-range air 

travel. 
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Chapter 6. Modelling of ultra-high bypass ratio engine 

6.1 Introduction 

6.1.1 Background 

 In Chapter 4, LH2 and 100% SPK were identified as the alternative liquid fuels for typical long-range 

flight in a conventional tube-wing LTA aircraft. In Chapter 5, it was observed that improving 𝜂o and aircraft 

aerodynamics could contribute dramatically towards a more energy efficient LH2 powered long-range aircraft 

compared to the present-day Jet-A aircraft. Along these lines, it was discussed in Chapter 5 that the use of a 

BWB architecture could be a promising solution for LH2 use as it is expected to provide benefits in terms of 

better integration of LH2 storage due to its higher internal volume and highly improved aerodynamic 

performance, compared to a tube-wing aircraft. In both Chapters 4 and 5, it was observed that the GTOW of 

LH2 aircraft significantly reduces (or thrust requirement reduces) which necessitates a more detailed design 

and optimisation of an LH2 aircraft for meeting T/W of the aircraft. The above findings and limitations of 

previous chapters motivate Chapters 6 and 7.  

 The combined objective of Chapters 6 and 7 is to develop energy consumption models of a future 

(N+2 timeframe) energy efficient aircraft using conventional jet fuel, LH2 fuel, and 100% SPK, separately. 

Additionally, the results of Chapters 6 and 7 are useful to meet research objectives 3 and 4, respectively, that 

are discussed in Chapter 1. The scope of these chapters is limited to the conceptual design phase of a long-

range 300 passenger LTA aircraft using N+2 BWB aircraft technology, as per the discussion (and summary) 

in Chapter 2. The future N+2 technology used for modelling the aircraft (and sub-systems) are well established 

and supported through publications. Chapters 6 and 7 address the propulsion aspect and aircraft weight sizing 

aspect of the conceptual aircraft design process, respectively. In Chapter 6 and Chapter 7, an engine model and 

aircraft’s operational energy consumption model are developed, respectively, for conventional jet fuel, LH2 

fuel, and 100% SPK. In this chapter, a model of a future (N+2 timeframe) UHB GTF engine is developed 

using conceptual design approach, and this model is applied to design engines powered by Jet-A, LH2, and 

100% SPK (separately). The engine design and optimisation is conducted using commercial software called 

as GasTurb 13 [188], which is widely used for performance modelling and analysis of gas turbine engines for 

aircraft and ground-based power production. GasTurb 13 software is capable of zero-dimensional 

(thermodynamic cycle performance and weight estimation), and one-dimensional gas turbine analysis, which 

at least fall within the ambit of the conceptual engine design phase.  

 A literature review directly related and specific to the current chapter is carried out in section 6.2. 

There are no prior studies that specifically design hydrogen powered BWB aircraft with the design of an 

aircraft UHB GTF engine, for a long-range travel of 300 passengers. The proposed model is further used to 

develop engine designs of the future (N+2 timeframe) for conventional jet fuel, LH2 fuel, and 100% SPK, in 

section 6.5, that are useful to meet the objectives of both Chapter 6 and Chapter 7 and to meet the set design 

specifications. There are validation cases that establish a confidence in the model, and these are included in 

Appendix C section C.1. According to the book by Kundu et al. [184] and thesis of Kirby [185], a prediction 



103 

 

difference of ±5% is acceptable in the conceptual design phase. Therefore, for the two validation cases 

considered in this chapter, this criteria of ±5% difference on engine metrics is used as a basis for establishing 

confidence in the model.  

6.1.2 Chapter structure 

 The present chapter begins with a literature review on next generation propulsion systems, hydrogen 

powered engines, and on the design process of a gas turbine engine and aircraft, which is included in section 

6.2. Thereafter, more details of the selected future aircraft and engine (UHB GTF) technology are listed and 

discussed comprehensively in section 6.3. Based on this discussion, design requirements are set for the aircraft 

and engine design. Because this chapter is focussed specifically on the conceptual engine design, the engine 

design data is then listed and discussed thoroughly considering future technological improvements for 

individual components in the aircraft engine. This is followed by the research methodology in section 6.4, 

where an engine model has been proposed and is developed using advanced materials and future component 

efficiencies. The engine model developed using GasTurb 13 in this chapter is comprehensively discussed, 

where the details comprise of data known from literature/publications, design requirements/specifications and 

the model inputs. The validation of the engine model is conducted in Appendix C section C.1. After discussing 

the methodology, the engine designs of the future for conventional jet fuel, LH2 fuel, and 100% SPK are 

developed, and details are provided in section 6.5. The results comprise of performance analysis at on-design 

point and off-design points. Lastly, ‘model’ and ‘design’ can be used interchangeably, but with respect to this 

chapter, model refers to a generic engine parametric setup, whereas ‘design’ refers to a more specific version 

of the model with well-defined parameters.    

6.2 Literature review on future propulsion and fuel systems 

6.2.1 NextGen propulsion system and fuels 

 A study by Bijewitz et al. [224] design a UHB GTF engine powered by conventional jet fuel for future 

aviation application, using GasTurb 11 software. However, this study is limited to the on-design point, and the 

off-design points are not considered in the engine and/or aircraft performance estimation. This study is used 

in the first validation case (in Appendix C section C.1) as sufficient data for a replication study is supplied by 

the authors.  

 A study by Greitzer et al. [123] design a futuristic UHB engine powered by conventional jet fuel. The 

authors use NPSS software developed by NASA for on-design point analysis and GasTurb software for off-

design analysis. The authors use this engine in a BWB aircraft of the future. There are primarily two important 

cases in the said study: BWB with BLI, and BWB without BLI. The N+2 BWB aircraft technology that is 

considered in the present chapter does not have BLI and the engines are podded.  

 Both studies (Bijewitz et al. [224] and Greitzer et al. [123]) cannot be directly compared to the present 

model since they have a different BPR-OPR combination, but are relevant to the present chapter. Moreover, 

the propulsion system in the study by Greitzer et al. [123] has four fans driven by two engine core compared 
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to a single fan driven via a gearbox by one engine core in the current chapter. Therefore, these studies cannot 

be used for direct comparison. In the present proposed model, the future component efficiencies are used and 

these come from the study by Greitzer et al. [123] and it also provides ratio of burner exit temperature and fan 

inlet temperature (T4/T2), which gives some reference point for temperature comparison (between future 

technologies).  

 A study by Kestner et al. [225] designed a N+2 UHB engine powered by conventional jet fuel. The 

authors use NPSS software in their analysis. The authors use this engine in a BWB aircraft of the future. There 

are two main cases: BWB with BLI, and BWB without BLI (podded engines). The N+2 BWB aircraft 

technology that is considered in the current chapter does not have BLI and the engines are podded. 

Additionally, the published engine and aircraft performance data by the authors of the said study is very limited 

and sparse, which neither enables a direct comparison of results nor encourages a replication/validation study. 

 In another study by Beck et al. [217], a first order examination of an LH2 powered BWB aircraft 

(combustion-based) is developed. The aircraft design developed is a large quad or VLTA BWB aircraft type, 

which has a capacity similar to a Boeing 747 aircraft. Additionally, the BWB uses high BPR engines partially 

embedded into the airframe for implementing BLI. In terms of engine modelling, which is the scope of this 

chapter, the authors do not actually model the LH2 powered engine. Instead, they calculate the specific fuel 

consumption (SFC) by scaling the SFC of the engine powered by the conventional jet fuel, by using the ratio 

of gravimetric energy densities of hydrogen and conventional jet fuel. Similar to the above studies, even this 

study cannot be used for a direct comparison. 

 A study by Corchero et al. [226] simulate the performance of a low BPR direct-drive turbofan engine 

powered by hydrogen using GasTurb 8. Even though the engine specification considered by the author is much 

different, some of the findings are useful towards thermodynamic cycle and performance comparison of 

conventional jet fuel and hydrogen powered engine designed in the present chapter. Because Corchero et al. 

only simulate a low BPR engine performance (compared to the UHB GTF currently studied) without its 

installed performance on aircraft, it cannot be used for direct comparison of results of this thesis. 

 Only the study by Nickol et al. [130] on N+2 aircraft technology is directly relevant to the proposed 

model since this study is selected as a reference case. This study is used for aircraft technology selection (as 

discussed in Chapter 2), and it sets the design requirements for the present study. This study is also used as the 

second validation case (Appendix C section C.1). The details of engine and aircraft data of N+2 BWB aircraft 

is discussed in section 6.3. 

6.2.2 Hydrogen powered gas turbine engine 

6.2.2.1 Combustion physics of hydrogen  

 Hydrogen is a promising alternative aviation fuel because of its high LCV of 120 MJ/kg compared to 

43.2 MJ/kg of conventional jet fuel (kerosene/Jet-A) [55]. There are other aspects in terms of combustion 

physics that must be considered for the use of hydrogen as a fuel in gas turbine engines. There is a need to first 
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understand few relevant terms and mechanisms before proceeding with the analysis of the fuel switch from 

Jet-A to hydrogen in gas turbine engines. 

 First and foremost, it is important to understand the respective combustion chemistry/chemical 

reaction mechanism of Jet-A-air and hydrogen-air combustion. The equivalence ratio (Φ) is defined as the 

ratio of actual fuel-air ratio (FAR) and the stoichiometric FAR and is represented by equation 6.1. Φ is given 

by,  

Φ = 
𝐹𝐴𝑅𝑎𝑐𝑡𝑢𝑎𝑙

𝐹𝐴𝑅𝑠𝑡𝑜𝑖𝑐ℎ𝑖𝑜𝑚𝑒𝑡𝑟𝑖𝑐
 (6.1) 

where 𝐹𝐴𝑅𝑠𝑡𝑜𝑖𝑐ℎ𝑖𝑜𝑚𝑒𝑡𝑟𝑖𝑐 = 
𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡𝑓𝑢𝑒𝑙

𝑎′ (1+ 
0.79

0.21
) 𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡𝑎𝑖𝑟

. (6.2) 

 A ‘major combustion species’ model is presented below in equation 6.3 (source [227]), which provides 

a generic combustion reaction of fuel 𝐶𝑥𝐻𝑦 with typical major products of combustion. It is given by,  

𝐶𝑥𝐻𝑦 + 𝑎
′  (𝑂2 + 

0.79

0.21
 𝑁2)  → b′ 𝐶𝑂2 + 𝑐′ 𝐶𝑂 + 𝑑′ 𝐻2𝑂 + 𝑒′ 𝐻2 + 𝑓′𝑂2 + 

0.79

0.21
 𝑎′ 𝑁2 (6.3) 

For fuel lean and stoichiometric condition i.e. Φ ≤ 1, equation 6.3 transforms to equation 6.4 (source [227]) as 

the reactant mixture is air rich and there will not be excess fuel to produce CO (c = 0) and H2 (e = 0), as the 

combustion products, and this is represented by, 

𝐶𝑥𝐻𝑦 + 𝑎′ (𝑂2 + 
0.79

0.21
 𝑁2)  → b′ 𝐶𝑂2 + 𝑑′ 𝐻2𝑂 + 𝑓′𝑂2 + 

0.79

0.21
 𝑎′ 𝑁2 (6.4) 

Similarly, for fuel rich conditions i.e. Φ>1, equation 6.3 transforms to equation 6.5 (source [227]) as the 

reactant mixture is fuel rich and there will not be excess oxidizer (especially oxygen, as nitrogen is considered 

to stay unreacted in this simple major species model) left over by the end of the combustion process. This 

transformation is given by, 

𝐶𝑥𝐻𝑦 + 𝑎′ (𝑂2 + 
0.79

0.21
 𝑁2)  → b′ 𝐶𝑂2 + 𝑐′ 𝐶𝑂 + 𝑑′ 𝐻2𝑂 + 𝑒′ 𝐻2 + 

0.79

0.21
 𝑎′ 𝑁2 (6.5) 

Future aircraft combustors are expected to burn in the fuel-lean regime because of improved efficiency as a 

result of high overall pressure ratio and bypass ratios [228]. Henceforth, for all analytical purposes only 

equation 6.4 is useful and relevant. It is important to note that the composition of air used in the equations 

below is 79% nitrogen and 21% oxygen, which is used for simplicity and is a theoretical composition typically 

used for analytical purposes. The resulting molecular weight is 28.85 g/mol. However, the composition of air 

is slightly different than the theoretical composition. In reality, air additionally includes other inert and non-

inert gases resulting in a molecular weight of air of 28.97 g/mol [229]–[231]. The coefficients in equation 6.4 

viz. are 𝑎′, 𝑏’, 𝑑′, and 𝑓′, are represented by equation 6.6 and these are given by,  

𝑎′ =  
𝑥 +

𝑦
4

Φ
 ; 𝑏′ = 𝑥 ; 𝑑′ =  

𝑦

2
 𝑎𝑛𝑑 𝑓′ =  

(1 −  Φ)

Φ
 (𝑥 +

𝑦

4
) (6.6) 
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 Knowing the actual FAR, Φ can be calculated using equations 6.1, 6.2, and 6.6 for a given fuel-air 

combination. In this chapter, the actual FAR is predicted by GasTurb 13 [188] for both conventional jet fuel 

and hydrogen fuel. Jet-A fuel/kerosene is represented by the molecular formula of C11.6H22 (molecular weight 

of 161.5 g/mol) [232]. Therefore, x is 11.6 and y is 22 in equations 6.2 to 6.6. The combustion equation for 

Jet-A fuel for Φ <1 is represented by equation 6.7, and this is assumed to also apply to 100% SPK. The resulting 

equation 6.7 is arranged for 1 mole of air in the reactant, and is given by, 

0.21Φ

17.1
𝐶11.6𝐻22 + (0.21𝑂2 + 0.79𝑁2)

→
2.436Φ

17.1
𝐶𝑂2 +

2.31 Φ

17.1
𝐻2𝑂 + 0.21(1 − Φ) 𝑂2 +  0.79 𝑁2 

(6.7) 

 Similarly, for H2, x = 0 and y = 2 equations 6.2 to 6.6, thereby b = 0. Therefore, the combustion 

equation for hydrogen fuel for Φ < 1 is represented by equation 6.8, which is arranged for 1 mole of air in the 

reactant, and this is represented by,  

0.42Φ 𝐻2 + (0.21 𝑂2 +  0.79 𝑁2)  → 0.42Φ 𝐻2𝑂 + 0.21(1 − Φ)𝑂2 +  0.79 𝑁2 (6.8) 

Therefore, if the Φ is known, the mass and molecular weight of both reactants and products can be calculated, 

for both Jet-A and hydrogen (mass is conserved). Both equations 6.7 and 6.8 are highly simplified because 

these do not include typical minor species like NO, NO2, OH, etc. However, from analytical viewpoint both 

equations 6.7 and 6.8, are very helpful to predict mass and molecular weight of products. These equations are 

used in the results section (in section 6.5.2) for estimating the product mass and molecular weight of the 

products of combustion. This is very helpful in understanding the energy efficiency improvement in hydrogen 

engines, especially for same thrust production as that of Jet-A engine, where the actual fuel to air ratios are 

known. An interesting fact is that the molecular weight of products of combustion of gas turbine engines 

powered by Jet-A/kerosene is similar to the molecular weight of air, in the typical regime of engine operation 

[231], [233]. 

 The reaction rate of hydrogen is seven times as that of conventional jet fuel [228]. This significant 

difference between the reaction rates of the two fuels can be explained from fundamental sciences. From 

kinetic theory of gases, the root mean squared speed, most probable speed, and mean speed of gas is inversely 

related to its the molar mass [234]. Comparing the properties of hydrogen (molecular weight of 2 g/mol) and 

kerosene (molecular weight of 161.5 g/mol) it is clear that the molar mass of the former case is significantly 

lower. This results in high speeds of hydrogen molecules. Rate of a reaction can be understood from kinetic 

theory of gases through the molecular collision frequency [235]. Collision frequency is proportional to the 

speed of gases [234]. Therefore, because of significantly higher speeds of hydrogen gas relative to kerosene 

(heavier molecule), the rate of reaction is higher for hydrogen compared to kerosene. Another simple reasoning 

for the seven times higher rate of reaction of hydrogen compared to kerosene is the significant difference in 

the number of bonds to be broken during combustion. Kerosene which is typically represented by C11.6H22, is 

a heavier hydrocarbon (molecular weight of 161.5 g/mol) which has multiple bonds, compared to H2 
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(molecular weight of 2 g/mol). Due to the significantly lower number of bonds to be broken during the 

combustion of H2, compared to kerosene, hydrogen has a higher rate of reaction.  

 The comparison of laminar premixed flame speeds (𝑆𝐿
𝑜) between different fuels can be done using 

equation 6.9 (source [236]), and it is given by, 

𝑆𝐿
𝑜 ∝ √α RR (6.9) 

where α is the diffusive transport of energy (and species) from reaction zone into unburned gases and RR is 

the rate of reaction. Hydrogen is lighter compared to kerosene, and therefore it can diffuse quickly or has 

higher diffusion relative to kerosene. Additionally, as discussed above, the rate of reaction of hydrogen is seven 

times higher than kerosene. Therefore, as per equation 6.9 the flame speed of hydrogen is greater than that for 

kerosene. 

 For a flow channel (like a tube), if the diameter is smaller than some critical value, then the flame will 

not propagate in the tube even if the gas velocity in the tube is lower than the adiabatic flame speed. This 

critical diameter value is called as the quenching diameter which can be inversely scaled with the flame speed 

for analytical purpose [237]. Therefore, the quenching diameter for hydrogen (higher flame speed) is lower 

than that of kerosene. Flashback is an uncontrolled propagation of the flame upstream of combustion chamber 

because of a local imbalance in the flame speed and flow velocity [227]. If hydrogen is used directly in the gas 

turbine engines with same fuel lines designed for Jet-A then hydrogen will flash-back with flame propagation 

that can reach the fuel tank. Therefore, fuel systems must be designed that establish reliability and redundancy. 

6.2.2.2 Flame characteristics and emissions  

 Figure 6.1 represents a comparison of flame temperature variation with equivalence ratio between 

kerosene (Jet-A) and hydrogen and their respective lean blowout points (data source [181]). It can be observed 

that even though hydrogen has a higher temperature at its stoichiometry compared to kerosene, it can stably 

combust at significantly leaner equivalence ratio regime. In the leaner equivalence ratio regime, the mixing 

intensity should be increased for: preventing the creation of local hotspots and effective mixing of reactants. 

Combustion of hydrogen demands modifications to the combustor for preventing high temperatures and for 

enabling effective mixing such that significant benefits of hydrogen’s performance at leaner conditions 

(relative to kerosene) can be completely utilised.  

 The products of combustion of conventional jet fuel are: CO2, CO, water vapour, SOx, PM 10 (size up 

to 10 micrometre), NOx, PM 2.5 (size up to 2.5 micrometre), VOC, CH4, BC, OC, and N2O [53], [238], [239]. 

On the other hand, combustion of hydrogen produces only water vapour and small quantity of NOx [55]. If Jet-

A combustor is used directly for hydrogen combustion, it will generate high temperature flames that results 

into higher NOx emission. This can be observed from Figure 6.2 (data source [64], [240]) which provides a 

comparison of NOx emission for an APU powered by conventional jet fuel and hydrogen fuel in conventional 

combustor. As discussed above, hydrogen has higher flame speed compared to kerosene. Thus, in a 

conventional combustor which is designed for kerosene, the combustor length is shorter thereby causing non-

uniform mixing and creation of local high NOx spots. Therefore, considering the above discussion, combustors 
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must be designed specifically for hydrogen use. A review of other aspects of hydrogen use in aviation is 

included in Appendix B section B.3. These include hydrogen fired combustors (lean direct injection [LDI] and 

micro-mix combustors), safety aspects of LH2 use, airport systems design and operations, and engine 

operational issues for hydrogen use. 

 

Figure 6.1. Comparison of flame temperature variation with equivalence ratio between kerosene (Jet-

A) and hydrogen and their respective lean blowout points (data source [181]) 

 

Figure 6.2. Comparison of NOx emission for APU powered by conventional jet fuel and hydrogen fuel 

in conventional combustor (data source [64], [240]) 
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 Additionally, similar to the review of studies on the effect of hydrogen on aircraft and engine operation 

that is conducted above, a literature review on fuel properties of SPK and their operational impact (qualitative 

analysis) on aircraft and engine is included in Appendix B section B.3. 

6.2.3 Review of aircraft and engine design process 

 In the current section, the approaches for the gas turbine engine design and aircraft design process are 

reviewed, as both processes are very important towards the research goals. This section reviews the design 

approaches used for aircraft performance modelling. It is imperative to first understand and get familiarised 

with the practiced process of gas turbine engine design and aircraft design, before developing the models in 

Chapters 6 and 7 respectively. These processes are first studied in detail and based on the published approaches 

individual models are developed in the respective chapters considering the research scope. 

6.2.3.1 Aircraft design process 

 The aircraft design process can be categorised into three main phases: conceptual, preliminary and 

detailed design according to Raymer [201], Sadraey [241], Fielding [242], Kirby [185], Torenbeek [243], and 

Kundu et al. [184], and this is represented in Figure 6.3 in the form of a schematic. Original equipment 

manufacturers (OEMs) have differing approaches to aircraft design and so Figure 6.3 represents an aggregate 

of some commonly used methods. 

  

Figure 6.3. Phases of aircraft design process (source [201]) 

6.2.3.1.a Conceptual design 

 Following the schematic indicated in Figure 6.3, designers would consider and examine a wide range 

of aircraft architecture concepts, perform trade studies of the designs and the requirements, and then finalise a 

best design, and with significant customer input, finalise a well-balanced list of requirements. The conceptual 

design stage is a fluid process, and it answers the fundamental questions of configuration arrangement, weight 

and size, and performance. The customer requirements are addressed in this step, and sometimes the customer 

may wish to relax the requirements. As a design is assessed in increasing detail, novel ideas and problems 
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emerge. Every time the recent design is evaluated and sized, it must be updated and re-sketched to reflect the 

latest parameters such as gross weight, wing size, fuel weight, engine size, and other updates. Early wind-

tunnel experiments frequently reveal problems requiring some modifications to the configuration [184], [185], 

[201], [241]–[243].  

6.2.3.1.b Preliminary design 

 Preliminary design may start when the major modifications are completed, and  important design 

questions have been resolved. In this stage, the finalised concept from the previous stage is refined and studied 

in sufficient detail. The configuration/arrangement can be anticipated to remain similar to the current drawings, 

but minor revisions may occur. In late stages of preliminary design, even minor modifications are stopped after 

it is decided to freeze the configuration. During this stage, the specialists in areas such as control systems, 

structures, etc. will design and investigate their section of the aircraft. Testing begins in the areas like 

structures, propulsion, aerodynamics, and stability and control. A mock-up may be manufactured at this stage. 

A crucial activity during this design stage is ‘lofting’, which is the mathematical modelling of the outer skin 

(or airframe) of the aircraft with sufficient accuracy. This ensures proper fit of different components, even if 

they are designed and manufactured by different designers in different locations. The ultimate purpose of 

preliminary design is to prepare the company for the next step i.e., the detail design stage, which is also referred 

to as full-scale development. Therefore, the completion of preliminary design usually comprises of a full-scale 

development proposal. Preliminary design should establish a confidence that the aircraft can be manufactured 

on time and at the estimated cost [184], [185], [201], [241]–[243]. 

6.2.3.1.c Detail design 

 With a favourable decision for entering a full-scale development, the detail design phase is started. It 

comprises of designing the actual components and their sub-components in detail, which will be fabricated. 

Another crucial step in the detail design is called as production design, where the specialists determine how 

the aircraft will be fabricated. This begins with the simplest and smallest assemblies of sub-components and 

then building up to the final assembly process. The production designers often wish to change the design 

considering the aspect of manufacturing ease, which may have a significant impact on the weight and/or 

performance. Minor modifications are unavoidable, but the design should meet the original requirements. 

During this design stage, the testing efforts intensifies. The actual aircraft structure is manufactured and tested. 

The control laws for the flight control system are tested. These tests are conducted on a detailed working model 

of the flight control surfaces and actuators. Both company and customer test-pilots fly on the developed flight 

simulators. This design stage ends with aircraft manufacturing [184], [185], [201], [241]–[243]. 

6.2.3.2 Aircraft engine design process 

 In general, the engine design process comprises of three stages: conceptual, preliminary, and detailed 

design [190], [244], [245]. Figure 6.4 from NASA’s ‘A Manual for Preliminary Design of Gas Turbine 

Engines, Volume I: Overview’, depicts this design process, which is reported by Hendricks [244]. As can be 
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observed from Figure 6.4, the level of detail to the engine definition in each phase, increases from phase 1 to 

3. In Figure 6.4, FPR is the engine fan pressure ratio. The entire engine design process is only conducted 

completely by the engine manufacturers. Every engine manufacturer has their individual perspective of this 

overall process, which is a well-guarded industry secret for gaining a competitive advantage over their rival 

manufacturers. Therefore, it is difficult to state an exact layout of the industry used engine design process. 

However, different authors with extensive industrial experience have published their perspective of the overall 

engine design process [190], [245], [246].  

 

 Figure 6.4. Aircraft engine design process (data source [244]) 

 Books on gas turbine engine design by Saravanamuttoo et al. [246], Mattingly [245], and Walsh and 

Fletcher [190], provide their engine design schematic. Consideration of off-design performance in the engine 

design is important for the engine to meet the performance requirements at all off-design points in the flight 

mission. The engine design schematic by Saravanamuttoo et al. [246] identifies a critical engine design path 

in the engine design process and it excludes the off-design performance from this critical path. Saravanamuttoo 

et al. [246] state that the off-design analysis can be conducted separately from the critical design path. This 

limits the ability to effectively meet the performance requirements at off-design points. Therefore, only the 

engine design schematics by Mattingly [245] (discussed below), and Walsh and Fletcher [190] (discussed in 
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section 6.2.4) are considered in this chapter which consider the off-design process towards an effective engine 

design. 

 Mattingly [245] presents a preliminary propulsion design sequence which is depicted in Figure 6.5. 

TSL, WTO, and S, in Figure 6.5 are the thrust at sea level, take-off weight, and wing area, respectively. This 

sequence provides the engine design process within the context of the overall aircraft design process. Thus, it 

starts with determining the aircraft specifications and associated drag polar, and thereafter conducting the 

constraint and mission analysis. When the process ends, the engine design is used to evaluate the performance 

of the aircraft, which can potentially result in a return to the mission analysis for performing iteration(s) of the 

engine design. This sequence comprises of design point or on-design analysis, and off-design analysis. After 

selecting the engine cycle and evaluating the entire off-design performance envelope, the size of engine and 

design of components is carried out. The component design is thus conducted before the end of the process 

and requires iteration(s) when the performance does not meet the assumptions made in prior steps. 

 

Figure 6.5. Preliminary propulsion design sequence (data source [245]) 
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6.2.4 Review of aircraft engine conceptual design process 

 It is imperative to first understand and get familiarised with the practiced process of conceptual aircraft 

engine design, before developing an engine model using this design approach. This process is first studied in 

detail and based on the published approaches a model is developed.  

 Walsh and Fletcher [190] discuss the engine design steps focussed on the conceptual design stage. 

This is synthesised and reported by Hendricks [244] as a schematic, and is shown in Figure 6.6. This schematic 

is useful in defining the boundaries of the conceptual engine design process, which is the scope of the present 

chapter. In general, these steps are similar to those presented by Mattingly [245] (as seen in Figure 6.5). 

However, the order of the design steps, is different. The on-design cycle analysis and component design are 

the steps considered earlier in the process by Walsh and Fletcher [190]. The off-design assessment of both the 

cycle and component performance come at a later stage in the process. An extra step to examine the engine 

operability is included in the scheme, for which the author mentions that this step is frequently skipped. The 

are many iteration loops identified which should be executed when the cycle and component performance do 

not match, or when the overall engine performance does not match the constraints and requirements. 

 

Figure 6.6. Aircraft engine conceptual design process (source [244]) 

     The engine design and optimisation scheme used in this chapter is along the lines of the schematic of 

Walsh and Fletcher [190] shown in Figure 6.6 as it is more holistic and specific to the conceptual engine design 

phase as compared to the engine design schematic of Mattingly [245]. The engine design and optimisation 
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methodology are discussed in detail in the section 6.4, followed by engine design results specific to the design 

requirements. 

6.3 Design requirements and known data 

6.3.1 Future engine and aircraft design data from literature 

   

Table 6.2. Engine data of NASA N+2 BWB 301-GTF aircraft (source [130]) 

Parameters Units Top of climb (TOC) Sea Level Static (SLS) 

Mach and altitude - , m 0.8 at 10,668 m 0, 0 m 

Net thrust kN 55.603 299.9 

Specific fuel consumption g/kN-s 13.15 5.62 

OPR - 60.0 47.1 

BPR - 17.65 20 

FPR - 1.35 1.25 

Bare engine weight kg 6,789.37 6,789.37 

Accessories weight kg 835.06 835.06 

Engine mount weight kg 137.44 137.44 

Total engine weight kg 7,761.87 7,761.87 

Nacelle and inlet weight kg 776.15 776.15 

Fan diameter  132.4 inches or 3.36296 m 132.4 inches or 3.36296 m 

Power off-take kW 150 150 

Bleed  Zero Zero 

 

 In terms of the future aircraft configuration, NASA N+2 BWB/HWB with UHB GTF for 301 

passengers [130] is selected here as technology reference. The aircraft technology selection is discussed and 

Table 6.1. NASA N+2 BWB 301-GTF and B777-200LR aircraft data (source [130]) 

Characteristics Value 

Boeing 777-200LR 

Block fuel consumption 125,706 kg 

NASA’s N+2 BWB 301-GTF aircraft 

Range 7,500 nautical-miles (nmi) or 13,890 km 

Passengers 301 

Powerplant 2 geared turbofan engines 

Fuel type Conventional jet fuel 

Cruise Mach 0.84 

GTOW 242,441 kg 

OEW 114,907 kg 

Payload weight 53,570 kg 

Wingspan 76.2 m 

Wing area 944.73 m2 

AR 6.1 

Total jet fuel at mission start, WF,total 73,965 kg 

Block fuel consumption 66,683 kg 

Saving in block fuel consumption relative to B777-

200LR 
47% 
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summarised in Chapter 2. Moreover, a significant amount of information on the engine and aircraft design for 

conducting a conceptual design study is available from NASA’s studies [130], [247]–[249]. 

 The design characteristics of the long-range NASA N+2 BWB-GTF aircraft and Boeing 777-200LR 

(datum used by NASA), for 301 passengers are listed in Table 6.1. Additionally, the engine data of NASA 

N+2 BWB 301-GTF aircraft is provided in Table 6.2. Based on the information in Table 6.1 and Table 6.2, 

design targets are set for the engine (Chapter 6) and aircraft design (Chapter 7) respectively. The graphical 

representation of this NASA N+2 BWB 301-GTF aircraft configuration can be found in resource [130]. 

6.3.2 Specification of requirements 

 The design requirement/specification is a necessary step for initiating the design process which can be 

observed from Figures 6.3 to 6.6. In the current chapter, the design requirement is to carry out a conceptual 

design of an LTA BWB aircraft for transporting 301 passengers over a range of 7,500 nmi or 13,890 km. This 

aircraft should be powered by LH2 for zero direct-carbon emissions (operational phase) and 100% SPK, 

separately. For developing a model (and design) of LH2 aircraft and SPK aircraft, a baseline case is required 

where this BWB aircraft is powered by conventional jet fuel. Modifications to the baseline case are made for 

the use of LH2 fuel and 100% SPK (separately), where the modifications are based on published literature. The 

aircraft design requirements are listed in Table 6.3, and these are based on Table 6.1. It is to be noted that the 

GTOW and OEW from Table 6.1 are not listed in Table 6.3 because these are expected to change since the 

engine weight might change because of the use of next generation lighter materials. For uniformity with the 

NASA N+2 BWB aircraft study [130] (reference study as discussed before), the ratio of WF,block to WF,total is 

kept unchanged for modelling the use of conventional jet fuel, LH2 fuel, and 100% SPK. For the BWB 

conventional jet fuel (baseline) case, except for the engine weights, there is no other change expected. In case 

of LH2 fuel, modifications are required to the aircraft which changes the total aircraft weight. For 100% SPK, 

slight modifications are required to the baseline aircraft for accommodating a slightly less dense fuel (as learnt 

from Chapter 4) which changes the OEW and GTOW. The aircraft design requirements will be revisited in 

Chapter 7, which is completely focussed on aircraft energy consumption modelling. 

In the context of engine design, which is the scope of this chapter, the design requirements are listed 

in Table 6.4. The listed parameters in Table 6.4 are set as design requirement since the NASA N+2 BWB 

aircraft has been tested for noise assessment. It is assessed at 40.3 effective perceived noise levels in decibels 

(EPNLdB) cumulative ‘below’ the Stage 4 certification level. The parameters in Table 6.4 viz. thrust (exhaust 

velocity) and FPR (with fan diameter), significantly contribute to noise emission. The OPR changes as FPR 

changes, and therefore is considered as a design requirement here. The high engine BPR can be perceived as 

a technology metric which has an impact on noise emission reduction. 
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Table 6.3. Aircraft design requirements 

Characteristics Value 

Range 7,500 nautical-miles (nmi) or 13,890 km 

Passengers 301 

Powerplant Two geared turbofan engines 

Fuel type 

1. Conventional jet fuel 

2. Liquid hydrogen (LH2) 

3. 100% SPK 

Cruise Mach and altitude 0.84 at 10,668 m (35,000 ft) 

Payload weight 53,570 kg 

Wingspan 76.2 m 

Wing area 944.73 m2 

Aspect ratio 6.1 

 

Table 6.4. Engine design requirements 

Parameters Units TOC SLS 

Mach and altitude - , m 0.8 at 10,668 m 0, 0 m 

Net thrust kN 55.603 299.9 

OPR - 60.0 47.1 

BPR - 17.65 20 

FPR - 1.35 1.25 

Fan diameter*  132.4 inches or 3.36296 m 132.4 inches or 3.36296 m 

Power off-take kW 150 150 

Bleed - Zero Zero 

Drive and engine type - Geared turbofan engine Geared turbofan engine 

* is a design requirement only for baseline (BWB conventional jet fuel) case, LH2 case 1, and 100% SPK 

 

 For LH2 fuel, there are three different cases that are analysed. These are as follows: 

• Case 1 is where the aircraft thrust production remains the same as that of the conventional jet fuel case. 

Since LH2 fuel is more energy dense than conventional jet fuel, lesser mass of LH2 fuel is required at the 

start of the mission. Therefore, for similar T/W, the thrust requirements reduce. Dincer [250], Verstraete 

[191], and Nojoumi [55] support that for a LH2 powered aircraft, the thrust requirement reduces and that 

the engine becomes smaller in size. This thrust requirement reduction is not considered in this case but is 

considered in the next case. 

• Therefore, Case 2 is where the aircraft thrust requirement and engine size reduces for maintaining similar 

T/W as that of conventional jet fuel (Jet-A) case.  

• Case 3 is essentially Case 2 without engine cooling flows, since the engine is expected to run colder relative 

to the baseline case because of reduced thrust requirement, where (as mentioned before) the engine uses 

advanced materials for withstanding high temperatures in baseline case (Jet-A), Case 1, and Case 2.  

 Overall, the engine design requirements in Table 6.4 remain the same for conventional jet fuel, Case 

1 of LH2 fuel, and 100% SPK. For Case 2 and Case 3 of LH2 fuel, the engine diameter requirement is taken off 

as suggested by Dincer [250], Verstraete [191], and Nojoumi [55]. 
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6.3.3 Data for engine design 

 Considering the design requirements set above, a discussion is required on the data known from 

literature. This data comprises of engine design and technology used currently and planned to be used in the 

future, which can be useful for meeting the set engine design requirements. The objective of this chapter is to 

design a UHB GTF engine that meets the requirements listed in Table 6.4. The engine data in terms of 

component efficiencies, stage count, advanced materials, cooling flows, and combustor technology, are 

discussed as follows. These form the basis of most inputs to the engine model developed in this chapter. 

6.3.3.1 Component efficiencies  

  The engine design and optimisation will be conducted using commercial software called as 

GasTurb 13 [188] (reviewed in section 4.3.2.1). Table 6.5 and Table 6.6 below list gas turbine engine’s 

component polytropic efficiencies for the present and future technology, respectively. In Table 6.5 the 

component efficiencies are taken from GasTurb 13 [188] and in Table 6.6 component efficiencies for all 

operating point except ‘climb’ come from NASA’s study [123] for the H3.2 aircraft. The H3.2 aircraft is a 

BWB aircraft having propulsion systems installed aft of the aircraft, similar to the aircraft design requirement 

set in this chapter. The component efficiencies during climb in Table 6.6 is calculated by taking an average of 

respective component efficiencies at take-off and top-of-climb for the H3.2 aircraft from NASA’s study [123]. 

Table 6.5. Engine component polytropic efficiencies presently (source [188]) 

Component Value (%) 

Fan Inner 91.00 

Outer 90.37 

Intermediate pressure compressor 92.01 

High pressure compressor 91.00 

High pressure turbine 89.00 

Low pressure turbine 92.16 

 

Table 6.6. Future engine component polytropic efficiencies  

Component 
SLS [123] TOC [123] Cruise [123] Climb 

(in %) (in %) (in %) (in %) 

Fan Inner 
92.1 92.8 94.4 94.1 

Outer 

Intermediate pressure compressor 92.6 92.5 93.0 92.2 

High pressure compressor 92.1 91.2 93.0 92.8 

High pressure turbine 93.6 94.4 93.5 94.4 

Low pressure turbine 94.1 95.6 93.8 95.6 

 

6.3.3.2 Turbomachinery stage count 

 The stage count of the turbomachinery in a gas turbine engine is an important aspect. Depending 

on the turbomachinery stage-loading, the distribution of work between stages of this machine is determined. 
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Therefore, for a fixed engine geometry, if a compressor with standard stage loading is used to do the required 

work, but with lower stage count, then the compressor might not be able to carry out the required compression, 

as it isn’t designed for these conditions. On the other hand, if more stages of a turbomachinery are selected, 

then it can increase the engine weight. Therefore, selection of turbo-machinery stage count is very crucial.  

 In this chapter, the selection of stage counts for compressor and turbines is based on three studies: 

Kestner et al. [225], Bijewitz et al. [224], and Pratt and Whitney’s GTF engine PW1100G [251]. The engine 

compression system includes intermediate pressure compressor (IPC) and high-pressure compressor (HPC), 

and expansion system includes a high-pressure turbine (HPT) and low pressure turbine (LPT). Kestner et al. 

[225] and Bijewitz et al. [224] design turbofan engines for future applications. Table 6.7 lists the stage count 

of GTF engine compressor and turbines from the three studies. It also provides the stage counts used in this 

chapter. It can be observed from Table 6.7 that the stage counts between the three studies are very similar 

except the stage counts for the HPC and LPT. 

 Kestner et al. [225] use stage count of 10 for the HPC citing the GEnx engine (used on the latest 

Boeing 787 aircraft), which has same number of stages. PW1100G engine [251] has a stage count of 8 for the 

HPC. Bijewitz et al. [224] arrives at a value of stage count of 9 for the HPC based on trade studies that take 

into consideration stage loading and feasible stage pressure ratios. Moreover, the design parameters of the 

study by Bijewitz et al. [224] is almost similar to the current chapter. Therefore, stage count of 9, similar to 

the study by Bijewitz et al. [224], for the HPC is selected here.  

Table 6.7. Stage counts of GTF engine compressors and turbines  

Component 
Stage count 

Kestner et al. [225] Bijewitz et al. [224] PW 1100 G [251] Present chapter 

Fan 1 1 1 1 

IPC 3 3 3 3 

HPC 10 9 8 9 

HPT 2 2 2 2 

LPT 3 4 3 3 

 In case of LPT stage count, the value of 3 is selected, similar to the study by Kestner et al. [225] 

and to the PW1100G engine [251]. Firstly, it is observed later in the methodology section (section 6.4) that the 

gear ratio is one of the optimisation design variables. Gear ratio is linked to the low-pressure spool speed. The 

low-pressure spool speed along with the stage loading determine the stage count. Secondly, low pressure 

turbines are large components compared to the high-pressure systems, hence have more weight. Considering 

both these points, especially the weight aspect, stage count of 3 similar to the study by Kestner et al. [225] and 

to the PW1100G engine [251], is used here for LPT. 

6.3.3.3 Engine materials 

  Most advanced materials (with advanced component manufacturing process) that are planned to 

be used in future aircraft engines are currently expensive. Therefore, use of these materials is cost prohibitive 

currently. The use of these materials provides benefits during the engine operation. The examples of these 

benefits are engine weight reduction due to use of lighter materials, high operating temperatures due to the use 
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of CMC, implementation of materials with excellent strength for reducing mechanical and thermal stresses in 

components, improved component and engine life, etc.    

 There are primarily four NextGen engine materials that have the potential to improve the 

operating conditions, safety, and performance. These four materials include:  

• Ti-6Al-4V (titanium alloy): 

 The benefits of this material is that it is lighter and stronger than conventional materials [252]. It can 

be used in engine components with low operating temperature such as fan and booster (IPC). The 

technology readiness level for this material’s manufacturing is high, and it is implemented currently in 

engines. However, the use is limited because of the high costs (ibid). In future, using advanced 

manufacturing techniques, the production cost is expected to decrease [252], [253]. 

• Braided carbon composite (BCC):  

 Braided composites find application to the engine casings. Specifically, in terms of application, they 

are best suited for casings of fan and IPC. They create lighter and more fuel-efficient engine casing, that 

is stronger and safer compared to the conventional materials [254], [255]. The manufacturing is matured 

currently and is cost-effective, and overall facilitates reduction of engine cost [254].  

• Polymer matrix composite-aluminium honeycomb core (PMC/Al honeycomb): 

 This is attractive for aero-engine applications because of its properties such as low weight, high 

strength, and low cost for manufacturing complex-shaped components. It can be used in the fan section of 

the engine [256]. 

• CMCs: 

 There has been a significant progress made in the development and application of CMCs consisting of 

silicon carbide (SiC) based matrices reinforced by small diameter continuous-length SiC-based fibres 

[257]. The SiC/SiC composites are currently in the early stages of implementation into hot-end 

components of aero gas turbine engines for civil aviation application. In comparison with the traditional 

materials, they offer multiple advantages because of their lighter weight and higher temperature structural 

capability (ibid). There is a variety of SiC-based fibres, some of which are listed below in Table 6.8 with 

their densities and maximum allowable/operable temperatures. It can be seen from Table 6.8 that with SiC 

fibre Tyranno SA, the operable temperature can be as high as 1900oC or 2173K. Considering the trend of 

turbofan engine development, the engines are becoming hotter over the time with the increase in the OPR 

[258]. With higher OPR, the thermal efficiency of the engine will be higher. Therefore, for the higher 

turbine temperatures in future engines, the use of these SiC based CMC is helpful and is required. In this 

chapter, such CMCs will be used in the hot-end components, depending on the location and need of the 

components. For example: Tyranno SA will be used for the combustor cans and the high-pressure turbines 

because these components are in direct contact with extremely hot gases. Hence, the best quality SiC fibre 

is selected. On the other hand, for the combustor casing (outer to the cans), CMCs are required but not the 

high-end SiC fibres like Tyranno SA (which can also minimise the cost). A Tyranno TE (standard) type 

fibre will be used for the combustor casing.  
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 Table 6.9 provides a comparison of conventional and advanced/NextGen material densities for the 

engine’s important components. Additionally, Table 6.10 provides a comparison of conventional and 

advanced/NextGen material densities for the engine’s miscellaneous components. Moreover, Table 6.11 

provides a comparison of mass to power ratio of conventional and advanced/NextGen gearbox. The 

information in Table 6.9, Table 6.10, and Table 6.11 will be used as inputs to the future engine model 

developed in this chapter and in the validation cases (in Appendix C section C.1), using GasTurb 13 software. 

Table 6.8. Some key properties of SiC-based fibres 

SiC fibre Density (kg/m3)  Maximum temperature (K) 

Tyranno TE 2,550 [259], [260] 1,673 [260], [261] 

Hi-Nicalon 2,740 [259] 1,723 [257] 

Hi-Nicalon Type-S 3,110 [259] 1,923 [257] 

Tyranno SA 3,110 [259] 2,173 [257] 

 

Table 6.9. Comparison of conventional and advanced/NextGen material densities for engine’s important 

components 

Component 
Conventional Advanced/NextGen 

Material Density (kg/m3) Material Density (kg/m3) 

Fan casing Ti-6Al-4V 
4,429  

[256], [262], [263] 
BCC 1,520 [255] 

Fan bypass vane Ti-6Al-4V 
4,429  

[256], [262], [263] 

PMC/Al 

honeycomb 
1,533

 
[256] 

Fan Blades and disk 
Titanium-alloy 

(Hollow core) 

2,000  

[188], [264] 

PMC/Al 

honeycomb 
1,533

 
[256] 

IPC Blades and disks Ti-6Al-4V 
4,429  

[256], [262], [263] 
Ti-6Al-4V 

4,429
  

[256], [262], [263] 

IPC-HPC Duct casing Inconel 718 8,221 [265] BCC 1,520 [255] 

HPC Blades and disks Inconel 718 8,221 [265] Inconel 718 8,221 [265] 

Combustor casing 

material 
Inconel 718 8,221 [265] 

SiC CMC 

(Tyranno TE) 
2,550 [259] 

Combustor can material Inconel 718 8,221 [265] 
SiC CMC  

(Tyranno SA) 
3,100 [259] 

HPT Blades and disks Inconel 718 8,221 [265] 
SiC CMC  

(Tyranno SA) 
3,100 [259] 

LPT Blades and disks Inconel 718 8,221 [265] Inconel 718 8,221 [265] 
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Table 6.10. Comparison of conventional and advanced/NextGen material densities for engine’s 

miscellaneous components 

Component 
Density (kg/m3) 

Conventional Advanced/NextGen engine 

Shaft 4,429 [256], [262], [263] 3,204 [266] 

Engine inlet casing 4,429 [188], [256], [262], [263] 1,602 [266] 

Containment ring (Fan) 800 [188] 321 [266] 

Inlet guide vane (IGV) of IPC 4,429 [188], [256], [262], [263] 1,602 [266] 

Casing (IPC) 4,429 [188], [256], [262], [263] 1,602 [266] 

IGV (HPC) 4,429 [188], [256], [262], [263] 4,429 [188], [256], [266] 

Outer casing (HPC) 4,429 [188], [256], [262], [263] 4,429 [188], [256], [266] 

HPC casing 4,429 [188], [256], [262], [263] 4,429 [188], [256], [266] 

Outer casing (HPT) 8,221 [188], [265] 1,922 [266] 

HPT casing 8,221 [188], [265] 1,922 [266] 

Turbine inter-duct (HPT-LPT) 8,221 [188], [265] 3,204 [266] 

LPT casing 8,220.93 [188], [265] 4,428.785 [188], [256], [266] 

Exhaust casing 8,220.93 [188], [265] 4,428.785 [188], [256], [266] 

Bypass casing 
4,428.785 [188], [256], [262], 

[263] 
1,601.85 [266] 

Nozzle 8,220.93 [188], [265] 1,922.22 [266] 

 

Table 6.11. Comparison of mass to power ratio of conventional and advanced/NextGen gearbox 

Component Conventional Advanced/NextGen engine 

Gearbox mass to power ratio (kg/kW) 3E-2 [188] 4.83E-3 [266] 

 

 Turbomachinery disks: Table 6.9 lists advanced material for ‘disks’ of compressors and turbines. 

These are usually the most massive components of any gas turbine engine. Disks are structurally critical, and 

they experience very high stresses and loads in the engine. Disk failure (disk burst) can be catastrophic as such 

failures are not containable. The turbomachinery disks will also be considered within the engine design-

optimisation space in GasTurb 13. Using the advanced materials, a check is made such that the disks are not 

overstressed at different points in the flight envelope and that disks weigh lesser compared to the case of 

conventional materials.  

6.3.3.4 Cooling flows 

 It is to be noted that through all cases, advanced materials are used (as reasoned and discussed 

previously). Therefore, especially for hot components (combustor and HPT) the ability of advanced materials 

to bear high temperatures is greater compared to conventional materials. 20% cooling flows for HPT are used 

through all cases except Case 3 of LH2 where the turbine cooling flow requirement is relaxed owing to the 

condition that the engine runs colder relative to the baseline case (Jet-A), Case 1, Case 2, 100% SPK, and more 

importantly the material’s high-temperature withstanding limit. The value of 20% cooling flows for high 

pressure turbine is selected based on NASA’s study [123] and study by Bijewitz et al. [224]. Furthermore, the 

engine design characteristics and thrust requirement of the study by Bijewitz et al. [224] is similar to the design 

requirements of this chapter. Therefore, the selection of 20% cooling flows in this chapter, for HPT, is well 
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supported. Additionally, the study by Bijewitz et al. [224] sets design temperature limit of 1,350 K on LPT, to 

allow it to remain uncooled i.e. zero cooling flows. Similar condition is set in the current chapter, such that the 

LPT doesn’t require cooling. In other words, if the temperature at the inlet of the low-pressure turbine exceeds 

1,350 K, cooling flows are required. Cooling flows affect the fuel consumption since the air required for turbine 

cooling is extracted from the compressor. Higher the cooling flows, more is the fuel consumption.  

6.3.3.5 Combustor technology 

 LDI combustor uses lean combustion and is a promising low emissions combustor for aero-

engines, especially for those with high OPR [267]. A continuous rise in engine OPR and turbine entry 

temperature (TET) because of performance requirements, results in the increase of NOx formation. Combustors 

which can simultaneously meet ICAO LTO NOx emissions regulations, achieve high efficiency and low SFC, 

are highly demanded. Other low emission technologies such as rich-burn quick-quench lean-burn (RQL) have 

been developed and are tested to be successful. In comparison with other low emission combustors, the LDI 

is shorter in length and has the potential to achieve further reduction in NOx compared to RQL combustor. It 

is less likely to suffer from combustion instabilities and flashback compared to the lean premixed pre-

vapourised (LPP) combustor. The use of LDI combustor is advantageous because of its lean combustion, where 

the flame temperature is decreased by fuel combustion far (lean) from stoichiometric condition. The fuel is 

directly injected into the flame zone instead of being pre-vapourised and premixed with air. Therefore, the LDI 

combustors are less likely to suffer from auto-ignition and flashback compared to LPP combustors. The fuel 

injector design is thus crucial for LDI combustors to enable the required level of atomisation and homogeneous 

fuel-air mixing (ibid). 

 In this chapter, hydrogen is also being explored as the potential alternative to the conventional jet 

fuel. A review of combustors for hydrogen use is included in Appendix B section B.3. The need to use 

hydrogen in liquid form, and in combustion systems is discussed in Chapter 2. One of the important technology 

challenges for using hydrogen in gas turbine engines is its compatibility and performance in the present 

combustion system, particularly the current fuel injectors. Marek et al. [228] conduct experiments with a series 

of novel LDI injectors for hydrogen as a potential gas turbine fuel candidate. All these injectors for hydrogen 

are based on LDI technology with multiple injection points and quick mixing. Flashback is one challenge to 

hydrogen based premixing combustion systems because hydrogen’s reaction rate is about seven times that of 

conventional jet fuel (Jet-A). To mitigate the risk of flashback, the mixing times were designed to be short and 

velocities to be high. All LDI configurations for hydrogen combustion performed well and were stable, and 

these resulted in low levels of NOx. No autoignition or flashback phenomena were encountered during the 

experiments (ibid). LDI combustor is found to be suitable for the use of both conventional jet fuel and hydrogen 

based on the above discussion. For hydrogen, C4 type of combustor configuration is preferable according to 

the discussion in Appendix B section B.3. In this thesis LDI combustors (for Jet-A, 100% SPK, and LH2 [C4 

type]) will be used for the emissions assessment, which is covered in detail in Chapter 8.  
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6.4 Methodology 

 The design and optimisation of the GTF engine will be conducted using commercial software called 

GasTurb 13 [188]. As discussed in section 6.2.4, the overall process for engine design will be similar to Figure 

6.6 i.e., process schematic from literature. An overview of the GasTurb 13 software is provided below. 

6.4.1 Overview of GasTurb 13 

6.4.1.1 On-design point calculation 

 During the design process of the gas turbine engine, a thermodynamic cycle will be calculated and 

selected for the on-design point [186]–[189]. The total temperatures, total pressures, and mass flows, at the 

entry and exit of all engine components are calculated. The Mach numbers and hub-tip ratios for the 

components determine the crucial engine dimensions considering the aero-thermodynamics. Thus, through the 

selection/calculation of the cycle design point (on-design point), the flow-annulus geometry and the engine 

weight are determined (ibid). In addition to the engine geometry, the disk stresses are calculated. 

 At this point in GasTurb 13, the flow annulus geometry, disks of turbines and compressors, and engine 

cross section, are designed. Thus, as compared to pure zero-dimensional/cycle analysis, more details on engine 

simulation are known and the quality of the design analysis is improved significantly (ibid). Additionally, more 

insights are obtained on the interaction between component aerodynamics, thermodynamics, and the 

mechanical design of the gas turbine engines.  

6.4.1.2 Off-design point calculation 

 At off-design points, the performance of a gas turbine engine with a given/fixed geometry (from the 

on-design point) is evaluated. During the initiation of an off-design point analysis, the component design points 

should be correlated with the component maps. This can be carried out automatically via standard GasTurb 

maps and the standard design point settings in these maps. The maps are scaled (by GasTurb) to size at the 

initiation of the off-design point calculations in such a manner that the maps are consistent with the on-design 

point [186]–[189]. 

6.4.1.3 Standard Maps  

 For every turbine and compressor there is one standard map [186]–[189]. These maps are taken from 

open literature for axial flow turbo machinery, and these are physically sound depiction of real turbomachines 

(ibid).  

6.4.1.4 Selected Maps  

 The accuracy of the off-design estimation is dependent on the validity of the component maps on 

whether or not they reflect the component performance [186]–[189]. The selected maps have a catalogue of 

pre-selected maps which provide numerous and different maps for different components, where each of them 
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depicts a common turbine or compressor design. This enables the selection of the most suitable component 

maps and resultantly improving the accuracy of the off-design performance (ibid).  

6.4.1.5 Cycle optimisation algorithms 

 In GasTurb 13, any cycle output parameter can be chosen as an objective function or figure of merit 

which can be minimised or maximised [186]–[189]. There are different optimisation algorithm/process 

available in GasTurb: random new start search, adaptive random search, endless random search, and systematic 

search. Whichever strategy is used initially for the optimisation should be complemented with other search 

strategies for ensuring that the estimated optimum point is global and not local. The ‘random new start’ will 

initiate a random search by shifting away from the previous optimum point towards the estimation of the new 

optimum. In the ‘adaptive random search’ algorithm, random numbers are used for the optimisation variables 

which are concentrated in the vicinity of the best prior optimum. The systematic search strategy is a gradient 

based search. The best optimum point estimated during all searches is the final outcome of an endless random 

search. The endless random search is the ideal for cases where there are numerous optimisation variables and 

constraints, making the optimisation problem more complex. If the similar optimum point is obtained using 

multiple strategies, then it is clear that the point is the global optimum (ibid).  

6.4.1.6 Disk design and optimisation 

 During the off-design mode, information such as engine geometry and the disk stress at any operational 

point can be obtained, however, the engine geometry cannot be modified [186]–[189]. Disk design and 

optimisation can be carried out in the off-design mode.  

 After the engine performance analysis, the disk dimensions and the disk stress should be analysed at 

both on- and off-design points, such that the disks are not overstressed at any operating point. GasTurb 

recommends that the disks should be optimised one by one, via several optimisation attempts for every disk. 

The optimisation should be initiated from different disk-shape points. During the disk optimisation, both the 

systematic search and random search should be used (ibid). 

6.4.2 Model description 

 As described in section 6.3.2, the design cases that will be considered in this chapter are baseline case 

that uses conventional jet fuel in the UHB GTF, three cases of LH2 fuel, and 100% SPK fuel. The overview of 

conditions in the three cases of LH2 fuel that are analysed are as follows: 

• Case 1 is where the aircraft thrust production remains the same as that of the conventional jet fuel case.  

• Case 2 is where the aircraft thrust requirement reduces for maintaining similar thrust to weight ratio as that 

of conventional jet fuel case (baseline).  

• Case 3 is essentially Case 2 without engine cooling flows, since the engine is expected to run colder relative 

to the baseline case because of reduced thrust requirement, where (as mentioned before) the engine uses 

advanced material for withstanding high temperatures in baseline case (Jet-A), Case 1, and Case 2. 
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The design-optimisation parameters are discussed below. The model inputs are discussed in section 6.4.3. 

Some of these inputs change between baseline case, 100% SPK case, and three cases of LH2 fuel, and the 

changes are identified/reported accordingly. 

6.4.2.1 Design-optimisation parameters 

 The overall engine design requirements and performance targets are known (as listed in Table 6.4), 

along with the referenced future engine data (Table 6.2). The data on engine technology and its components, 

has been listed and discussed in section 6.3. However, some engine design data (or approximate values) such 

as the pressure ratio of the compressors, gearing ratio, burner temperature, tip speeds of fan and high-pressure 

compressor, and engine inlet mass flow rate, are unknown. These parameters can be estimated using the 

optimisation process. The optimisation objective or figure of merit is to minimise the thrust specific fuel 

consumption (TSFC, which is the ratio of rate of fuel consumption and thrust). With this set objective, the 

design variables and constraints considered in this chapter, are as listed in Table 6.12 and Table 6.13 

respectively. Referring to Table 6.12, the design variables and their extreme values are selected very carefully, 

either directly from literature or via educated guess considering prior studies.  

 The study by Bijewitz et al. [224], which has almost similar design requirements as that of the present 

chapter, uses a maximum gear ratio of 4.5:1, and their actual design gear ratio is 4:1. The design gear ratio in 

the study by Kestner et al. [225] is 2.88:1, while the design gear ratio for the Pratt and Whitney’s engine 

PW1100G is expected to be 3:1 [268]. Therefore, the minimum, start-guess, and maximum values are selected 

to be 2.5, 3, and 4.5, respectively. 

Table 6.12. Design variables in the engine design-optimisation process 

Variable Units 
Minimum 

value 

Starting guess 

value 
Maximum value 

Gearing ratio - 2.5:1 3:1 [268] 4.5:1 [224] 

Mass flow rate (inlet standard corrected 

flow) 
kg/s 1,400 1,700 1,800 

TET (T4) Kelvin (K) 1,400 1,750 [224] 2,173 [257] 

FPR 
Inner 

- 
1.1 1.33 1.35 [130] 

Outer 1.1 1.34 1.35 [130] 

IPC pressure ratio - 1.1 3 10 

HPC pressure ratio - 1.1 15 25 

Fan tip speed m/s 300 380 411.48 [266] 

HPC tip speed m/s 250 360 382.84 [266] 

  

Table 6.13. Design constraints/target values in engine design-optimisation process 

Variable Value 

OPR 60 

Thrust 55.603 kN (at least) 

Fan diameter* 3.36296 m 

* is a design constraint only for baseline (conventional jet fuel) case, 100% SPK case, and LH2 case 1 
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 For the inlet standard corrected flow of engine, the extreme values are based on an educated guess. 

Halliwell [266] estimates the inlet standard corrected flow value of ~ 1,443 kg/s for Trent XWB engine which 

has a BPR of 9.3 and fan diameter of ~ 3.18 m. The design target of the current engine is BPR of 17.65 at 

TOC, and fan diameter of ~ 3.36 m. The inlet standard corrected flow is directly related to the fan diameter. 

Therefore, for a higher fan diameter and significantly higher BPR compared to the Trent XWB model by 

Halliwell [266], the inlet standard corrected flow has to be greater than 1,443 kg/s. The minimum, start-guess, 

and maximum values are selected to be 1,400, 1,700, and 1,800 kg/s, respectively. Additionally, the fan 

diameter value of ~ 3.36 m is set as a constraint (in Table 6.13) in the optimisation process of the current 

chapter as per the set design targets. The other constraint considered in this chapter (in Table 6.13), which is 

directly related to the inlet standard corrected flow, is the thrust. It is observed later (in the result section) that 

the value of inlet standard corrected flow for the baseline (Jet-A) case is ~ 1,663 kg/s, after optimisation. 

 The burner exit or TET design variable has been discussed before. Since CMCs are selected for the 

design of hot-end components, the maximum limit is set to be 2,173 K (Tyranno SA SiC fibre) [257]. The 

start-guess value is 1,750 K, which is a design TET in the study by Bijewitz et al. [224]. A realistic minimum 

value of 1,400 K is selected as the minimum temperature limit here, though it can be set to zero as lower TETs 

are preferred. The optimisation constraint used here (in Table 6.13), which is directly linked to the design 

variable of TET (T4), is the thrust. 

 The minimum value of pressure ratio of any compressor must be greater than 1 for it to be called a 

compressor. Therefore, the minimum value of pressure ratio of fan, IPC, and HPC is set to 1.1. One of the 

constraints considered in this chapter (in Table 6.13) is OPR of 60, which is directly related to the pressure 

ratios of compressors. It is important to note that OPR is dependent on the FPR, and IPC and HPC pressure 

ratios. The design requirement states that the FPR must be 1.35, which is set as the maximum limit. The FPR 

is considered as a design variable primarily to try to achieve as low value as possible (<1.35) towards the set 

design requirements. This also results in lesser noise production, though noise evaluation is not considered in 

the design process explicitly throughout this chapter. Halliwell [266] uses a pressure ratio of 6.3 for the IPC in 

their turbofan engine model of an 8 stage IPC. Since, OPR of 60 (at TOC) as per the engine design requirement, 

is higher in comparison to the OPR of 50 in the study by Halliwell [266], a maximum value of 10 is used for 

the design variable of IPC pressure ratio. The number of stages of the IPC is previously selected to be 3 (Table 

6.7), so assuming uniformly distributed compression in each stage similar to the Halliwell study [266], the 

start-guess value of 3 is used. The maximum value of the pressure ratio of the HPC is set to 25 considering 

that the study by Kestner et al. [225] used a pressure ratio of 23 for the HPC. The product of the pressure losses 

(discussed in the model inputs), FPR, and IPC and HPC pressure ratios, equals OPR. Since the engine OPR of 

60 must be modelled and all values in the above-mentioned product except the HPC pressure ratio are known, 

a value of 15 suffices this product and is considered as a start-guess value for the pressure ratio of HPC.  

 The tip speeds of fan and HPC from the study by Halliwell [266] are used as maximum values for tip 

speeds for fan and HPC in this chapter. Tip speeds are linked to spool speeds. Since the engine currently under 

consideration is a geared turbofan, only the fan design speeds are expected to be different than the study by 

Halliwell [266] (direct-drive turbofan). Additionally, BPR and the fan diameter in the current chapter are 
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greater than the study by Halliwell [266]. Therefore, the fan speeds can be expected to be very different from 

the study by Halliwell. The HPC speed in this chapter is expected to remain similar to the values in the study 

by Halliwell [266]. The minimum values and the start-guess values are based on the above estimation. 

Additionally, because the maximum values of tip speeds have been set with realistic design speeds, the spool 

speed has indirectly been set to realistic values. Therefore, there is an indirect design constraint considered 

here. This prevents high engine shaft speeds which can cause vibrations, and very high shaft speeds can lead 

to a phenomenon called as ‘whirling’ of shafts, which is a violent shaft vibration that could lead to shaft failure. 

6.4.2.2 On-design point and off-design point 

 Based on the process learnt from Figure 6.6 (as discussed in section 6.2.4), a simple schematic 

focussed only the engine design and optimisation process (not explicitly stating the aircraft drag polar here) is 

created as shown in Figure 6.7.   

 

Figure 6.7. Engine design-optimisation schematic used in this chapter 

 Referring to Figure 6.7, the design and optimisation process starts with the selection of the design 

point (on-design). The TOC condition is the on-design point because maximum engine inlet corrected flow is 

at this point [224]. There are inputs in the engine model such as engine/component design parameters, 

component efficiencies, cooling flows, materials, component stage counts, etc., the details of which are 

discussed in section 6.3.3. 

 After the engine model is ready with these inputs, design variables for the optimisation process are 

identified. There is an initial guess value assigned to each of the design variables for initiating the optimisation 

process. For example: T4 is set as a design variable and at the design point its value is unknown. A realistic 

value of 1,750 K is input to the model as a starting guess, which later gets optimised. CMCs are used for the 

hot end components, and thus a maximum value of 2,173 K is provided to the design variable. After selecting 

the design variables, design constraints are identified. For example: thrust is one of the constraints in the 
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design-optimisation process, where minimum required value must be met for the aircraft to fly. For the baseline 

case using conventional jet fuel, at TOC condition it is necessary to produce at least 55.603 kN of thrust as per 

the design requirements listed in Table 6.4. The figure of merit or the objective of the optimisation process is 

to minimise the TSFC. During optimisation process in GasTurb 13, the design variables are perturbed within 

their specified limits such that the specified design constraints are met for minimising the TSFC. Once this 

process is finished, the turbomachinery of this engine configuration is checked for a satisfactory aerodynamic 

performance of individual turbomachinery stages (aerodynamic and geometrical factors) using 

standard/GasTurb 13 default turbomachinery inputs (degree of reaction, flow coefficient, and stage loading). 

Once a satisfactory aerodynamic performance of the turbomachinery is obtained, the engine performance at 

different off-design points is evaluated using GasTurb 13. Only if the engine meets the off-design parameters 

including the thrust requirements, the engine is selected as a final candidate. 

6.4.2.3 Disk optimisation and engine weight 

 The finalised engine model is then checked for shape and stress in all disks, and at all points in the 

flight envelope. An ‘I-section’ for the disk’s shape is preferred. ‘I-section’ has excellent resistance to high 

bending and shear forces acting on it [269]. The disk optimisation is done in GasTurb 13 using similar process 

as shown in Figure 6.7, where the software flags overstressed disks. At the design point, the disk shape and 

stress for each stage of each turbomachine is analysed for satisfactory mechanical performance and 

minimisation of weight. After this is fulfilled, the mechanical performance of each disk of all turbomachines 

is analysed at all off-design points in the flight envelope considered in this chapter (to be discussed in detail in 

Chapter 7). If some disks remain overstressed at some off-design points, then those disks must be redesigned 

at the on-design point and later checked for its off-design point mechanical performance. This process goes on 

until all disks have satisfactory mechanical performance at on-design point and all off-design points through 

the flight envelope considered in this chapter. 

 The engine materials data are input into the model at the beginning of the on-design analysis. Once 

the disk design-optimisation is completed, the engine weight is evaluated. This is the bare engine weight 

without accessories (like control unit), engine-mount, and nacelle. The bare engine weight includes the 

engine’s principal components (considered in Table 6.9 and Table 6.10), and supplementary components such 

as nuts, bolts, washers, seals, piping, and pumps. The weight of the principal engine components is estimated 

from the material densities input into GasTurb 13. The weight of the above-mentioned supplementary 

components is estimated by using a mass-factor (multiplication factor) to the principal engine weight. Halliwell 

[270] uses a mass factor of 1.2 and GasTurb 13’s default mass factor value is 1.3. An average mass factor 

value of 1.25 is used in this model to estimate the bare engine weight. The bare engine weight, and TSFCs at 

on-design point and different off-design points, are estimated using the above process. The summation of 

weights of nacelle, accessories, and engine-mount, with the engine bare weight equals the total engine pod 

weight. The weights of nacelle, accessories and engine-mount is not calculated separately, and is used as it is 

from Table 6.2. 
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6.4.2.4 Comments 

 It is to be noted that the engine weight, and TSFCs obtained from the above engine model at on-

design point and different off-design points are input to the aircraft weight sizing model (Chapter 7). This in-

turn determines the thrust requirements at various points in the aircraft mission. The aircraft design is an 

iterative and interactive process, and it continues until the thrust value evaluated after the aircraft weight sizing 

process converges with the thrust produced by the engine in the present iteration of engine design-optimisation. 

Therefore, it is a coupled process between two models, but dealt separately in two chapters – Chapter 6 and 

Chapter 7. In this chapter, for avoiding confusion, only the calculated thrust values for engine design are 

considered for the multiple cases discussed here. The process for thrust requirement calculations is discussed 

in detail, in Chapter 7.  

6.4.3 Model inputs 

 Most of the model inputs are similar for baseline Jet-A fuel, 100% SPK, and all three cases of LH2 

fuel. Some of the model inputs change between baseline case and three cases of LH2 fuel. To differentiate these 

changes, inputs are listed separately.  

Table 6.14. Atmospheric data input at off-design point of sea level static 

Input parameters SLS 

Pressure 101.325 kPa [271] 

Temperature 288.15 K [271] 

Relative humidity 50% [271] 

 

Table 6.15. Atmospheric data input at on-design point of top-of-climb, and off-design point of cruise, 

loiter and climb 

Input parameters 
Top of climb 

(TOC) 
Cruise Loiter 

Climb (mid-way and 

average climb speed) 

Altitude (m) 10,668 10,668 1,500 [272] 5,334 

Relative humidity (%) 10 [273] 10 [273] 60 [273] 60 [273] 

Mach number 0.8 0.84 0.6 [272] 0.47 

 

 Table 6.14 lists the atmospheric data input into the engine model at off-design point of SLS. Table 

6.15 lists the atmospheric data input at on-design point of TOC, and off-design point of cruise, loiter, and 

climb. It is to be noted that all five points, realistic values of humidity (from literature) are used, which is not 

used in the international standard atmosphere (ISA )standards. Humidity acts as a real-world penalty on the 

engine thrust, and thus it is required to consider a worse case thrust in the engine design-optimisation, 

compared to ISA. The temperature and pressure at SLS condition are standard. The altitude (35,000 ft or 10,668 

m), and Mach number at cruise and TOC points are as per the design requirements discussed before (Table 6.1 

– Table 6.4). Standard transport jet (civil aircraft) loiter altitude (5,000 ft or 1,500 m) and Mach number are 

used (from literature). Because this chapter uses first order modelling methods, for climb an average climb 

speed of 290 knots (149.19 m/s), similar to present day efficient aircraft like Airbus A350-900 and Boeing 
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787, is considered mid-way (5,334 m) of complete climb, for estimating the engine TSFC at climb [274], [275]. 

At the mid-way climb altitude of 5,334 m, the speed of sound is 319 m/s. Therefore, at this point 290 knots is 

equal to Mach number of 0.47. 

 

Table 6.16. Inputs for different engine components and different engine design cases (square brackets 

indicate reference number) 

Input parameters Value 

Basic inputs for all cases (Jet-A, all three LH2 cases, and 100% SPK) 

Intake pressure ratio 0.99 [276] 

Core inlet duct pressure ratio 0.99 [188], [277] 

IPC-HPC inter-duct pressure ratio 0.98 [188] 

Bypass duct pressure ratio 0.992322 [188] 

Turbine inter-duct reference pressure ratio 0.98 [188] 

Design bypass ratio 17.65 

Burner design efficiency 0.9995 [188] 

Overboard bleed 0 kg/s 

Power off-take 150 kW 

High pressure spool mechanical efficiency 0.995 [188] 

Low pressure spool mechanical efficiency 0.992 [188] 

Burner pressure ratio 0.96 [266] 

Turbine-exit duct pressure ratio 0.99 [188] 

Fuel heating value (MJ/kg) 43.2 1, 120 2, 3, 4 , 44.1 5 [33], [55] 

Cooling flows 

High pressure turbine section 20% 1, 2, 3, 5 (source [123], [224]), 0% 4 

Low pressure turbine section 0% 1-5 (source [224]) 

Fan inputs for all cases (Jet-A, all three LH2 cases, and 100% SPK) 

Inlet radius ratio 0.28 [188] 

Inlet Mach number 0.6 [188] 

HPC inputs 

Inlet radius ratio 0.423 1, 2, 5, 0.448 3, 0.46 4 

Inlet Mach number 0.5 1, 2, 5, 0.52 3, 0.53 4 

Inputs to be selected as per the respective case considered: 
1 Baseline case (Jet-A), 2 Case 1 of LH2, 3 Case 2 of LH2, 4 Case 3 of LH2, 5 100% SPK 

 

 

 Some of the model inputs have already been listed and discussed which include a. future engine 

component efficiencies (Table 6.6); b. Turbomachinery stage count (Table 6.7); c. Engine materials (Table 6.9 

Table 6.17. Inputs for engine nozzle section for different operating points and different engine 

design cases 

Input parameters Value 

SLS (Jet-A, all three LH2 cases and 100% SPK) 

Core and Bypass thrust coefficient 0.9 [278] 

Core and bypass discharge coefficient 1 [278] 

On-design (TOC), climb, cruise and loiter (Jet-A, all three LH2 cases and 100% SPK) 

Core and bypass thrust coefficient 1 [279]–[281] 

Design core nozzle angle 20 [266] 

Design bypass nozzle angle 30 [266] 
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and Table 6.10); d. Gearbox weight to power ratio (Table 6.11); e. Engine design variables i.e., start-guess 

values (Table 6.12). In this chapter, new engine design of the future for conventional jet fuel, 100% SPK, and 

LH2 fuel (three cases), are developed using advanced material and future component efficiencies (respective 

inputs to the GasTurb 13 engine model), where the design requirements are set using literature. In some of the 

validation cases only (in Appendix C section C.1) conventional material and conventional component 

efficiencies will be input to the GasTurb 13 engine model. There are other inputs to the engine model which 

are listed and discussed next. 

 At the design point i.e., TOC, the design requirement values of BPR, bleed, and power off-take are 

17.65, 0 kg/s, and 150 kW respectively, which are input to the engine model. These along with other inputs 

i.e., standard values from literature and GasTurb 13, are listed in Table 6.16. Recalling the discussion on OPR 

from section 6.4.2.1, OPR is a product of pressure losses, FPR, and IPC and HPC pressure ratios. The pressure 

losses that count towards OPR comprise of loss in engine intake and in ducts between two consecutive 

compressors (fan included). 

 

Figure 6.8. Engine model inputs 

 The aspect of cooling flows (input in Table 6.16) has been discussed in detail in section 6.3.3.4. While 

most inputs remain the same for all design cases (Jet-A, 100% SPK, and three cases of LH2), the HPC inputs 

viz. the HPC inlet radius ratio and HPC inlet Mach number change slightly between cases. It is to be noted 

that these two inputs are similar to the standard/default inputs in GasTurb 13 [188]. These are changed 

primarily to obtain satisfactory aerodynamic performance of the turbomachinery (details discussed earlier in 

section 6.4.2.2). It can be observed from Table 6.16 that both HPC inlet radius ratio and HPC inlet Mach 
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number remain same for Jet-A, 100% SPK, and Case 1 of LH2, since there is no change in engine thrust 

production between these cases. However, during the optimisation of Case 2 and Case 3 of LH2, the thrust 

requirement and fan diameter reduces (because of lighter aircraft), which changes the shape of the HPC for 

maintaining the required design bypass ratio of 17.65 and thus both HPC inlet radius ratio and HPC inlet Mach 

number increases. 

 Table 6.17 lists the inputs for engine nozzle section for different operating points. These inputs remain 

same for all design cases. Gamble et al. [282] suggest that fixed-nozzles (of gas turbine engines) have highest 

thrust coefficient at their design point. To account for a drop in nozzle performance at off-design point, 

specifically at ground conditions, an average/moderate thrust coefficient value of 0.9 is considered at SLS (off-

design point) based on the study by Manneville [278], which makes this evaluation at take-off condition 

(approximated to SLS for the present chapter). All above-mentioned model inputs have been summarised and 

listed in Figure 6.8. 

On- and off-design point model inputs analysis: 

 All inputs for on- and off-design analysis have been listed and discussed in this section. The model 

description has been discussed in detail in section 6.4.2. Conducting on-design analysis using the above 

discussed inputs is straight-forward.  

 

 The off-design analysis is conducted with the help of maps, which is a standard procedure. In the 

current chapter, this is done in GasTurb 13 software. ‘Standard maps’ are selected in GasTurb 13 for climb, 

cruise and loiter points, for conducting off-design analysis at these points. The data of ambient conditions at 

these points from Table 6.15, are input to the model. A feature in GasTurb 13 of off-design modifiers through 

iteration of parameters, is used for the turbomachinery parameters such that every turbomachine operates at 

their efficiencies listed in Table 6.6 at respective points of climb, cruise, and loiter. The identified iteration 

variables and their target parameters are listed in Table 6.18, along with the respective design requirements 

met. For loiter, there is no separate column of component efficiencies. In this chapter, loiter is essentially 

treated as additional cruise and therefore efficiencies of cruise point are selected. Thus, every turbomachine 

Table 6.18. Off-design modifiers-iteration variables and target 

Variable Target  Design requirement is met for: 

Component efficiencies 

∆ outer LPC (fan) efficiency outer LPC (fan) efficiency LPC (fan) efficiency 

∆ inner LPC (fan) efficiency inner LPC (fan) efficiency 

∆ IPC efficiency IPC efficiency IPC efficiency 

∆ HPC efficiency HPC efficiency HPC efficiency 

∆ HPT efficiency HPT efficiency HPT efficiency 

∆ LPT efficiency LPT efficiency LPT efficiency 

Design parameters 

HPC spool speed OPR OPR 

∆ LPC capacity Outer fans exit pressure FPR 

∆ Bypass pressure BPR BPR 
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operates at their respective efficiency (published values) during climb, cruise, and loiter. It is to be noted that 

for all off-design points except SLS, only the target component efficiencies are known, and are set as a design 

requirement. The design requirements are not set for BPR, OPR, and FPR at these points, as per data known 

from Table 6.1 – Table 6.4. Therefore, the ‘design parameter’ section of Table 6.18 is not used in the off-

design iteration for climb, cruise, and loiter. 

 SLS is a special off-design point in this chapter where not only turbomachinery efficiencies but also 

the performance/design requirements are to be met (such as BPR, FPR, OPR, thrust, etc.). For SLS condition, 

the option of ‘selected map’ is chosen in GasTurb 13. After choosing it, map option for a ‘single-stage fan, 

sub-sonic IPC/booster, high pressure ratio for HPC, two-stage HPT, and medium pressure ratio LPT’ is 

selected in GasTurb 13. Similar to the above discussed process, the off-design modifiers feature through 

iteration of parameters. In GasTurb 13 off-design case is used such that the target SLS turbomachinery 

efficiencies listed in Table 6.6 and all performance/design requirements at SLS, are met (such as BPR, FPR, 

OPR, thrust, etc.). The above complete the methodology section of this chapter. In Appendix C section C.1, 

validation cases of the developed model, are included. These establish a confidence in the proposed model, 

and the engine designs for the different cases (Jet-A baseline case, 100% SPK, and three cases of LH2 fuel) 

are developed and analysed next in section 6.5.  

6.5 Results and discussion 

          An aircraft engine model has been proposed in the methodology section (section 6.4). The model has 

been described in detail, where the details comprise of: data known from literature, design 

requirements/specification, and the model inputs. In this chapter, with the help of this model, new engine 

designs of the future for conventional jet fuel, LH2 fuel (three cases), and 100% SPK, are developed using 

advanced materials and future component efficiencies, where the design requirements are set using literature. 

These design requirements are listed in Table 6.4. Firstly, two engine cases from literature are considered and 

the respective engine designs (with case specific design targets) were successfully replicated with satisfactory 

accuracy as per the set criteria, and therefore the proposed engine model is validated (see Appendix C section 

C.1). In this section, the results of the engine model for the set research objectives and design requirements (in 

Table 6.4) are considered. The results comprise of performance analysis at on-design point and all off-design 

points (listed before). 

6.5.1 Jet-A engine 

 Table 6.19 shows on-design performance of the present model. Also, there are other studies listed in 

Table 6.19 (also discussed in section 6.2.1), which have a unique engine configuration and are relevant to this 

chapter, though not used for direct comparison. A study by Kestner et al. [225] on N+2 aviation technology is 

listed in this table. However, the point of engine operation is not known. It is listed as a reference point for 

engine weight, though the materials used in the said study are not disclosed by the authors. 
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Table 6.19. Engine performance of the present model and other studies [123], [130], [224], [225] using 

Jet-A fuel at TOC condition 

Parameters Units 

Operating 

point 

unknown 

TOC 

Kestner et 

al. [225] 

Greitzer et al. 

[123] 

Bijewitz et 

al. [224] 

Nickol et 

al. [130] 

Present 

design 

Mach, altitude - , m  Unknown 
~0.8 at  

10,668 m 

0.78 at 

10,668 m 

0.8 at 

10,668 m 

0.8 at 

10,668 m 

Engine mass flow kg/s - 512 674.6 - 638.1 

Net thrust kN - 44 56 55.603 55.603 

TSFC g/kN-s 14.333 14.47 12.67 13.1543 12.3997 

Fuel consumption kg/s - 0.637 0.71 0.731 0.689 

OPR - 46 55.2 60 60 60 

BPR - 20.29 19.44 19.4 17.65 17.65 

FPR - 1.353 1.46 - 1.35 1.35 

Fan diameter m 3.079 - 3.35 3.36296 3.36296 

Bare engine weight kg 4,515 - 7,648* 6,789 4,411 

Gear ratio - 2.88 - 4 - 3.5 

Cooling flow % - 20 20 - 20 

T4/T2 - - 7 7.12 - 6.84 

Power off-take kW - - 0 150 150 

LPT inlet temperature K - - < 1,350 - 1,139  

* it is total propulsion system weight and not bare engine weight 

  

Table 6.20. Engine performance of the present model and other studies [123], [130] using Jet-A fuel 

at SLS condition 

SLS parameters Units Greitzer et al. [123] Nickol et al. [130] Present design 

Engine mass flow kg/s 1,119 - 1,527 

Net thrust kN 261.4 299.9 303.9 

TSFC g/kN-s 6.12 5.62 5.12 

Fuel consumption kg/s 1.6 1.69 1.56 

OPR - 52.8 47.1 47.1 

BPR - 18.86 20 20 

FPR - 1.43 1.25 1.25 

Cooling flow % 20 - 20 

T4/T2 - 6.60 - 6.16 

Power off-take kW - 150 150 

LPT inlet temperature K - - 1,213 

 

A study by Bijewitz et al. [224] is also listed in Table 6.19, and it is used in the first validation case. 

Another study by Greitzer et al. [123] is also listed in Table 6.19. Both studies (Bijewitz et al. [224] and 

Greitzer et al. [123]) cannot be directly compared to the present model since they have a different BPR and 

OPR combination, but are relevant. Moreover, the propulsion system in the Greitzer et al. study [123] has four 

fans driven by two engine core compared to a single fan driven by one engine core via gearbox in the current 

chapter. Therefore, these studies cannot be used for direct comparison. In the present proposed model, the 



135 

 

future component efficiencies are used and these come from the study by Greitzer et al. [123] and it also 

provides T4/T2 value (T2 is the fan inlet temperature), which gives some reference point for temperature values 

of future (efficient) engine technologies. Only the study by Nickol et al. [130] is directly relevant to the 

proposed model since this study sets the design requirements for the present chapter (listed in Table 6.4). This 

study is used in the second validation case. 

It can be observed from Table 6.19 that the Jet-A engine design resulting from the proposed model 

meets all design requirements at the TOC condition, which are set in Table 6.4. The effect of high values of 

future component efficiencies is reflected in the lower TSFC and/or fuel consumption values of the present 

Jet-A engine design, in comparison with the study by Nickol et al. [130]. In line with this effect, the TET of 

the present chapter is also lower than the studies by Bijewitz et al. [224] and Greitzer et al. [123].  

 If the second validation case (Appendix C section C.1) is recalled, then by using conventional materials 

in the engine except the combustor and HPT, slightly higher engine weight (of 200-380 kg, depending on the 

case considered) is obtained, compared to the study by Nickol et al. [130]. As observed from Table 6.19, the 

use of advanced materials throughout the engine has resulted in significant reduction (~35%) in engine weight 

compared to the study by Nickol et al. [130]. The present Jet-A engine weight estimated by using the proposed 

model is similar to the engine weight of the study by Kestner et al. [225]. 

Table 6.21. Engine performance of the present model and other studies [123], [130] using Jet-A fuel at 

cruise condition 

Cruise parameters Units Greitzer et al. [123] Nickol et al. [130] Present design 

Mach, altitude - , m 0.83 at ~10,668 m 0.84 at 10,668 m 0.84 at 10,668 m 

Engine mass flow kg/s 484 - 649.7 

Net thrust kN 36.9 - 51.6 

TSFC g/kN-s 14 13.455 12.667 

Fuel consumption kg/s 0.517 - 0.654 

Cooling flow % 20 - 20 

T4/T2 - 6.60 - 6.57 

Power off-take kW - 150 150 

LPT inlet temperature K - - 1,107 

 

Table 6.22. Engine performance of the present engine model using Jet-A fuel at loiter and climb conditions  

Parameters Units 

Present Jet-A engine design  

Loiter 
Climb  

(mid-way and average climb speed) 

Mach, altitude - , m 0.6 at 1,500 m 0.47 at 5,334 m 

Engine mass flow kg/s 1,488.32 904.96 

Net thrust kN 114.67 94.94 

TSFC g/kN-s 12.175 9.798 

Fuel consumption kg/s 1.396 0.931 

Cooling flow % 20 20 

T4/T2 - 5.741 6.315 

Power off-take kW 150 150 

LPT inlet temperature K 1,167 1,129 
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Table 6.20 lists the off-design engine performance (SLS condition) of the present Jet-A engine design 

and of other studies. It can be observed from Table 6.20 that the present Jet-A engine design meets all design 

requirements at the SLS condition, which are set in Table 6.4. The effect of high values of future component 

efficiencies is reflected (at SLS as well) in the lower TSFC and/or fuel consumption values of the present Jet-

A engine design, in comparison with the study by Nickol et al. [130]. On similar lines, TET of engine in the 

present chapter is also lower than the study by Greitzer et al. [123]. 

 Table 6.21 shows the off-design engine performance (cruise condition) of the present Jet-A engine 

design and of other studies. It can be observed from Table 6.21 that the impact of high values of future 

component efficiencies can be seen at cruise conditions also. The use of very high efficiency turbomachinery 

components have resulted in lower engine TSFC and/or fuel consumption values in the present Jet-A engine 

design compared to the study by Nickol et al. [130]. On similar lines, the TET of the present design is also 

lesser compared to the study by Greitzer et al. [123]. An LTA aircraft spends 90+% of the flight time in cruise. 

The lower TSFC value is expected to result into significant savings in fuel consumption over one flight 

mission. For cruise condition, the lift force equals aircraft weight, and thrust is equal to drag force. In cruise, 

T/W is equal to the reciprocal of the L/D ratio of the aircraft. The calculation of the L/D ratio is done separately 

through aerodynamic equations, and the aircraft weight is estimated in the aircraft weight sizing process. This 

calculates the unknown value of required thrust. The process for thrust requirement calculations is discussed 

in detail, in Chapter 7. In Table 6.21, the engine produces 51.61 kN of thrust where the minimum required 

thrust is calculated to be 42.25 kN. 

 Table 6.22 shows the off-design engine performance of the present Jet-A engine design at points of 

loiter and climb. There are no studies that can be used either for comparison or providing some reference 

values. It is to be noted that the LPT inlet temperatures at all points (on-design and off-design) in the present 

Jet-A engine design listed in Table 6.19 – Table 6.22, are lower than 1,350 K which was required for having 

uncooled LPT. This design choice was successful primarily because of the use of future component 

efficiencies. Figure 6.9 shows the cross-sectional view of the Jet-A powered GTF engine designed from the 

proposed/present model. This figure also shows the diameter of the fan (a design requirement) and length of 

the engine. The ‘I-section’ of the turbomachinery disk, a design choice, can be noticed in Figure 6.9.  

Overall, the use of future component efficiencies in the present Jet-A engine design, has improved the 

fuel efficiency of the engine at all operational points considered in this chapter, which is as per expectation. A 

significant reduction (~35%) in engine weight (compared to the study by Nickol et al. [130]) is observed 

primarily because of two reasons: use of advanced materials, and the turbo-machinery stage count selection 

process (section 6.3.3.2) along with satisfactory aerodynamic performance of turbomachinery (section 6.4.2.2). 

The TSFC values in Table 6.19 – Table 6.22 of the present Jet-A engine design at different/all operational 

points considered in this chapter, are inputs to the aircraft weight sizing process discussed in Chapter 7. This 

enables the estimation of fuel burn of the aircraft over one mission. The above discussion concludes the Jet-A 

UHB GTF engine on-design and off-design analysis. In the next section, three cases of the LH2 engine are 

discussed along with their performance comparison with Jet-A engine at on-design point and different off-

design points. 
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Figure 6.9. Cross-sectional view of the Jet-A powered GTF engine designed using the proposed model 

6.5.2 LH2 engine 

The energy density per unit mass of LH2 is 2.78 times the energy density per unit mass of Jet-A. 

Therefore, lower mass of LH2 must be carried at the beginning of the flight mission, and the LH2 

aircraft weight at different points in flight mission is lesser than the Jet-A case (also observed in 

Chapter 4 and 5). T/W is defined for an aircraft structure. Since in this chapter the outer aircraft 

structure remains the same for both Jet-A and LH2, T/W should ideally be similar. Thus, to maintain 

the same T/W for a lower aircraft weight, the thrust requirement reduces. The process for thrust 

requirement calculations is discussed in detail, in Chapter 7. To account these impacts of LH2 use in 

aircraft, three different cases are considered, as discussed in methodology. In this section, only the 

LH2 engine performance will be discussed. It is to be noted that Case 2 and Case 3 have the effect of 

lighter aircraft for LH2 use, absorbed in them and hence the thrust requirement in the analysis below 

have considered these effects. The process for thrust requirement calculations is discussed in detail, in 

Chapter 7. 

 Tables 6.23, 6.25, 6.26, 6.27 and 6.28 list the comparison of engine performance using Jet-A and LH2 

(three cases), at TOC (on-design point), SLS, cruise, climb, and loiter points, respectively. Also, Table 6.24 

provides comparison of combustion product species, mass, momentum, and total energy between LH2 Case 1 

and Jet-A engine at design point/TOC condition (same thrust production). It is to be noted that the Jet-A engine 

performance has already been discussed in the previous section. It is listed here for a comparative engine-

performance assessment with the three cases of the LH2 engine. Also, the values of thrust required mentioned 

in Table 6.23, Tables 6.25, and Table 6.26, are calculated through an iterative and interactive process between 

the proposed/present engine model and the aircraft weight sizing process. The process for thrust requirement 

calculations is discussed in detail, in Chapter 7. 
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 It can be observed from Table 6.23, Tables 6.25, and Table 6.26 that the engine designs successfully 

meet the design requirements/targets as set in Table 6.4. In Table 6.23, Tables 6.25, and Table 6.26, the engine 

designs meet the required thrust values for all three cases of LH2 fuelled engine, at said mission points 

considered in these tables. These thrust requirements are calculated through the aircraft weight sizing process 

(details in Chapter 7).  

 

Table 6.23. Comparison of engine performance at TOC condition using LH2 fuel (three cases) and 

Jet-A, using the proposed model 

TOC parameters Units Jet-A  
LH2 

Case 1 Case 2 Case 3 

Mach, altitude - , m 
0.8 at  

10,668 m 

0.8 at 

10,668 m 

0.8 at 

10,668 m 

0.8 at 

10,668 m 

Engine mass flow kg/s 638.06 638.06 571.92 558.79 

Thrust required kN 55.603 46.29 46.02 45.66 

Thrust produced kN 55.603 55.603 46.354 46.12 

TSFC g/kN-s 12.399 4.328 4.284 4.160 

TSEC kJ/kN-s 535.67 519.36 514.06 499.14 

TSEC % difference 

compared to Jet-A 
% - -3.04 -4.03 -6.82 

Fuel consumption kg/s 0.689 0.241 0.199 0.192 

Fuel-air ratio (FAR) - 0.025191 8.7927E-3 8.0942E-3 6.4021E-3 

Equivalence ratio 

(Φ) 
- 0.37 0.30 0.28 0.22 

OPR - 60 60 60 60 

BPR - 17.65 17.65 17.65 17.65 

FPR - 1.35 1.35 1.35 1.35 

IPC pressure ratio - 3.296 3.296 3.296 3.296 

HPC pressure ratio - 13.9 13.9 13.9 13.9 

Cooling flow % 20 20 20 Zero 

Combustor length m 0.1981 0.1981 0.18723 0.18505 

Combustion gas 

velocity 
m/s 235.68 238.45 234.29 223.6 

Residence time ms 0.841 0.831 0.8 0.826 

P3 kPa 2,159.4 2,159.4 2,159.4 2,159.4 

T3 K 859.4 859.5 859.5 859.5 

T4 K 1,689.61 1,642.39 1588.50 1,452.50 

T4/T2 - 6.844 6.653 6.434 5.883 

Bare engine weight kg 4,411 4,381 4,084 3,636 

Gear ratio - 3.5 3.5 3.11 3.11 

Fan diameter m 3.36296 3.36296 3.1839 3.14713 

LPT inlet 

temperature 
K 1,139 1,111 1,060 1,054 

Power off-take kW 150 150 150 150 
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 According to the study by Corchero et al. [226], T4 in hydrogen-based gas turbine engines decreases 

by approximately to 37 K compared to Jet-A engines for same thrust production at SLS, which translates into 

a significantly longer engine life. As can be observed from Table 6.25, at SLS point, for same thrust production 

(case 1) the LH2 engine operates at about 46 K lower T4 compared to Jet-A engine. This is similar to the findings 

of Corchero et al. Additionally, study by Verstraete [65] reports a drop in T4 of 60 K at take-off (absorbing the 

Table 6.24. Comparison of combustion product species, mass, momentum, and total energy between 

LH2 Case 1 and Jet-A engine at TOC condition (same thrust production) 

Baseline Jet-A FAR = 0.025191 (in equation 6.7), at TOC condition 

 CO2 H2O O2 N2 Total 

Molecular weight (kg/k-mol) 44 18 32 28 - 

Number of moles 0.0522 0.0495 0.1330 0.7900 1.025 

Mole fraction 0.0509 0.0483 0.1298 0.7709 1 

Molar heat capacity Cp (J/mol-K) 3.5 R’ 4 R’ 3.5 R’ 3.5 R’ - 

Mass (kg) 2.297 0.892 4.257 22.131 29.577 

Molar heat capacity Cp of combustion products (J/mol-K) 3.524 R’ 

Molecular weight of combustion products (kg/k-mol) 28.863 

Mass flow rate at combustor exit (kg/s) [from GasTurb 13] 28.06 

Time consumed by ~ 29.577 kg of combustion products to flow (sec) 1.054 

Fuel flow rate (kg/s) [from GasTurb 13] 0.689 

Fuel mass combusted by one k-mol of air (kg) [using equation 6.7] 0.727 

Time taken for the combustion of ~0.727 kg fuel (sec) 1.054 

Total pressure at combustor exit (kPa) [from GasTurb 13] 2,073.06 

Total enthalpy at combustor exit (MJ/kg) [from GasTurb 13] 1.63 

Specific heat capacity cp at total temperature at combustor exit (J/kg-K) [from GasTurb 13] 1,287.22 

Emission index of H2O (kg H2O per kg fuel)  1.23 

Case 1 H2 FAR = 8.7927x10-3 (in equation 6.8), at TOC condition 

 CO2 H2O O2 N2 Total 

Molecular weight (kg/k-mol) 44 18 32 28 - 

Number of moles 0 0.1258 0.1471 0.7900 1.063 

Mole fraction 0 0.1184 0.1384 0.7432 1 

Molar heat capacity Cp (J/mol-K) - 4 R’ 3.5 R’ 3.5 R’ - 

Mass (kg) 0 2.267 4.706 22.131 29.104 

Molar heat capacity Cp of combustion products (J/mol-K) 3.559 R’ 

Molecular weight of combustion products (kg/k-mol) 27.381 

Mass flow rate at combustor exit (kg/s) [from GasTurb 13] 27.611 

Time consumed by ~ 29.104 kg of combustion products to flow (sec) 1.054 

Fuel flow rate (kg/s) [from GasTurb 13] 0.241 

Fuel mass combusted by one k-mol of air (kg) [using equation 6.8] 0.254 

Time taken for the combustion of ~0.254 kg fuel (sec) 1.054 

Total pressure at combustor exit (kPa) [from GasTurb 13] 2,073.06 

Total enthalpy at combustor exit (MJ/kg) [from GasTurb 13] 1.63 

Specific heat capacity cp at total temperature at combustor exit (J/kg-K) [from GasTurb 13] 1,343.13 

Emission index of H2O (kg H2O per kg fuel) 8.937 

* R’ is the universal gas constant 
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modifications to a double-decker tube-wing aircraft for the use of LH2). However, the engine performance 

modelling in the present work does not consider take-off point separately since the aircraft energy consumption 

during smaller segments is based on (fuel fractions) weight sizing methods (Chapter 7) and thus comparison 

at take-off cannot be made. The reason for the reduction in T4 is discussed below with the consideration of 

combustion chemistry.  

 When a fluid mass flows through a control volume, it is accompanied by its energy. These include 

four types of energy: internal energy, kinetic energy, potential energy, and flow work [283]. Therefore, any 

given fluid flow through a control volume is analysed by the mass, momentum, and total energy equations 

between the entry point and the exit point of the control volume. 

 Referring to Table 6.23 i.e., the design point/TOC, it can be observed that for same thrust production, 

the TSFC value of Jet-A is 2.865 times the TSFC value for LH2 Case 1, whereas the energy density per unit 

mass of LH2 is 2.78 times the energy density per unit mass of Jet-A. This (TSFC of LH2 Case 1 vs Jet-A) can 

also be observed at off-design/other points in Table 6.25 – Table 6.28. For same thrust production, Verstraete 

[191] observes a similar relation between TSFC of Jet-A and the TSFC for LH2 (TSFCJet-A = 2.86 x TSFCLH2). 

This reduction in TSFC is attributable to difference in the combustion chemistry of the two fuels, in totality, 

which comprise of two effects: energy densities of two fuels, and mass and species conservation. As observed 

from Figure 6.1 (section 6.2.2.2), for same flame temperature, hydrogen burns ‘leaner’ than Jet-A. 

Additionally, as described above, burner temperature (T4) of Case 1 of LH2 engine for same thrust production 

is about 47 K lower than that for Jet-A engine. Thus, for producing the same thrust, lesser LH2 fuel is required 

or hydrogen burns ‘much leaner’ than expected, compared to Jet-A.  

 The physics can further be understood through Table 6.24, which provides a comparison of 

combustion product species, mass, momentum, and total energy between LH2 Case 1 and Jet-A engine at TOC 

condition (same thrust production). The mass of the product species is calculated using equations 6.7 and 6.8 

(section 6.2.2.1) for Jet-A and hydrogen respectively (with FAR for Jet-A and LH2 Case 1 from Table 6.23). 

As discussed before in section 6.2.2.1, these equations are based on a simplistic major species model. It can 

be observed that the mass of combustion products/gas for both Jet-A and LH2 Case 1 is similar. This is despite 

the fact that hydrogen combustion does not produce any CO2. Hence for achieving the same mass of 

combustion products/gas, which can impart same momentum on the turbines (for same thrust production), 

hydrogen burns much leaner than Jet-A. The extra air from the leaner combustion, especially oxygen, 

contribute to the mass requirement of the combustion product/gas. This can be observed from Table 6.24, 

where the mass of oxygen (heavier gas relative to air) in the combustion products of hydrogen combustion is 

greater than that for Jet-A combustion. Moreover, this extra oxygen also contributes to the formation of higher 

mass of water for hydrogen engine compared to Jet-A engine. This can be observed from Table 6.24, where 

the mass of water in the combustion products of hydrogen combustion is significantly greater than that for Jet-

A combustion. In terms of emissions index (EI), the EI (H2O) for Jet-A and LH2 are calculated to be 1.23 

kg/kg-fuel and 8.937 kg/kg-fuel respectively. These calculated values are very similar to the EI reported in 

literature of 1.24 kg/kg-fuel [284] and 8.937 kg/kg-fuel [285] for Jet-A and LH2, respectively. 
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 Therefore, lean combustion of hydrogen enables the inclusion of more heavy gas molecules such that 

the mass of the combustion products is similar to the combustion products of Jet-A, and both cases thus result 

in similar momentum of combustion products. It can be observed from Table 6.24, that both Jet-A and LH2 

Case 1 engines have same total pressure at combustor exit. The ‘total pressure’ (static and dynamic) is a 

measure of the momentum. Lastly, both Jet-A and LH2 Case 1 engines have same ‘total enthalpy’ (measure of 

energy) of 1.63 MJ/kg. Additionally, using equations 6.7 and 6.8, and GasTurb 13, it can be observed from 

Table 6.24 that both cases have: similar time scales for consumption of respective fuel mass with respective 

fuel consumption rate; and time taken by the mass of combustion products to flow with respective flow rate. 

Therefore, at the combustor exit point, both Jet-A and LH2 Case 1 engines have similar mass, momentum, and 

energy, which enables both engines to produce same thrust. Thus, as observed from Table 6.23, for same thrust 

production, the TSFC value of Jet-A is 2.865 times the TSFC value for LH2 Case 1. In summary, the ratio of 

energy density per unit mass of LH2 and Jet-A is 2.78, and it is a primary contributor to the above ratio of 

TSFC of 2.865 (ratio of TSFC of Jet-A and LH2), and the difference in mass and species conservation in 

combustion chemical reaction of the two different fuels (discussed above) is the secondary contributor to this 

(2.865) ratio. According to the study by Verstraete [65], the drop in T4 is also due to the increased heat capacity 

of combustion products of hydrogen for same thrust production. This aspect can also be observed in Table 

6.24, where the specific heat capacity cp of combustion products at total temperature of Case 1 of LH2 engine 

is higher than Jet-A engine. The increase in the heat capacity can be understood from statistical mechanics. 

From statistical mechanics, the molar heat capacity is a measure of momentum/kinetic energy [286]. The molar 

heat capacity (J/mol-K) for an ideal gas, through equipartition principle can be represented by the translational, 

rotational, vibrational, and other modes of kinetic energy. For typical gas turbine operational temperatures (< 

2,000 K), only translational and rotational energies are completely activated (ibid). According to equipartition 

principle, (the molar heat capacity at constant volume Cv), Cv,translational is nR’/2 and Cv,rotational is mR’/2, where 

n and m are translational and rotational degrees of freedom respectively, and R’ is the universal gas constant. 

For an ideal gas the molar heat capacity at constant pressure CP = R’ + Cv. For a linear molecule (CO2, O2, and 

N2), there are three translational and two rotational modes/degrees of freedom (one redundant) i.e., Cv = 2.5 

R’ and CP = 3.5 R’, and for a non-linear molecule (H2O), there are three translational and three rotational 

modes/degrees of freedom i.e., Cv = 3 R’ and CP = 4 R’. The molar Cp of the combustion products of Jet-A and 

Case 1 of LH2 are calculated to be 3.524 R’ and 3.559 R’, respectively, as listed in Table 6.24.  

 The above reasons are therefore responsible for the ~ 47 K drop in burner temperature (T4) of Case 1 

of LH2 engine compared to Jet-A engine, for same thrust production. In other words, for same thrust production 

one would expect that the T4 for both Jet-A and hydrogen engine would be similar, and for a given flame 

temperature in Figure 6.1 (section 6.2.2.2), hydrogen burns at a ‘leaner’ FAR. It is further observed that in the 

hydrogen engine for same thrust production, the T4 is about 47 K lower than Jet-A engine, and this further 

reduces the FAR or hydrogen burns ‘much leaner’ than expected, and this is attributable to the difference in 

mass and species conservation of Jet-A and hydrogen (as discussed above). 

 The TSFC in Table 6.23, Table 6.25 – Table 6.28 is converted to thrust specific energy consumption 

(TSEC) by multiplying every case with the energy density of the respective fuel considered. The reduction in 
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TSFC is attributable to difference in the combustion chemistry of the two fuels, in totality, which comprise of 

two effects: energy densities of two fuels, and mass and species conservation. As observed from Table 6.23, 

hydrogen engine (case 1) is 3% more energy efficient than Jet-A engine, for same thrust production. The study 

by Verstraete [191] observes a similar (3%) reduction in hydrogen engine TSEC compared to Jet-A engine 

(for same thrust production). 

Table 6.25. Comparison of engine performance at SLS condition using LH2 fuel (three cases) and Jet-A, 

using the proposed model 

SLS parameters Units Jet-A 
LH2 

Case 1 Case 2 Case 3 

Mach, altitude - , m 0 at 0 m 0 at 0 m 0 at 0 m 0 at 0 m 

Engine mass flow kg/s 1,526.97 1,528.70 1,356.61 1,331.98 

Thrust required kN 299.9 251.1 249.6 247.7 

Thrust produced kN 303.9 304.5 263.8 261.1 

TSFC g/kN-s 5.124 1.778 1.761 1.690 

TSEC kJ/kN-s 221.37 213.34 211.34 202.78 

TSEC % difference 

compared to Jet-A 
% - -3.63 -4.53 -8.40 

Fuel consumption kg/s 1.557 0.541 0.465 0.441 

FAR - 0.026912 9.346E-3 9.0383E-3 6.9941E-3 

Φ - 0.39 0.32 0.31 0.24 

OPR - 47.1 47.1 47.1 47.1 

BPR - 20 20 20 20 

FPR - 1.25 1.25 1.25 1.25 

IPC pressure ratio - 3.028 3.044 2.890 2.945 

HPC pressure ratio - 12.769 12.702 13.391 13.031 

Cooling flow % 20 20 20 Zero 

Combustor length m 0.1981 0.1981 0.1872 0.1851 

Combustion gas velocity m/s 241.78 244.57 243.21 230.82 

Residence time ms 0.82 0.81 0.77 0.80 

P3 kPa 4,724.8 4,724.5 4,724.7 4,724.7 

T3 K 914 914 914 912 

T4 K 1,776 1,720 1,698 1,539 

T4/T2 - 6.163 5.97 5.892 5.342 

LPT inlet temperature K 1,213 1,179 1,152 1,135 

Power off-take kW 150 150 150 150 

 

 Additionally, it can be observed from Table 6.23, Table 6.25 – Table 6.28 that all three cases of LH2 

engine operate at a lower T4 compared to the Jet-A engine. Especially, for case 1 of LH2 engine i.e., for similar 

thrust production, the T4 is lower (as described above) compared to Jet-A engine because H2 burns much leaner 

than Jet-A. Additionally, it can be observed from Table 6.23, Table 6.25 – Table 6.28 that the thrust values 

drops between Case 1 and Case 3 of LH2, because the effect of lighter LH2 aircraft weight is considered. 

Therefore, T4 drops between Case 1 and Case 3 of LH2, which is expected. In Case 3 of LH2, there are no 

cooling flows (at on-design and all four off-design points) because the engine is operating at significantly 

lower T4 (approximate reduction of 200 K) and the design decision to consider this case specifically in the 
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study, is well supported. Because there are no cooling flows, the engine must consume lesser fuel compared 

to Case 2 of LH2. The drop in thrust values as discussed above for Table 6.23, Table 6.25 – Table 6.28, along 

with the effect of zero cooling flows in Case 3 of LH2, both are attributable to the TSFC drop between Case 1 

and Case 3 of LH2. Overall, these above discussed effects (lower T4 and FAR or Φ, lighter aircraft or thrust 

reduction, and reduction in cooling flows) result in the reduction in TSEC for LH2 Case 1 (of ~ 3-4%) and Case 

3 (of 6-8%), compared to Jet-A engine, which can be observed from Table 6.23, Table 6.25 – Table 6.28.  

Table 6.26. Comparison of engine performance at cruise condition using LH2 fuel (three cases) and 

Jet-A, using the proposed model 

Cruise parameters Units Jet-A 
LH2 

Case 1 Case 2 Case 3 

Mach, altitude - , m 
0.84 at  

10,668 m 

0.84 at 

10,668 m 

0.84 at 

10,668 m 

0.84 at 

10,668 m 

Engine mass flow kg/s 649.7 649.8 602.9 569.7 

Thrust required kN 42.25 40.24 40.15 40.02 

Thrust produced kN 51.61 51.68 51.09 43.12 

TSFC g/kN-s 12.667 4.424 4.351 4.278 

TSEC kJ/kN-s 547.2 530.9 522.1 513.4 

TSEC % difference 

compared to Jet-A 
% - -2.98 -4.59 -6.16 

Fuel consumption kg/s 0.654 0.229 0.222 0.185 

FAR - 0.024099 8.4241E-3 7.9129E-3 6.0565E-3 

Φ - 0.35 0.29 0.27 0.21 

Propulsive efficiency - 0.863 0.863 0.855 0.868 

Core efficiency - 0.605 0.626 0.631 0.641 

Overall efficiency - 0.455 0.469 0.477 0.485 

Transmission 

efficiency 

- 
0.872 0.869 0.884 0.871 

Combustion gas 

velocity 
m/s 231.99 234.68 234.00 219.89 

Residence time ms 0.854 0.842 0.801 0.842 

P3 kPa 2,108.29 2,110.35 2,473.61 2,162.54 

T3 K 838 838 876 843 

T4 K 1,640 1,597 1,588 1,410 

T4/T2 - 6.567 6.394 6.359 5.645 

Cooling flow % 20 20 20 Zero 

LPT inlet temperature K 1,107 1,081 1,066 1,025 

Power off-take kW 150 150 150 150 

 

 As observed from Table 6.23, the engine weight of Case 1 of LH2 is lower than Jet-A engine by 

approximately 30 kg for same thrust production despite both cases having same stage counts of turbomachinery 

and same advanced materials. This is primarily attributable to lower T4 (-47 K) of LH2 Case 1, which results 

in lower aero-thermal and mechanical loading of LPT section in GasTurb 13. In other words, Jet-A engine has 

higher T4 compared to LH2 Case 1. Therefore, the LPT section loading of Jet-A engine is slightly higher than 

LH2 Case 1, which results in ~ 30 kg higher weight. Additionally, the engine weight decreases from Case 1 to 
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Case 3 of LH2. Jet-A and all three cases of LH2 use the same stage counts of turbomachinery and same 

advanced materials. Referring to Table 6.23 i.e., the design point/TOC, it can be observed that the fan diameter 

decreases from Case 1 to Case 3 of LH2. The drop in engine weight is primarily attributable to this decreasing 

fan diameter (huge component in the engine) from Case 1 to Case 3 of LH2. In Case 2 and Case 3 of LH2, as 

described before, the fan diameter is removed as a design constraint/target since Dincer [250], Verstraete [191], 

and Nojoumi [55] mention that for an LH2 powered aircraft, the thrust requirement reduces and that the engine 

becomes smaller in size. In Case 2 and Case 3 of LH2, this chapter is specifically trying to optimise the engine 

as per the thrust requirement of the aircraft and based on the suggestions of above literature. Thus, the fan 

diameter is removed as a design constraint/target. Case 2 and Case 3 of LH2 have the effect of lighter aircraft 

(lower: thrust requirement, engine weight, fan size, and cooling flows) for LH2 use absorbed in them, compared 

to Case 1 of LH2 and Jet-A. 

Table 6.27. Comparison of engine performance at climb condition using LH2 fuel (three cases) and 

Jet-A, using the proposed model 

Climb parameters Units Jet-A 
LH2 

Case 1 Case 2 Case 3 

Mach, altitude - , m 
0.47 at  

5334 m 

0.47 at 

5,334 m 

0.47 at 

5,334 m 

0.47 at 

5,334 m 

Engine mass flow kg/s 904.96 906.71 857.06 798.62 

Thrust produced kN 94.94 95.54 96.96 82.58 

TSFC g/kN-s 9.798 3.413 3.389 3.266 

TSEC kJ/kN-s 423.26 409.58 406.73 391.91 

TSEC % difference 

compared to Jet-A 
% - -3.23 -3.91 -7.41 

Fuel consumption kg/s 0.930 0.326 0.329 0.270 

FAR - 0.024524 8.5724E-3 8.0763E-3 6.2803E-3 

Φ - 0.36 0.29 0.28 0.21 

Combustor length m 0.1981 0.1981 0.1872 0.1851 

Combustion gas 

velocity 
m/s 234.28 237.10 237.14 223.33 

Residence time ms 0.846 0.836 0.79 0.829 

P3 kPa 2,978.50 2,989.01 3,632.44 3,093.35 

T3 K 861 862 910 868 

T4 K 1672 1628 1628 1450 

T4/T2 - 6.315 6.149 6.152 5.478 

Cooling flow % 20 20 20 Zero 

LPT inlet 

temperature 
K 1,129 1,102 1,096 1,054 

Power off-take kW 150 150 150 150 

 

 It is to be noted that the LPT inlet temperatures at all points (on-design and off-design) in engine 

designs listed in Table 6.23, Table 6.25 – Table 6.28, are lesser than 1,350 K which was required for having 

uncooled LPT. This design choice was successful primarily because of the use of future component 

efficiencies. Figure 6.10 shows the Jet-A powered GTF engine overlapped with the three cases of LH2 powered 

GTF engine designed using the proposed model. This figure also shows the diameter of the fan (a design 
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requirement) and length of the engine. The ‘I-section’ of the turbomachinery disk, a design choice, can be 

noticed in Figure 6.10. LH2 engines are, in general, lighter, and colder than baseline or Jet-A engine as seen 

observed from Figure 6.10 and/or Table 6.23. Especially, the optimised LH2 engines (Case 2 and Case 3) are 

smaller, shorter, colder, and lighter than Jet-A engine or LH2 Case 1 engine. 

Table 6.28. Comparison of engine performance at loiter condition using LH2 fuel (three cases) and 

Jet-A, using the proposed model 

Loiter parameters Units Jet-A 
LH2 

Case 1 Case 2 Case 3 

Mach, altitude - , m 
0.6 at  

1500 m 

0.6 at  

1500 m 

0.6 at  

1500 m 

0.6 at  

1500 m 

Engine mass flow kg/s 1,488.32 1,490.63 1,403.87 1,307.75 

Thrust produced kN 114.67 115.46 120.05 98.02 

TSFC g/kN-s 12.175 4.234 4.195 4.067 

TSEC kJ/kN-s 525.94 508.03 503.35 487.98 

TSEC % difference 

compared to Jet-A 
% - -3.41 -4.30 -7.22 

Fuel consumption kg/s 1.397 0.489 0.504 0.399 

FAR - 0.024892 8.6933E-3 8.0066E-3 6.3186E-3 

Φ - 0.36 0.30 0.27 0.22 

Combustor length m 0.1981 0.1981 0.1872 0.1851 

Combustion gas 

velocity 
m/s 237.44 240.26 239.83 226.44 

Residence time ms 0.835 0.825 0.781 0.818 

P3 kPa 4,486.2 4,499.9 5,715.1 4,624.2 

T3 K 905 906 967 911 

T4 K 1,713 1,667 1,665 1,486 

T4/T2 - 5.741 5.586 5.579 4.977 

Cooling flow % 20 20 20 Zero 

LPT inlet 

temperature 
K 1,167 1,139 1,133 1,087 

Power off-take kW 150 150 150 150 
 

Overall, three important effects are noted about the impacts of properties hydrogen on the engine 

performance. The first effect is the 2.78 times higher energy density per unit mass of LH2 in comparison with 

Jet-A. This effect is directly observed in the combustion chamber through TSFC. The second effect is that the 

reduction in TSFC is also attributable to difference in the mass and species conservation in the two different 

fuels. The first two effects are observed for LH2 case 1 engine (same thrust production), where TSFCJet-A = 

2.865 x TSFCLH2. The third effect is an indirect effect of the higher energy density per unit mass of LH2 

compared to Jet-A, resulting in lower aircraft weight for LH2 use in the same aircraft structure (T/W aspect) 

powered by Jet-A. This effect results in lower thrust requirement, engine weight, and fan size. All three effects 

are observed in Case 2 and Case 3 of LH2 engine. Along with these, the reduced thrust requirement enables 

the engine to run colder than Jet-A, Case 1 of LH2 and more importantly the maximum allowable temperatures 

of the CMC used (as advanced material) in the hot-end components. Such low temperatures do not require 
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cooling flows (Case 3 of LH2), and therefore the TSFC further drops. This impact of cooling flows is included 

in Case 3 of LH2. 

 

Figure 6.10. Cross-sectional view of the Jet-A powered GTF engine overlapped with the three cases of 

LH2 powered GTF engine designed using the proposed model  

 The TSFC values in Table 6.23, Table 6.25 – Table 6.28 for Jet-A engine case and all three cases of 

LH2 engine, developed using the present/proposed model at different/all operational points considered in this 

chapter, are inputs to the aircraft weight sizing process discussed in Chapter 7. This enables the estimation of 

fuel burn of the aircraft over one mission. The above discussion concludes the LH2 powered GTF engine on-

design and off-design analysis.  

6.5.3 SPK engine  

 In this section 100% SPK fuel is being investigated. The LCV of 100% SPK fuel is known to be 44.1 

MJ/kg, as compared to LCV of Jet-A of 43.2 MJ/kg. Therefore, slightly lesser mass of SPK fuel must be carried 

at the beginning of the flight mission. Therefore, the SPK aircraft weight at different points in flight mission 

is lesser than the Jet-A case resulting in slight efficiency improvement (discussed in Chapter 7), which is also 

observed in Chapter 4. The process for thrust requirement calculations is discussed in detail, in Chapter 7. 

Tables 6.29, 6.30, 6.31, 6.32, and 6.33 list the comparison of engine performance using Jet-A and 100% SPK, 

at TOC (on-design point), SLS, cruise, climb, and loiter points, respectively. It can be observed from Table 

6.29 – Table 6.31 that the thrust requirement for 100% SPK at TOC, SLS, and cruise is insignificantly lesser 

than Jet-A case. Therefore, the thrust production for the 100% SPK is kept similar to Jet-A case. 

It can be observed from Table 6.29 – Table 6.31 that the engine designs successfully meet the design 

requirements/targets set in Table 6.4. In Table 6.29 – Table 6.31, the engine designs meet the required thrust 

values for 100% SPK, at said mission points considered in these tables. These thrust requirements are 

calculated through the aircraft weight sizing process (details in Chapter 7). 
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Table 6.29. Comparison of engine performance at TOC condition using 100% SPK and Jet-A, 

using the proposed model 

TOC parameters Units Jet-A 100% SPK 

Mach, altitude - , m 0.8 at 10,668 m 0.8 at 10,668 m 

Engine mass flow kg/s 638.1 638.1 

Thrust required kN 55.603 55.24 

Thrust produced kN 55.603 55.603 

TSFC g/kN-s 12.40 12.15 

TSEC kJ/kN-s 535.68 535.82 

Fuel consumption kg/s 0.689 0.676 

Fuel-air ratio (FAR) - 0.025191 0.024684 

Equivalence ratio (Φ) - 0.37 0.36 

OPR - 60 60 

BPR - 17.65 17.65 

FPR - 1.35 1.35 

IPC pressure ratio - 3.296 3.296 

HPC pressure ratio - 13.9 13.9 

Cooling flow % 20 20 

Combustor length m 0.1981 0.1981 

Combustor gas velocity m/s 235.68 235.80 

Residence time ms 0.841 0.841 

P3 kPa 2159.43 2159.43 

T3 K 859 859 

T4 K 1,690 1,691 

T4/T2 - 6.844 6.850 

Bare engine weight kg 4,411 4,410 

Gear ratio - 3.5 3.5 

Fan diameter m 3.36296 3.36296 

LPT inlet temperature K 1,139 1,140 

Power off-take kW 150 150 

 

 The slight increase in LCV (as detailed above) of 100% SPK as compared to Jet-A, improves its TSFC. 

This can be observed from Table 6.29 – Table 6.33. The slightly higher LCV of 100% SPK as compared to 

Jet-A, causes an insignificant rise in their respective T4 which can be observed from Table 6.29 – Table 6.33. 

It can be observed from Table 6.29 – Table 6.33 that the TSEC of both Jet-A and 100% SPK are similar. 

Additionally, it is to be noted that the LPT inlet temperatures at all points (on-design and off-design) in engine 

designs listed in Table 6.29 – Table 6.33, are lower than 1,350 K which was required for having uncooled 

LPT. This design choice was successful primarily because of the use of future component efficiencies. The 

engine diameter doesn’t change between Jet-A case and 100% SPK (design constraint as per Table 6.4). The 

bare engine weight is similar for Jet-A case and 100% SPK as listed in Table 6.29. 
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Table 6.30. Comparison of engine performance at SLS condition using 100% SPK and Jet-A 

SLS parameters Units Jet-A 100% SPK 

Mach, altitude - , m 0 at 0 m 0 at 0 m 

Engine mass flow kg/s 1,526.97 1,526.89 

Thrust required kN 299.9 301.8 

Thrust produced kN 303.9 303.9 

TSFC g/kN-s 5.124 5.022 

TSEC kJ/kN-s 221.36 221.47 

Fuel consumption kg/s 1.557 1.526 

FAR - 0.026912 0.026371 

Φ - 0.39 0.38 

OPR - 47.1 47.1 

BPR - 20 20 

FPR - 1.25 1.25 

IPC pressure ratio - 3.028 3.028 

HPC pressure ratio - 12.769 12.768 

Cooling flow % 20 20 

Combustor length m 0.1981 0.1981 

Combustor gas velocity m/s 241.78 241.91 

Residence time ms 0.82 0.82 

P3 kPa 4,724.82 4,724.26 

T3 K 914 914 

T4 K 1,776 1,777 

T4/T2 - 6.163 6.168 

LPT inlet temperature K 1,213 1,213 

Power off-take kW 150 150 

 

Table 6.31. Comparison of engine performance at cruise condition using 100% SPK and Jet-A 

Cruise parameters Units Jet-A 100% SPK 

Mach, altitude - , m 0.84 at 10,668 m 0.84 at 10,668 m  

Engine mass flow kg/s 649.65 649.67 

Thrust required kN 42.25 42.16 

Thrust produced kN 51.61 51.61 

TSFC g/kN-s 12.667 12.411 

TSEC kJ/kN-s 547.21 547.33 

Fuel consumption kg/s 0.654 0.641 

FAR - 0.024099 0.023613 

Φ - 0.35 0.34 

Combustor length m 0.1981 0.1981 

Combustor gas velocity m/s 231.99 232.11 

Residence time ms 0.854 0.854 

P3 kPa 2,108.3 2,108.4 

T3 K 838 838 

T4 K 1640 1641 

T4/T2 - 6.567 6.572 

Cooling flow % 20 20 

LPT inlet temperature K 1,107 1,108 

Power off-take kW 150 150 
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Table 6.32. Comparison of engine performance at climb condition using 100% SPK and Jet-A, 

using the proposed model 

Climb parameters Units Jet-A 100% SPK 

Mach, altitude - , m 0.47 at 5,334 m 0.47 at 5,334 m 

Engine mass flow kg/s 904.96 904.99 

Thrust produced kN 94.94 94.95 

TSFC g/kN-s 9.798 9.599 

TSEC kJ/kN-s 423.27 423.32 

Fuel consumption kg/s 0.930 0.912 

FAR - 0.024524 0.02403 

Φ - 0.36 0.35 

Combustor length m 0.1981 0.1981 

Combustor gas velocity m/s 234.3 234.4 

Residence time ms 0.846 0.846 

P3 kPa 2,978.5 2,978.8 

T3 K 861 861 

T4 K 1672 1673 

T4/T2 - 6.315 6.321 

Cooling flow % 20 20 

LPT inlet temperature K 1,129 1,129 

Power off-take kW 150 150 

 

Table 6.33. Comparison of engine performance at loiter condition using 100% SPK and Jet-A, using 

the proposed model 

Loiter parameters Units Jet-A 100% SPK 

Mach, altitude - , m 0.6 at 1,500 m 0.6 at 1,500 m  

Engine mass flow kg/s 1,488.32 1,488.41 

Thrust produced kN 114.67 114.70 

TSFC g/kN-s 12.175 11.929 

TSEC kJ/kN-s 525.96 526.07 

Fuel consumption kg/s 1.396 1.368 

FAR - 0.024892 0.024394 

Φ - 0.36 0.36 

Combustor length m 0.1981 0.1981 

Combustor gas velocity m/s 237 237.6 

Residence time ms 0.835 0.834 

P3 kPa 4,486 4,487 

T3 K 905 905 

T4 K 1,713 1,715 

T4/T2 - 5.741 5.746 

Cooling flow % 20 20 

LPT inlet temperature K 1,167 1,167 

Power off-take kW 150 150 

 

6.5.4 Trend of engine technology development 

Figure 6.11 shows the trend of engine technology development with different efficiency metrics during 

cruise for engines entered in service till date (data source [211]) and engines modelled in this chapter. The 
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effective propulsive efficiency is the product of propulsive efficiency and transmission efficiency, and the core 

efficiency represents the engine thermal efficiency. The overall efficiency is the product of the effective 

propulsive efficiency and core efficiency. The said efficiency metrics at cruise for all engines designed in this 

chapter are listed in Table 6.26. According to a study by Benzakein [115], UHB engine are expected to have 

overall efficiency in the range of 0.4 – 0.48 (depending on the BPR and OPR combinations). It can be observed 

from Figure 6.11 that the overall efficiencies of the UHB engines modelled in this chapter (UHB GTF powered 

by Jet-A, 100% SPK, and three LH2 cases) are similar to the expected values. It is to be noted that the UHB 

GTF Jet-A and 100% SPK engines in Figure 6.11 are represented by the same point (similar efficiencies as 

expected). The different efficiency metrics during cruise for all aircraft engines in Figure 6.11 are included in 

Appendix B.6 in Table B.5. 

 

Figure 6.11. Trend of engine technology development with different efficiency metrics during cruise 

for engines entered in service till date (data source [211]) and engines modelled in this chapter 

6.5.5 Limitations of the present chapter 

 The estimation of the engine performance (TSFC, weight, thermodynamic properties, etc.) is 

conducted using GasTurb (zero-dimensional and/or one-dimensional analysis). Such level of analysis use 

simplistic loss models for the performance analysis. In high-fidelity analysis of engine performance, 

performance loss due to shock waves and air-foil geometry (used in turbomachinery) are also accounted. These 

affect the engine performance and geometry (weight). Additionally, the engine performance during climb, 

cruise, and loiter, are considered to be average performance values. Overall, the engine performance estimation 

in this chapter is a low-fidelity analysis and errors in engine performance metrics are expected. 
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6.6 Chapter summary and conclusion 

          The present chapter begins with a literature review on NextGen propulsion systems and fuel systems, 

hydrogen powered engines, and aircraft and gas turbine engine design process. Thereafter, more details of the 

NASA N+2 BWB aircraft and engine technology are discussed. Based on these discussions, design 

requirements are set for the aircraft and engine design. Because this chapter is focussed specifically on the 

conceptual engine design, the engine design data is then listed and discussed thoroughly considering future 

technological improvements for individual components in the aircraft engine. In the research methodology, a 

UHB GTF engine model has been proposed and developed using GasTurb 13 software. After the 

model/methodology is proposed, the model is validated using two engine cases from literature. This establishes 

model’s accuracy and builds a scientific confidence in the model.  

 After conducting the model validation, the results of the UHB GTF engine design for the set research 

objectives and design requirements are considered. In this chapter, engine designs of the future (N+2 

timeframe) for conventional jet fuel, LH2 fuel, and 100% SPK (separately), are developed using advanced 

material and future component efficiencies. The results comprise of performance analysis at on-design point 

and all off-design points. For Jet-A and 100% SPK, the results at on-design point and all off-design points are 

similar, as expected since their properties are similar. Three important effects of LH2 fuel properties on the 

engine TSFC relative to Jet-A are observed. The first effect is due to the higher gravimetric energy density 

during combustion. The second effect is due to the difference in mass and species conservation that governs 

the specific heat of combustion products. The third effect is an indirect effect of the higher gravimetric energy 

density of LH2 (compared to Jet-A), resulting in lower LH2 aircraft weight (reduced thrust requirement, engine 

weight, and fan size) for meeting the T/W of the baseline Jet-A aircraft structure. The first two effects are 

applicable to case 1 LH2 engine (same thrust production as that of Jet-A, where TSFCJet-A = 2.865 x TSFCLH2) 

and all three effects are applicable to case 2 and 3 LH2 engines. The TSEC for optimised (case 3) LH2 engine 

is 6-8% lesser than Jet-A. 

 Along with these, the reduced thrust requirement enables the engine to run colder than Jet-A, Case 1 

of LH2 and more importantly the maximum allowable temperatures of the CMC used in the hot-end 

components. These low temperatures do not require cooling flows, and therefore the TSFC further drops. This 

impact of cooling flows is included in Case 3 of LH2. Additionally, it was observed that with LH2 engine 

reaching its optimised design case i.e., from Case 1 to Case 3 of LH2, the TSFC drops further, along with a 

reduction in engine length, fan diameter, and bare engine weight. The results show that LH2 engines are, in 

general, lighter and colder than baseline or Jet-A engine as. More specifically, it is seen that the optimised LH2 

engines (Case 2 and Case 3) are smaller, shorter, colder, and lighter than Jet-A engine or LH2 Case 1 engine.  

 In this chapter, hydrogen powered gas turbine engine cycle (with above cases and findings) is studied 

in great detail. Additionally, a simple ‘major species’ combustion model quantitatively explains the reasons 

behind the drop in hydrogen combustor temperature or increase in the specific heat of combustion products of 

hydrogen, for same thrust production, compared to Jet-A. Thus, this chapter has significantly expanded the 
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pool of knowledge on hydrogen powered gas turbine engines, and it is likely to guide future research on 

hydrogen engines, and emissions and contrails modelling. 

 Lastly, with respect to 100% SPK, the effect of slightly higher LCV compared to Jet-A (TSFC 

improvement and lighter aircraft) was primarily observed via improved TSFCs, where the engine designs 

successfully meet the design requirements/targets. The thrust production and engine size/weight for 100% SPK 

was similar to Jet-A case, as thrust requirements were similar.  

 In the next chapter, aircraft weight sizing is conducted (or mission fuel burn analysis) for Jet-A, 100% 

SPK, and three cases of the LH2 engines, using TSFC values and engine weights for respective fuel and aircraft 

operating/mission points in the future BWB LTA long-range aircraft. 
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Chapter 7. Operational energy consumption modelling of a BWB aircraft 

7.1 Introduction 

7.1.1 Background 

 As discussed in Chapter 6, the scope of the present chapter is limited to the conceptual design phase 

of a long-range 300 passenger aircraft using futuristic BWB aircraft technology. The engine to be used on the 

BWB aircraft is discussed in Chapter 6 and aircraft data is detailed in this chapter. The aircraft design process 

has been reviewed in Chapter 6 section 6.2.3. The present chapter comprises of the conceptual design of the 

future (N+2 timeframe) BWB aircraft. In this context, conceptual design in this chapter is limited to the aircraft 

weight sizing (reviewed in section 7.2.2) for the estimation of the aircraft operational energy consumption. 

This chapter does not conduct detailed aircraft structural and stability examination. 

 A literature review directly related and specific to the current chapter is carried out in section 7.2. The 

literature review includes review on: LH2 powered aircraft studies and conceptual aircraft design process. The 

review on SPK fuel performance characteristics has been conducted in Chapter 4 and review on SPK fuel 

properties is conducted in Appendix B.4. There are no prior studies that specifically model the performance of 

a BWB aircraft completely powered by LH2 fuel and 100% SPK (separately), for long-range (14,000 km) 

travel of ~300 passengers. In both Chapters 4 and 5, it was observed that the GTOW of LH2 aircraft 

significantly reduces (or thrust requirement reduces) which necessitates a more detailed design and 

optimisation of an LH2 aircraft for meeting T/W of the aircraft.  

 The above findings and limitations of previous chapters motivate chapters 6 and 7. As discussed, the 

combined objective of Chapter 6 and the current chapter is to develop energy consumption models of an LTA 

long-range BWB aircraft using conventional jet fuel, 100% SPK, and LH2 fuel, separately. Additionally, the 

results of Chapters 6 and 7 are useful to meet research objective 3 and 4, respectively, that are discussed in 

Chapter 1. The future technologies used for modelling the aircraft (and sub-systems) are well established and 

supported through publications. Chapter 6 and the current chapter address the propulsion aspect and aircraft 

weight sizing aspect of the conceptual aircraft design process, respectively. In Chapter 6 and in the current 

chapter, an engine model and aircraft’s operational energy consumption model are developed, respectively, 

for conventional jet fuel, 100% SPK, and LH2 fuel. In Chapter 6, a model of a future (N+2 timeframe) UHB 

GTF engine is developed and is further used to develop designs of the future for conventional jet fuel, 100% 

SPK, and LH2 fuel, which are useful to meet the objectives of both Chapter 6 and the current chapter and to 

meet the set design specifications.  

7.1.2 Chapter structure 

 This chapter is focussed specifically on the conceptual design of a BWB aircraft. The current chapter 

begins with a literature review in section 7.2 on LH2 powered aircraft studies, and the conceptual aircraft design 

process. Thereafter, more details of the selected future (N+2 timeframe) BWB aircraft is listed and discussed 

comprehensively in section 7.3. Based on this discussion and the discussion from Chapter 6, the design 
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requirements are set for the aircraft. After the design requirements are set, data such as structural weights of 

different components/systems of BWB aircraft, and BWB aircraft geometry are then listed and discussed 

thoroughly along with flight mission profile, LH2 tank design model from literature, and the physics-based 

equation for service ceiling aircraft thrust requirement calculation. This is followed by the aircraft weight 

sizing methodology, which is discussed comprehensively in section 7.4. Thereafter, BWB aircraft design 

details of the future (N+2 timeframe) powered by conventional jet fuel, 100% SPK, and three cases of LH2 

fuel are included in results and discussion in section 7.5. Additionally, the BWB aircraft powered by 

conventional jet fuel, 100% SPK, and LH2 fuel (three cases) are operated at different off-design cases of typical 

range and payload combinations for typical long-range LTA aircraft. Thereafter, a final evaluation i.e., a sanity 

check is conducted where the relationship between the OEW and GTOW is analysed for the aircraft designed 

in this thesis, literature, and aircraft that have already entered in service (for conventional jet fuel, 100% SPK, 

and LH2 fuel).  

7.2 Literature review on conceptual aircraft design process and LH2 aircraft performance 

7.2.1 LH2 powered BWB aircraft 

 Studies on LH2 powered long-range tube-wing LTA aircraft have been reviewed in Chapters 4 and 

5. The study by Beck et al. [217] conducts an examination of a LH2 powered BWB aircraft (combustion based). 

The aircraft design developed is a large quad or VLTA BWB aircraft type, which has a capacity similar to a 

Boeing 747 aircraft. Additionally, the BWB uses high BPR engines partially embedded into the airframe for 

implementing BLI. The authors do not actually model the LH2 powered engine. Instead, they calculate the SFC 

by scaling the SFC of the engine powered by the conventional jet fuel, by using the ratio of gravimetric energy 

densities of hydrogen and conventional jet fuel. This study cannot be used for a direct comparison because the 

authors design a large quad or VLTA BWB aircraft (capacity similar to a Boeing 747) using high BPR engine 

with BLI, whereas the current chapter considers an LTA aircraft (capacity similar to a Boeing 777) using UHB 

GTF engines podded on the aircraft i.e., without a BLI. Therefore, because of this difference, no direct 

comparison can be made.  

7.2.2 Review of aircraft conceptual design process 

 The initial stage of the aircraft design process is called as ‘conceptual design process’ and ‘preliminary 

sizing’ by Raymer [201] and Roskam [198] respectively. In most cases, the conceptual design begins with 

specific design requirements. These are set by a company-generated models, market research/survey, or by the 

prospective customer, towards the future needs of the customers. The design requirements comprise 

parameters like the aircraft range, payload, speed requirements, etc. for civil or military applications. Figure 

7.1 depicts the conceptual design process in more detail. In some cases, a design may be initiated as an 

innovative idea instead of a response to a given requirement. For example: the aircraft project called ‘flying 

wings’ was not conceived in response to a requirement. It was a product of Northrop’s idea of a ‘better 
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airplane’. Before initiating a new aircraft design, a decision has to be made as to what technologies will be 

used depending on the timeframe in which the aircraft is expected to enter in service [184], [201].   

 The effort for the actual conceptual design begins with a conceptual sketch. This is a rough illustration 

of what the design might look like. A good conceptual sketch will include the approximate geometries, shape, 

and locations of the major aircraft components (ibid). The conceptual sketch may be used to evaluate the 

weight fractions and aerodynamics by comparing it to prior designs. These approximate evaluations are helpful 

for providing a first estimate of the necessary fuel weight and total weight for performing a designed mission, 

by a process known as ‘sizing’. The conceptual sketch might not be even required for the initial sizing if the 

design resembles a prior design (ibid). The initial sizing gives the specific data required for developing an 

initial design layout, which is a three-view engineering drawing completed with geometries, shapes, and 

locations of the major aircraft components, and any other internal components that are large enough to affect 

the overall shaping of the aircraft. It is used to verify that everything fits [201]. 

 

Figure 7.1. Conceptual aircraft design process (source [201]) 

 This initial layout is examined to find out whether it will perform the mission as predicted by the first-

order sizing. The actual weights, aerodynamics, and installed propulsion features are examined and are 

subsequently used for carrying out a detailed sizing calculation. Moreover, the performance capabilities of the 

design are estimated and compared to the mentioned requirements. Optimisation is used to find the lightest 

aircraft that will perform the design mission while meeting all performance requirements. The outcome of the 

optimisation comprises a better estimate of the necessary fuel weight and total weight for meeting the design 

mission. These also include necessary revisions to the wing and engine sizes. This often would require a fresh 

or revised design layout within which the designer implements these modifications and other changes 

recommended by other efforts. The revisions to the drawing, after some iterations, are then evaluated in detail 

by specialists, where they ensure that the design under consideration meets the requirements of their specialty. 

The final product of these efforts will be an aircraft design which can confidently be handed over to the next 
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phase i.e., the preliminary design stage. Although further changes can be expected in the preliminary design 

phase, significant revisions will not take place if the efforts in the conceptual design phase have been successful 

(ibid). 

7.3 Design requirement and known data 

7.3.1 Design requirement 

 The design requirement/specification is a necessary step for initiating the design process which can be 

observed from Figure 7.1, and Figures 6.3 to 6.6 (in Chapter 6). In terms of the future aircraft configuration, 

NASA N+2 BWB aircraft powered by UHB GTF engine for 301 passengers is selected. The aircraft technology 

selection is discussed in Chapters 2 and 6. Additionally, a significant amount of data on the aircraft design for 

conducting a conceptual design study is available from NASA’s studies [130], [199], [247]–[249], [287]. The 

design characteristics of the long-range NASA N+2 BWB-GTF aircraft and Boeing 777-200LR (datum used 

by NASA), for 301 passengers are listed in Table 6.1 and discussed in Chapter 6, and based on this discussion, 

design requirements are set for the conceptual design of the BWB aircraft listed in Table 6.3 (in Chapter 6).  

 It is to be noted that the length or the aircraft geometric details of the NASA N+2 BWB-GTF aircraft 

are not known directly from NASA’s study [130]. NASA’s project has evolved over a period of ten years and 

this project has been published through a series of publications that can be found in resources [130], [199], 

[247]–[249], [287]. A study by June et al. [288] reveals a three-view engineering drawings of the NASA N+2 

BWB-GTF aircraft that seats 301 passengers. Knowing the aircraft span, the other geometric information of 

the aircraft will be estimated via reverse engineering. Using the three-view engineering drawing, the outer 

mould line of the aircraft is developed in SolidWorks 2019 (discussed ahead). Additionally, the wetted area of 

the NASA N+2 BWB-GTF aircraft is not known through studies [130], [199], [247]–[249], [288]. Therefore, 

this will be calculated from the geometric model developed in SolidWorks 2019 in this chapter. 

Table 7.1. BWB aircraft design requirements 

Characteristics Value 

Range 7,500 nmi or 13,890 km 

Passengers 301 

Powerplant two GTF engines 

Fuel type 1. Conventional jet fuel 

2. LH2 

3. 100% SPK 

Cruise Mach and altitude 0.84 at 10,668 m (35,000 ft) 

Payload weight 53,570 kg 

Wingspan 76.2 m 

Length 37.465 m 

S 944.73 m2 

AR 6.1 
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 In the current chapter, the design requirement is to carry out a conceptual design of an LTA BWB aircraft 

for transporting 301 passengers over a range of 7,500 nmi or 13,890 km. This aircraft should be powered by 

LH2 fuel and 100% SPK (separately).  

 For developing the design of the 100% SPK and LH2 aircraft, a baseline case is required where this 

BWB aircraft is powered by conventional jet fuel. Modifications to the baseline case are made for the use of 

100% SPK and LH2 fuel, where the modifications are based on published literature. The BWB aircraft design 

requirements are summarised in Table 7.1, and these are based on Table 6.1 and Table 6.3 (in Chapter 6). It is 

to be noted that the GTOW and OEW from Table 6.1 are not listed in Table 7.1 because these are expected to 

change since the weights of the two engines have reduced as observed in Chapter 6 (use of lighter materials 

and future component efficiencies). The ratio of WF,block to WF,total of the Jet-A NASA N+2 BWB aircraft is 0.9 

[130]. In this chapter, similar value for the said ratio is used during the iteration process of the weight sizing 

process for estimating the aircraft operational energy consumption (discussed in section 7.4). For the BWB 

conventional jet fuel (baseline) case of this chapter, except for the engine weights and WF,total, there is no other 

change compared to the Jet-A BWB aircraft [130] (data in Table 6.1 and Table 6.3 in Chapter 6). In case of 

100% SPK and LH2 fuel, modifications are required to the aircraft which change the GTOW, which are 

discussed later.  

7.3.2 Flight mission profile 

 

Figure 7.2. Multi-segment flight mission profile  

 A simple multi-segment flight mission profile is considered in this chapter, which is represented in 

Figure 7.2. The mission begins with engine start and warm-up followed by taxi-out. Thereafter, the aircraft 

takes-off from the runway and climbs to the design cruise altitude of 10,668 m (or 35,000 ft as per set design 

requirements in Table 7.1). The mission design range is 13,890 km as discussed earlier, which is covered only 
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during climb and cruise (primarily in cruise). After cruising, the aircraft descends to a loiter altitude. A standard 

value of 30 minutes loiter (or additional cruise) at an altitude of 5,000 feet (~1,500 m) at Mach 0.6 [272], [289], 

is considered in this chapter. The resulting loiter range is ~362 km as per calculations. After the loiter is 

completed, the aircraft approaches the runway for landing. Once the aircraft lands, it is taxied into the gate 

followed by engine shutdown. Overall, in this chapter, the contribution of flight range or distance to the total 

design range during flight segments except climb and cruise, is considered negligible. The loiter phase is an 

additional flight operation outside of the design range because it is carried out only when the aircraft has to 

wait for receiving clearance to land on the runway. This flight mission profile is used for the calculation of 

WF,block i.e., aircraft’s block fuel consumption. 

7.3.3 Service ceiling thrust equation 

 The service ceiling for a transport jet is defined as the altitude at which the maximum rate of climb 

(RoC) is 500 ft/min (2.54 m/s) for jet powered aircraft [290]. In the current chapter, the engine thrust 

requirement at TOC point for the LH2 BWB aircraft is based on two separate calculations. The first method is 

using the service ceiling thrust equation i.e., equation 7.1 below, and the second method is using T/W of the 

baseline (conventional jet fuel) BWB aircraft. Both predictions are found to be of similar magnitude, however, 

the maximum of the two values is selected as the thrust required to be produced by the engines at TOC point. 

Chapter 6 and the current chapter are interdependent as mentioned before, and the TOC thrust requirement 

calculation process is one of the links between these two chapters. The derivation of the service ceiling thrust 

equation (based on resource [290]) is included in Appendix C (section C.2). The aircraft thrust (T) at service 

ceiling is given by,  

𝑇 = 𝑊

(

 
 
 
RoC

𝑉∞
+

√1 − (
𝑅𝑜𝐶
𝑉∞
)
2

(𝐿/𝐷)𝑚𝑎𝑥

)

 
 
 

 (7.1) 

where V∞ is flight speed and W is aircraft weight at service ceiling. 

 As discussed before, in this chapter equation 7.1 will be used as one of the two methods for estimating 

the TOC thrust requirement. It can be observed from equation 7.1 that the thrust equation depends on four 

parameters: aircraft weight, rate of climb, flight speed, and the maximum lift to drag ratio i.e. (L/D)max of the 

aircraft. Because this chapter uses first order modelling methods, for climb: 

• An average climb speed of Mach 0.47 (calculation discussed in section 6.4.3 in Chapter 6). 

• The aircraft weight is an average weight of aircraft during climb (between the ‘end-point of take-off’ and 

‘beginning-point of cruise’). This aircraft weight and (L/D)max are known from the weight sizing process. 

• The RoC at service ceiling conditions for a transport jet, by definition (discussed above), is 500 ft/min 

(2.54 m/s). 
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7.3.4 Data known 

7.3.4.1 Structural weight of different BWB aircraft sections 

 Even though OEW, payload weight, and GTOW of N+2 BWB-GTF aircraft (301 passengers) is 

known from resource [130], the structural weight of different components or sections of the NASA N+2 BWB-

GTF aircraft is required in the LH2 aircraft design process primarily for restructuring the aircraft for the 

installation of LH2 tank and insulation. NASA’s study [130], which is used as a reference study for setting the 

design requirements for the current chapter, uses the ‘Hybrid wing body Conceptual Design and structural 

optimisation’ (HCDstruct) tool for modelling the BWB structure. The structural weights of different sections 

of NASA N+2 301 passenger BWB aircraft using HCDstruct is published in resource [247], which is 

summarised in Table 7.2. The resource [247] includes the structural analysis of the NASA N+2 301 passenger 

BWB aircraft which is based on a model validated with two separate BWB design cases. The structural addition 

to the BWB aircraft due to the LH2 integral tank systems, comes in the form of a weight penalty. Verstraete 

[65] uses a weight penalty of 6% of the fuselage weight (of a tube-wing aircraft) to account for the additional 

structure required for attaching the structure of the integral LH2 tank systems with the fuselage structure. In 

the current chapter, for the BWB aircraft the LH2 tanks are installed in the inner wings and aft body. Therefore, 

the additional structural weight for installing the integral LH2 tank systems is calculated to be 1,632 kg which 

is 6% of 27,220 kg (cumulative weight of the wings and aft body). 

Table 7.2. Structural weights of different sections of NASA N+2 301 passenger BWB aircraft  [247] 

System BWB aircraft section Weight (kg) 

1 Centre body 22,703 

2 Cockpit 905 

3 Aft body 4,074 

4 Wing 23,146 

5 Additional structural weight for installing integral LH2 tank systems 1,633 

[= 6% of 27,220 (3+4)] 

 

7.3.4.2 Structural weight of the conventional jet fuel and 100% SPK tank in BWB 

 The structural weight of the conventional jet fuel tank is important because this weight must be 

subtracted from the baseline BWB aircraft (powered by conventional jet fuel) and at the same time adding the 

LH2 tank systems weight, while modelling the LH2 aircraft. The structural weight of the conventional jet fuel 

tank in NASA N+2 301 passenger BWB aircraft is not known from any of NASA’s studies [130], [199], [247]–

[249], [287]. Goraj [203] conducts design and optimisation of fuel tanks for BWB aircraft. Through their BWB 

aircraft design, Goraj finds that the weight of the conventional jet fuel tank systems is 284 tonnes (fuel weight 

and structural weight of tank) for fuel mass of 280 tonnes. Therefore, the structural weight of the conventional 

jet fuel tank is 4 tonnes for 280 tonnes of fuel mass. Referring to Table 6.1 WF,total (of conventional jet fuel) for 

NASA N+2 301 passenger BWB aircraft is 73,965 kg. Therefore, for maintaining the same non-dimensional 
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ratio of fuel weight and structural weight of tank of the study by Goraj, the structural weight of conventional 

jet fuel tank of the NASA N+2 301 passenger BWB aircraft is calculated to be 1,057 kg (~1.057 metric tonne).  

 Additionally, for 100% SPK there is a need for extra tank system. The additional tank weight will be 

estimated using the findings of the study by Goraj [203] discussed above. It will be observed in section 7.5 

that this additional increase in tank weight for accommodating 100% SPK at mission start i.e., WF,total (slightly 

less mass dense as discussed in Chapters 4 and 6), at start is insignificant (19 kg increase). 

7.3.4.3 LH2 tank systems weight 

 A study by Khandelwal et al. [64] reviews different types of hydrogen tanks for aviation applications 

(configuration, shape, insulation, and tank materials). Another study by Verstraete et al. [66] examines 

different types of tank and insulation materials for hydrogen tanks for sub-sonic aviation application. Both 

studies suggest that integral type of hydrogen tanks of cylindrical shape with elliptical caps/heads are preferred 

for aviation applications. Aluminium alloy is the preferred tank wall material. An external tank insulation 

configuration using foam as the insulating material is preferable for the LH2 tank to be used on a sub-sonic 

aircraft. These findings are used towards the selection of hydrogen tank type in this chapter.  

 It is observed from Table 5.1 (Chapter 5) that foam-based cryogenic tanks for LH2 aircraft with range 

greater than 9,000 km have 0.74 < η < 0.881. The study by Beck et al. [217] models an LH2 powered BWB 

VLTA aircraft (design range 11,400 km for 531 passengers) that has tank η = 0.77. Advances in lighter and 

stronger composite materials have recently shown LH2 cryogenic tank η = 0.92 for manufactured tanks [204] 

(which could improve in future), and that too for a small size tank (diameter 1.2 m and length 2.4 m). A study 

by Sjöberg et al. [205] model a light weight LH2 tank (4.7 m length and 3 m diameter) using composite 

materials with η = 0.94 for a full tank, in comparison with metallic tank having η = 0.71. For LH2 cases in this 

chapter, an average η = 0.78 with insulation thickness of 8.1 cm is used according to the study by Verstraete 

et al. [66] towards the estimation of the cryogenic tank systems weight for given WF,total. Using η = 0.78 for a 

given (capacity) WF,total, the unknown i.e., tank weight, can be estimated. 

7.3.4.4 BWB aircraft geometry 

7.3.4.4.1 Selection of BWB air-foils  

 In terms of aircraft geometry, the data for NASA N+2 BWB-GTF aircraft is not completely known 

from (NASA) study by Nickol et al. [130] (used as a reference study for setting design requirements in the 

current chapter). One of the designers/authors of NASA’s BWB known from resource [130], was associated 

with Garmendia’s PhD thesis [291], where the t/c of the BWB 301 is revealed. 

 The t/c ratio of the transonic air-foils used for BWB geometric modelling in this chapter is provided 

in Figure 7.3. Figure 7.3 shows the comparison of the t/c from the study by Garmendia and t/c used in this 

chapter. At the aircraft root 11.5% t/c is recommended by Garmendia and the same t/c is used here (air-foil 

coordinates source [292]). At the end of cabin (y/semi-span of 18%), 15% t/c is recommended by Garmendia 

and 15.5% t/c is used here as this is the closest available transonic air-foil in open literature (air-foil coordinates 
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source [293]). For outer wings 8% t/c is recommended by Garmendia and the same t/c is used here (air-foil 

coordinates source [294]). 

 

Figure 7.3. Thickness to chord (t/c) ratio of the transonic air-foils along the span for BWB geometric 

modelling (using data from [291]) 

7.3.4.4.2 Other geometric dimensions  

 

Figure 7.4. Cabin layout of NASA N+2 BWB aircraft for 301 passengers where dimensions are in 

inches (source [287], Copyright: work of the US government and public use is permitted) 

 In terms of the geometric dimensions, except the span no other dimension are known for the NASA 

N+2 BWB-GTF aircraft from resources [130], [199], [247]–[249], [287]. The span of the aircraft under design 

consideration is known to be 76.2 m. Recently, a study by June et al. [288] reveals a three-view engineering 
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drawings of the NASA N+2 BWB-GTF aircraft that seats 301 passengers. Knowing the aircraft span, the other 

geometric information of the aircraft will be estimated via a reverse engineering approach. Using the three-

view engineering drawing, the outer mould line of the aircraft will be developed in SolidWorks 2019. Figure 

1 in resource [288] shows the three-views of NASA N+2 BWB-GTF aircraft for 301 passengers. From the top 

view of this figure, the aircraft outer mould line (OML) can be traced in SolidWorks 2019 by setting the aircraft 

span to 76.2 m. Once the OML is traced with the known span as reference, the remaining geometric information 

can be obtained. Based on the front and top view of the aircraft, the air-foils are positioned along the spanwise 

direction (known from section 7.3.4.4.1). Figure 7.4 shows the cabin layout of NASA N+2 BWB aircraft for 

301 passengers. It is to be noted that the dimensions in the said figure are in inches. The length of the cabin is 

23.67 m, and the maximum cabin width is 14.11 m. 

7.4 Aircraft weight sizing methodology  

 The aircraft weight sizing process is not only iterative but also there is interaction between the 

different systems of aircraft with each other (viz. aerodynamics, propulsion, weight, etc.). The 

schematic/methodology is based on the sizing method of Raymer [201] and Roskam [198]. In this chapter, 

three cases of LH2 fuel (as discussed in Chapter 6) are analysed. 

 Figure 7.5 shows the weight sizing process schematic for aircraft powered by conventional jet fuel, 

100% SPK, and LH2 (all three cases). In the case of aircraft powered by conventional jet fuel, the sizing is 

straightforward using the methods of Raymer [201] and Roskam [198] because of data availability. For using 

LH2, there are modifications required to be made to the baseline (conventional jet fuel) aircraft structure. 

Therefore, the LH2 aircraft sizing has some new sub-components within the process schematic as observed 

from Figure 7.5, though it includes the steps covered in the sizing of conventional jet fuel aircraft. It can be 

observed that Figure 7.5 includes T/W consideration in the iteration process for the two hydrogen aircraft cases, 

which isn’t included for case 1 LH2, as per definition of each LH2 aircraft case.  Additionally, in Figure 7.5, 

for 100% SPK minor modifications to tank system are required as the density of 100% SPK is slightly lesser 

than Jet-A as discussed in Chapter 6 and in section 7.3.4.2. The sub-components of Figure 7.5 are discussed 

below in detail case by case. 
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Figure 7.5. Weight sizing process schematic for aircraft powered by conventional jet fuel, 100% SPK, 

and liquid hydrogen (all three cases) 
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7.4.1 Propulsion 

 The propulsion aspect of the weight sizing process is described in detail in Chapter 6. UHB GTF 

engines are designed for the set research objectives and design requirements, which powers the BWB aircraft 

using conventional jet fuel, 100% SPK, and LH2 fuel (separately). The results for engines fired by conventional 

jet fuel, 100% SPK, and LH2 fuel comprise of performance analysis at on-design point and all off-design 

points, along with the engine weight. The TSFC at all points in the flight mission profile (discussed in section 

7.3.2) are input to the weight sizing process. More specifically, they are inputs to Breguet’s range equation 

(discussed ahead in detail) which is used for estimating the fuel mass consumed during the aircraft operation. 

Additionally, the engine weights are inputs to the aircraft weight sizing process, as these contribute to GTOW 

of the aircraft which determines the fuel consumed over the flight mission.  

7.4.2 Aerodynamics 

 In terms of aerodynamics, L/D is calculated using standard equations at three operating conditions: 

climb, cruise, and loiter. The drag is estimated using equation 4.2 and 4.3 (in Chapter 4) assuming there is no 

wave drag. The wave drag modelling is a high order or high-fidelity analysis, which is beyond the scope of 

this chapter and thesis. AR, e, and Cf are respectively known to be 6.1 (Table 7.1), 0.85 (for LTA aircraft 

[194]), and 0.0025 (modern/advanced large transport jets [221]). Swet, is estimated from the aircraft geometric 

model developed in SolidWorks 2019. S is known from Table 7.1 to be 944.73 m2 for the NASA N+2 BWB-

GTF aircraft. GTOW can be calculated once the weights of all aircraft systems are known. The lift coefficient 

is given by equation 4.4 (Chapter 4). Knowing the Mach number and altitude for climb, cruise, and loiter, both 

V and 𝜌𝑎 are known. The aircraft weight at climb, cruise, and loiter, is the average weight (of start and end of 

each operation) of the aircraft during each of the three conditions, estimated from the weight sizing process. 

After both the lift coefficient and drag coefficient are calculated, L/D is calculated for the climb, cruise, and 

loiter. In cruise, T/W ratio is equal to the reciprocal of the L/D ratio of the aircraft. The (minimum) thrust 

requirement at cruise is calculated from the estimated L/D and aircraft weight, as both are known from the 

weight sizing process.  

7.4.3 Fuel fraction for Jet-A, SPK and LH2 

 The fuel fraction (FF) is a measure of the fuel consumed during a given aircraft operation. For example: 

FF value of 0.995 for taxi-out operation means that the weight of fuel consumed during taxi-out operation is 

(1-0.995 =) 0.5% of the aircraft weight at the beginning of taxi-out operation. FF can be used for individual 

aircraft mission segments such as taxi, cruise, descent, etc. and/or for the entire mission. The product of FFs 

for all mission segments represents the FF of the aircraft over the entire mission. For example: If the product 

of all FFs is 0.8 then it means that the weight of fuel consumed during entire mission is (1-0.8 =) 20% of the 

aircraft weight at the beginning of the mission. 
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Table 7.3. Fuel fraction provided by Roskam [198] with recommended modifications to Roskam’s 

FFs for Jet-A, and FFs recommended for LH2 

Segment Operation 
Roskam’s FFs 

(Jet-A) [198] 

Modified FFs 

(Jet-A) 

FFs 

(LH2) 

1 Engine start and warmup 0.99 0.9964 0.9987 

2 Taxi-out 0.99  0.9964 0.9987 

3 Takeoff 0.995  0.9982 0.9994 

4 Climb 0.98  M
ff,climb

 M
ff,climb

 

5 Cruise M
ff,cruise

 M
ff,cruise

 M
ff,cruise

 

6 Descent 0.99  0.9964 0.9987 

7 Loiter M
ff,loiter

 M
ff,loiter

 M
ff,loiter

 

8 Land, taxi-in, engine shutdown 0.992 0.9971 0.9989 

Overall FF Product (1-8) Product (1-8) Product (1-8) 

 

Table 7.4. Fuel fraction (FF) provided by Roskam [198] with recommended modifications to 

Roskam’s FFs for Jet-A, and FFs recommended for 100% SPK 

Segment Operation 
Modified FFs 

(Jet-A) 

FFs 

(100%SPK) 

1 Engine start and warmup 0.9964 0.9965 

2 Taxi-out 0.9964 0.9965 

3 Takeoff 0.9982 0.9982 

4 Climb M
ff,climb

 M
ff,climb

 

5 Cruise M
ff,cruise

 M
ff,cruise

 

6 Descent 0.9964 0.9965 

7 Loiter M
ff,loiter

 M
ff,loiter

 

8 Land, taxi-in, engine shutdown 0.9971 0.9972 

Overall FF Product (1-8) Product (1-8) 

 

 Roskam [198] provides the FFs for a transport jet using conventional jet fuel (Jet-A). Roskam’s FFs 

for all mission segments except cruise and loiter, are provided in Table 7.3. For a long-range LTA aircraft that 

is considered in this chapter, the fuel expenditure in non-cruise and non-loiter phases is significantly lesser as 

compared to that in cruise and loiter phases. The product of these FFs (not including cruise and loiter FFs) by 

Roskam is approximately 0.936, which means that weight of fuel consumed in these mission segments is 

6.143% of GTOW of the aircraft. For cruise and loiter, the FFs can be calculated using Breguet’s range 

equation. The range equation has been discussed in Chapter 4. 

 The FF for climb, cruise, and loiter can be calculated using equations 7.2, 7.3, and 7.4 respectively 

(discussed next). However, Roskam’s FFs are based on historical data (older aircraft before 1990s). The fuel 

efficiency of aircraft introduced in the past two decades have improved significantly. Therefore, there is a need 

for modifying the FFs provided by Roskam, based on the recent literature. The GBD report of the Royal 

Aeronautical Society [114] and the study by Kenway et al. [193], both model the aircraft performance using 

the modified Breguet’s range equation. For all operations except cruise and loiter, both studies model the 

weight of fuel consumed to be 2.2% of GTOW (also discussed in Chapter 4). This weight of fuel consumed 

(2.2% of GTOW) during all operations except cruise and loiter is 64.19% less than the fuel weight predicted 
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using Roskam’s FF (6.143%). As mentioned before, the Roskam’s FF are based on historical aircraft and thus 

modifications are recommended. The modified FF (64.19% improvement to Roskam’s FF) for Jet-A are listed 

in Table 7.3. For example: FF value of 0.99 for taxi-out operation means that the weight of fuel consumed 

during taxi-out operation is (1-0.99 =) 1% of the aircraft weight at the beginning of taxi-out operation. The 

improvement of 64.19% means that instead of 1% GTOW, only 35.81% of 1% GTOW was the amount of fuel 

consumed. Therefore, the FF is 0.9964. It is to be noted that for the ‘climb’ operation, Roskam provides a 

defined value of FF for historical aircraft. In this chapter, modifications are not made to the defined value by 

Roskam (FF) for climb phase as the performance during the climb operation will be modelled using Breguet’s 

range equation as represented by equation 7.2 (discussed next). The reason for this is that compared to the 

other operations except cruise and loiter, the effects of better aircraft aerodynamics of a BWB is prominently 

observed during climb. 

 If the GTOW is 300,000 kg for a Jet-A aircraft and the modified Roskam’s FF for ‘engine start and 

warmup’ operation is 0.9964 (from Table 7.3), then the fuel consumed during this aircraft operation is [300,000 

x (1-0.9964) =] 1,080 kg and the aircraft weight at the end of this operation or in the beginning of (the next 

operation) take-off is [300,000 – 1,080 =] 298,920 kg. Similarly, for each of the other mission segments the 

aircraft weight and fuel consumption for respective mission segments, are calculated. WF,block is the summation 

of the fuel consumption weights in all segments in the mission. 

 For LH2 powered BWB aircraft, the FFs are different compared to Jet-A case. This is because for 

same work output if 1 kg of LH2 fuel is used, then 2.865 kg of Jet-A is consumed equivalently (as studied in 

Chapters 4 and 6). Therefore, this results in weight reduction of 65.1% and lesser fuel mass of LH2 need to be 

carried on the aircraft. This effect is reflected through the FFs as shown in Table 7.3. The FF calculation for 

LH2 is as follows. For example: The modified FF for Jet-A during the taxi-out operation is 0.9964, which 

means that the fuel weight consumed during the taxi-out operation is 0.36% of aircraft weight at the start of 

the taxi-out stage. For the same energy content during the taxi-out stage, accounting the 65.1% reduction in 

fuel weight (described above) while switching from Jet-A to LH2, the FF for LH2 is calculated to be [0.9964 + 

(1-0.9964) x (1-(1/2.865)) =] 0.9987 i.e., LH2 fuel weight is 0.13% of aircraft weight at the start of the taxi-

out stage. Similarly, the other FFs are calculated and listed in Table 7.3 for LH2 powered aircraft. This is 

similar to the approach used by Beck et al. [217] for their LH2 powered VLTA BWB aircraft. 

 The FFs of 100% SPK powered aircraft are expected to be slightly different than the FFs of Jet-A 

aircraft since SPKs have slightly higher gravimetric energy density than Jet-A. Recalling the results of Chapter 

6, for same thrust production, the energy released by 1 kg Jet-A is equal to energy released by 0.98 kg of 100% 

SPK (2% fuel weight saving). This effect is reflected through the FFs as shown in Table 7.4. The FF calculation 

for different SPKs is as follows. For example: The modified FF for Jet-A during the taxi-out operation is 

0.9964, which means that the fuel weight consumed during the taxi-out operation is 0.36% of aircraft weight 

at the start of the taxi-out stage. For the same energy content during the taxi-out stage, accounting 2% reduction 

in fuel weight (described above) while switching from Jet-A to 100% SPK, the FF for 100% SPK is calculated 

to be [0.9964 + (1-0.9964) x (1-0.98) =] 0.9965. Similarly, the other FFs are calculated and listed in Table 7.4 

for different SPK powered aircraft. 
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 For each of the mission segments, the FF determines the fuel consumed during that mission segment 

for known aircraft weight at the beginning of that mission segment. Therefore, using FF the aircraft weight at 

end of a mission segment or beginning of the next mission segment can be calculated, for a known mission 

profile. The FF during climb (𝑀𝑓𝑓,𝑐𝑙𝑖𝑚𝑏) is calculated from Breguet range equation with the form seen in 

equation 7.2, and is given by, 

𝑀𝑓𝑓,𝑐𝑙𝑖𝑚𝑏 =
1

𝑒
[
(
𝑒𝑛𝑑𝑢𝑟𝑎𝑛𝑐𝑒

60
)∗𝑇𝑆𝐹𝐶

(
𝐿
𝐷
)

⁄

]

, 
(7.2) 

where endurance during climb is calculated in minutes [and equals the ratio of cruise altitude and RoC]. The 

RoC used is 3,000 ft/min [295] or 914.4 m/min (standard value used for transport jets) to a cruise altitude of 

10,668 m (or 35,000 ft in the current chapter as per design requirements or mission profile discussed in section 

7.3). For the cruise and loiter (additional cruise), the method is similar. Instead of using endurance in the 

equation, both range and velocity are input (values are known from section 7.3.2). The FF during cruise 

(𝑀𝑓𝑓,𝑐𝑟𝑢𝑖𝑠𝑒) is calculated from Breguet range equation with the form seen in equation 7.3, and is given by,  

𝑀𝑓𝑓,𝑐𝑟𝑢𝑖𝑠𝑒 =
1

𝑒

[
𝑐𝑟𝑢𝑖𝑠𝑒 𝑟𝑎𝑛𝑔𝑒∗𝑇𝑆𝐹𝐶

𝑉∗(
𝐿
𝐷
)

⁄

]

, 
(7.3) 

and the FF during loiter (𝑀𝑓𝑓,𝑙𝑜𝑖𝑡𝑒𝑟) is calculated from Breguet range equation with the form seen in equation 

7.4, and is given by, 

𝑀𝑓𝑓,𝑙𝑜𝑖𝑡𝑒𝑟 =
1

𝑒

[
𝑙𝑜𝑖𝑡𝑒𝑟 𝑟𝑎𝑛𝑔𝑒∗𝑇𝑆𝐹𝐶

𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦∗(
𝐿
𝐷
)

⁄

]

. 
(7.4) 

The product of all FFs in the mission gives the FF value for the entire mission. The TSFC values for climb, 

cruise, and loiter come from the engine model developed in GasTurb 13 software tool [188] (Chapter 6), and 

L/D calculation as described in section 7.4.2.  

 The average aircraft weight during climb, cruise, or loiter, is absorbed in equations 4.2 to 4.4 (Chapter 

4) that enable the estimation of L/D. After GTOW is estimated, using the above FFs, the aircraft weight at 

beginning of climb can be calculated but the aircraft weight at the end of climb is unknown and so is the L/D. 

Both L/D and aircraft weight at the end of climb are calculated through simple iteration looping, as they are 

linked via weight sizing process. Similar approach is used for cruise and loiter for the estimation of L/D and 

aircraft weight at the end, of respective aircraft operation. 

7.4.4 Aircraft systems weight 

 In the current chapter, three separate BWBs are considered for design analysis. The first is powered 

by conventional jet fuel (Jet-A), the second is powered by LH2 and the third is powered by 100% SPK fuel. 

Table 7.5 lists the aircraft systems weight for Jet-A BWB aircraft (baseline) and LH2 BWB aircraft. Similarly, 

Table 7.6 lists the aircraft systems weight for Jet-A BWB aircraft (baseline) and 100% SPK BWB aircraft. 
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7.4.4.1 Jet-A BWB aircraft 

 As discussed in section 7.3, the ratio of WF,block and WF,total of the Jet-A NASA N+2 BWB aircraft is 

0.9 [130]. In this chapter, similar value for the said ratio is used during the iteration process of the weight 

sizing process for estimating the aircraft operational energy consumption. For the BWB conventional jet fuel 

(baseline) case of this chapter, except for the engine weights and WF,total, there is no other change compared to 

the Jet-A BWB aircraft [130].  

 

The total propulsion systems weight comprises of weight of the bare engine, nacelle, inlet, mounting, 

and accessories, for two engines. GTOW of Jet-A BWB aircraft is essentially OEW from the Nickol et al. 

[130] study minus the total propulsion systems weights predicted by Nickol et al., and adding the total 

propulsion systems weights estimated from Chapter 6, the design payload weight and WF,total (calculated 

iteratively) as indicated in Table 7.5. Therefore, for Jet-A BWB aircraft, beginning with a guess of WF,total, all 

inputs are known for estimating the mission fuel burn. Knowing GTOW, the aerodynamics (section 7.4.2), the 

FFs (modified FFs and FFs based on Breguet’s range equation for Jet-A, from section 7.4.3), and TSFCs at 

different points in flight mission (Chapter 6), WF,block for Jet-A BWB aircraft can be calculated iteratively 

according to the flowchart shown in Figure 7.5 until the ratio of WF,block and WF,total of 0.9 is met. 

Table 7.5. Aircraft systems weight for Jet-A BWB aircraft (baseline) and LH2 BWB aircraft 

System Aircraft system Weight (kg) Source 

1 Total propulsion systems weight 

[2 x (weight of bare engine + nacelle + inlet + mounting + 

accessories)] 

17,076 [130] 

2 OEW (NASA BWB) 114,907 [130] 

3 Weight of the conventional jet fuel tank 1,057 Calculated in 

section 7.3.4.2 

4 OEW without propulsion systems and tank 96,774 = 2-1-3 

5 Payload weight (design) 53,570 [130] 

6 WF,total (Jet-A) Calculated iteratively using ratio 

of 0.9 of WF,block and WF,total 

7 GTOW of NASA N+2 BWB-GTF (301 passengers) Jet-A 

aircraft 

242,441 [130] or (2+5+6) 

8 Total propulsion systems weight in the present thesis 

[2 x (weight of bare engine + nacelle + inlet + mounting + 

accessories)]  

Based on Chapter 6 

(Jet-A and/or LH2 engines) 

9 GTOW of Jet-A BWB aircraft (baseline) [current chapter] = 2-1+8+5+6 

10 Weight of LH2 tank systems  Calculated using model described 

in section 7.3.4.3 

11 Additional structural weight for installing integral LH2 tank 

systems 

1,633 Calculated in 

section 7.3.4.1 

12 WF,total for LH2 BWB aircraft Calculated iteratively using ratio 

of 0.9 of WF,block and WF,total 

13 GTOW of LH2 BWB aircraft  [current thesis] = 4+8+5+10+11+12 
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7.4.4.2 LH2 BWB aircraft 

 The weight sizing process that calculates the mission/block fuel consumption, is more iterative for 

LH2 BWB aircraft as compared to Jet-A BWB aircraft. This is because LH2 BWB aircraft has addition of new 

components like the LH2 tank systems and additional structural weight for installing the integral LH2 tank 

systems, along with the LH2 fired propulsion systems. 

 

  

 The hydrogen fuel systems for an aircraft comprise of storage tanks, a feed and distribution system, 

and an interface fuel panel [296]. The feed and distribution system consists of all lines, valves, pressure and 

temperature sensors, heat exchangers, pumps, and regulators needed to create a safe cryogenic fuel system 

(ibid). As discussed in Chapter 6, considering that hydrogen has higher flame speeds as compared to Jet-A 

fuel, the diameter of the hydrogen fuel lines is expected to be lesser than that for Jet-A. This has a potential to 

reduce the weight of fuel lines. The effect of above-mentioned hydrogen fuel systems except the fuel storage 

tank, on aircraft weight is assumed to be negligible in this chapter.  

 GTOW of the LH2 powered aircraft will be different than that of the conventional jet fuel powered 

aircraft because of lesser weight of hydrogen fuel to be carried on-board, addition of LH2 tank systems, and 

additional structural weight for installing the integral LH2 tank systems in the BWB aircraft, along with the 

LH2 fired propulsion systems. As shown in Table 7.5, GTOW of LH2 BWB aircraft is calculated by: subtracting 

Table 7.6. Aircraft systems weight for Jet-A BWB aircraft (baseline) and 100% SPK BWB aircraft   

System Aircraft system Weight (kg) Source 

1 Total propulsion systems weight 

[2 x (weight of bare engine + nacelle + inlet + mounting + 

accessories)] 

17,076 [130] 

2 OEW (NASA BWB) 114,907 [130] 

3 Weight of the conventional jet fuel tank 1,057 Calculated in 

section 7.3.4.2 

4 OEW without propulsion systems and tank 96,774 = 2-1-3 

5 Payload weight (design) 53,570 [130] 

6 WF,total (Jet-A, NASA) 73,965 [130] 

7 WF,total (calculated in this chapter) Calculated iteratively using ratio 

of 0.9 of WF,block and WF,total 

8 GTOW of NASA N+2 BWB-GTF (301 passengers) Jet-A 

aircraft 

242,441 [130] or (2+5+6) 

9 Total propulsion systems weight in present chapter 

[2 x (weight of bare engine + nacelle + inlet + mounting + 

accessories)]  

Based on Chapter 6 

(Jet-A and/or SPK engines) 

10 GTOW of Jet-A BWB aircraft (baseline) [current chapter] = 2-1+9+5+7 

11 Additional weight of 100% SPK tank systems  Calculation described in section 

7.3.4.2 

12 WF,total for SPK BWB aircraft Calculated iteratively using ratio 

of 0.9 of WF,block and WF,total 

13 GTOW for 100% SPK BWB aircraft  [current thesis] = 2-1+9+5+11+12 
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the total weight of Jet-A propulsion system (17,076 kg) [Nickol et al. [130] study] and the weight of 

conventional jet fuel tank (1,057 kg) from the OEW of NASA N+2 BWB-GTF (301 passengers) Jet-A aircraft 

(of 114,907 kg), and then adding: the total LH2 fired propulsion systems weight (based on Chapter 6), the 

payload weight (53,570 kg), the weight of LH2 tank systems (calculation described in section 7.3.4.3), the 

additional structural weight for installing the integral LH2 tank systems (1,633 kg, calculated in section 

7.3.4.1), and WF,total (calculated iteratively for maintaining the same ratio of WF,block and WF,total, as that for Jet-

A BWB aircraft, of 0.9). The iterative process for LH2 BWB aircraft is discussed in detail in section 7.4.5. 

7.4.4.3 SPK BWB aircraft 

 100% SPK case requires insignificant modification to tank system as the density of 100% SPK is 

slightly lesser than Jet-A as discussed in Chapter 6 and in section 7.3.4.2. GTOW of 100% SPK powered 

aircraft will be different than that of the conventional jet fuel powered aircraft because of slightly lesser fuel 

weight of 100% SPK fuel (as this fuel has slightly high gravimetric energy density) to be carried on-board 

compared to Jet-A case. As shown in Table 7.6, GTOW of 100% SPK BWB aircraft is calculated by: 

subtracting the total weight of Jet-A propulsion system (17,076 kg) [Nickol et al. [130] study] from the OEW 

of NASA N+2 BWB-GTF (301 passengers) Jet-A aircraft (of 114,907 kg), and then adding: the total SPK fired 

propulsion systems weight (based on Chapter 6), the payload weight (53,570 kg), and WF,total of 100% SPK 

carried on the aircraft (calculated iteratively for maintaining the same ratio of WF,block and WF,total, as that for 

Jet-A BWB aircraft, of 0.9). Additionally, for 100% SPK case there is an (insignificant) addition of extra tank 

system for accommodating a slightly less dense fuel than Jet-A. The iterative process for 100% SPK BWB 

aircraft is discussed in detail in section 7.4.5. 

7.4.5 Iteration conditions during the weight sizing process 

7.4.5.1 Convergence criteria 

 Referring to Figure 7.5, for the Jet-A BWB aircraft case, the weight sizing process that estimates the 

aircraft operational energy consumption, a convergence criterion for the ratio of WF,block and WF,total, is set to 

0.9. The weight sizing process begins with a guess value of WF,total (other inputs are discussed in section 

7.4.4.1), and WF,block is calculated from it. The guess value of WF,total is iterated until the said ratio equals 0.9.  

This determines the GTOW of the Jet-A BWB aircraft, which is set as MTOW for 100% SPK and three cases 

of LH2. 

 It is chosen to constrain the aircraft GTOW of 100% SPK and LH2 fuel, to be less than or equal to 

the MTOW limit of the baseline aircraft structure (observed in Figure 7.5). This constraint is applied since a 

detailed structural analysis is not conducted in this chapter. Therefore, the MTOW determines the design limit 

on the WF,total for both fuels.   

 Similarly, for the 100% SPK BWB aircraft case, the weight sizing process that estimates the aircraft 

operational energy consumption, a convergence criterion for the ratio of WF,block and WF,total is set to 0.9. 100% 

SPK case require insignificant modification to tank system as the density of 100% SPK is slightly lesser than 
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Jet-A as discussed in Chapter 6 and in section 7.3.4.2. The weight sizing process begins with a guess value of 

WF,total (other inputs are discussed in section 7.4.4.3), and WF,block is calculated from it. The guess value of WF,total 

is iterated until the said ratio equals 0.9. For the 100% SPK case, based on the guessed value of WF,total, the 

corresponding (insignificant) increase in tank weight is estimated (based on discussion in section 7.3.4.2) for 

accommodating a slightly less dense fuel than Jet-A, which adds to the aircraft OEW and resultantly the 

GTOW. 

 Recalling the three cases of LH2 fuel (from Chapter 6) which are analysed in this chapter are as 

follows: 

• Case 1 is where the aircraft thrust production remains the same as that of the conventional jet fuel case.  

• Case 2 is where the aircraft thrust requirement reduces for maintaining similar thrust to weight ratio as that 

of conventional jet fuel case (baseline). The fan diameter is no longer a design constraint as considered in 

Case 1. 

• Case 3 is essentially Case 2 without engine cooling flows, since the engine is expected to run colder relative 

to the baseline (conventional jet fuel) case (as observed in Chapter 6) because of reduced thrust 

requirement, where the engine uses advanced material for withstanding high temperatures in baseline case, 

Case 1, and Case 2. 

 For all three cases of LH2 aircraft considered in this chapter, the ratio of WF,block and WF,total (of 0.9) is 

set as the convergence criteria for the weight sizing process. Using the calculation process discussed in section 

7.3.4.3, the weight of LH2 tank systems is calculated. The LH2 tank systems must be adapted to the internal 

available space of the BWB aircraft in the inner wings and in aft body (not affecting the aircraft cabin discussed 

in section 7.3.4.4). The LH2 tank systems are expected to be a tapered cylindrical tank, similar to the tapered 

cylindrical tank design or frustum-shaped tank design by Verstraete et al. [66] for the tube-wing aircraft. 

Verstraete et al. study is used for the design of the LH2 fuel tank in this chapter (discussed in section 7.3.4.3). 

The geometric model of the BWB aircraft is developed in SolidWorks 2019 [297], using the BWB geometry 

data discussed in section 7.3.4. For the LH2 aircraft cases, the geometric model is used for ensuring that the 

tanks fit inside the BWB. Post-convergence, knowing the total LH2 fuel weight at the beginning of the mission 

from the weight sizing process and the mass-density of LH2 fuel (71 kg/m3), the (minimum) required volume 

of LH2 fuel is calculated. Using the insulation thickness (8.1 cm for η of 0.78) and the (minimum) volume of 

LH2 fuel required to be stored at the beginning of the mission, a tapered cylindrical tank is modelled in 

SolidWorks 2019, which is integral to the structure of and inside the BWB aircraft. Since the cross-sectional 

area of a BWB aircraft is variable both in the spanwise and lengthwise direction, the tapered cylindrical LH2 

tank must be designed in a piece-wise manner for making maximum use of the internal space in the wings of 

a BWB aircraft. The tapered cylindrical LH2 tank shape can be considered as multiple small-tapered cylinders 

joined together. The tapered cylindrical shape resulting in this chapter could have negative structural and heat-

transfer implications. The tank design volume is the volume formed by the ‘inner tank wall’. The inner tank 

wall is separated from the outer tank surface by insulation. Therefore, care must be taken while designing the 

LH2 tank systems such that the effect of the insulation thickness on volume calculation is accounted. The 

weight sizing iteration continues until the end of convergence. The effect of T/W ratio of the aircraft is 
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important during the convergence. However, it depends on the type of LH2 aircraft case considered, which is 

discussed below. 

7.4.5.2 Aircraft T/W constraint  

 Referring to Figure 7.5, for Case 1 of the LH2 aircraft, the sizing process begins with a guess weight 

of WF,total, where the guess value of WF,total is 1 kg. Based on this guess value and weight sizing process, WF,block 

for Case 1 LH2 aircraft is calculated iteratively. Using the above discussed process and convergence criteria, 

WF,block of LH2 fuel and WF,total are calculated such that their ratio is 0.9. As discussed before, in case 1 the thrust 

production remains unchanged and therefore T/W is not a constraint in the weight sizing process. The T/W 

ratios at SLS and TOC are estimated using the thrust produced by engines (similar to Jet-A BWB aircraft 

case/design requirements) and the aircraft weight estimated from the weight sizing process. An aircraft 

powered by LH2 fuel will be lighter as compared to an aircraft powered by Jet-A considering only the effect 

of LH2’s higher gravimetric energy density, resulting in lower thrust requirement. Since in Case 1 the thrust 

production remains the same as the baseline case (Jet-A BWB aircraft), the resulting T/W ratios at SLS and 

TOC will be greater than the baseline case. After the convergence criteria is met in the weight sizing process, 

the aircraft design is finalised. The main effect that is anticipated in Case 1 is the effect of lighter aircraft on 

the block fuel (energy) consumption reduction. 

 Referring to Figure 7.5 in Case 2 of LH2, the fan diameter is no longer a design constraint that is 

considered in Case 1 and thus the fan/engine diameter reduces (engine and aircraft weight reduces) because of 

lesser thrust requirement (due to a lighter aircraft because of lesser weight of high gravimetric energy density 

fuel and reduction in engine weight). Case 2 of LH2 aircraft begins with the (guess value of) WF,total similar to 

Case 1. The convergence criteria for the weight sizing process remain similar to the process described for Case 

1. However, the T/W ratio is an important factor considered in Case 2. The T/W ratio of the BWB-GTF Jet-A 

aircraft after the weight sizing process is calculated at SLS and TOC. The thrust value at on-design point is 

iteratively changed and the engine is designed along with its off-design performance. This is done in such a 

way that the T/W ratio at SLS and TOC is at least the respective calculated value for BWB-GTF Jet-A aircraft, 

or slightly higher. As discussed in section 7.3.3, in the current chapter the engine thrust requirement at TOC 

for the LH2 BWB aircraft is based on two separate calculations. The first method is using the service ceiling 

thrust equation, and the second method is using the T/W ratio of the baseline case (Jet-A BWB aircraft). Both 

predictions are of similar magnitude, however, the maximum of the two values is selected as the thrust required 

to be produced by engines at TOC point. It is to be noted that because this chapter designs aircraft at a 

conceptual level, the T/W ratios do not reach the exact values (as calculated for Jet-A BWB aircraft). 

Nevertheless, they are similar in magnitude to or are slightly higher than the T/W values for Jet-A BWB aircraft. 

Typically, during high-order modelling or high-fidelity analysis, a multi-point design and optimisation is 

carried out in a flight mission, such that the T/W are identical to the target values. While the thrust is iterated, 

the convergence criteria in the weight sizing process along with the sizing of the LH2 fuel tank and its 

integration (structural penalty) within the BWB aircraft, remain same as described earlier. As thrust changes, 

the following weights change along with it: the propulsion systems weights (smaller engine as compared to 



173 

 

Case 1), the LH2 fuel tank weight, WF,total for LH2 fuel, and GTOW of the aircraft (with aerodynamic 

parameters), as compared to Case 1. This interaction between different components of the weight-sizing 

process is shown in Figure 7.5. Only after the convergence criteria and the T/W ratio constraints are met, the 

aircraft design for Case 2 LH2 aircraft is finalised.  

 Similarly, Case 3 of LH2 aircraft is essentially Case 2 without engine cooling flows, because the 

engine operates colder and is smaller than the baseline (Jet-A) engine due to reduced thrust requirement. This 

further improves the TSFC, reduces propulsion systems weight, and therefore reduces WF,block (as compared to 

Case 2). For the set convergence criteria and T/W ratio constraints, this results in reduction in WF,total, the LH2 

fuel tank weight, propulsion systems weights, and GTOW of the aircraft (with effect on aerodynamics), as 

compared with Case 2. This interaction between different components of the weight-sizing process is shown 

in Figure 7.5. The methodology (including the convergence criteria and T/W effects) remains similar to Case 

2, as discussed above. Only after the convergence criteria and the T/W ratio constraints are met, the aircraft 

design for Case 3 LH2 aircraft is finalised. The main effects that are anticipated in both Case 2 and Case 3 on 

block fuel (energy) consumption reduction are due to: the use of a high gravimetric energy density (LH2) fuel 

that reduces the aircraft weight; the effect of thrust requirement reduction due to a lighter aircraft; and the 

effect of engine weight reduction (smaller engines due to thrust requirement reduction) on the aircraft weight; 

all of which result in block fuel (energy) consumption reduction.  

 As can be observed, the conceptual design phase of the aircraft is not only iterative but also there is 

interaction between the different systems of aircraft with each other (viz. aerodynamics, propulsion, weight, 

etc.). In the context of this thesis, the conceptual design phase of the aircraft is iterative and interactive between 

Chapter 6 and the present chapter. 
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7.4.6 Off-design performance of aircraft  

 

Figure 7.6. Schematic for the estimation of the maximum permissible range for a given payload case 
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Figure 7.7. Schematic for the estimation of the operational energy consumption of an aircraft for given 

range and payload combination 

 For all fuel cases considered in this chapter, after following the aircraft weight sizing methodology 

described in previous sections, the aircraft performance for each fuel case at design point is known. The aircraft 

now becomes a ‘fixed’ aircraft. In real world applications, aircraft do not always fly with full design payload 

capacity, full fuel tank, and/or at design range. In this chapter, the performance of each of the aircraft powered 

by different fuels is evaluated for typical range and payload combinations for long-range flights. Three payload 

cases are considered: 66.5% load factor (200 passengers or 35.59 tonnes), 83.1% load factor (250 passengers 

or 44.49 tonnes), and 100% load factor (301 passengers or 53.57 tonnes). The three load factor cases are 

evaluated for aircraft range between 5,000 km and the maximum permissible range for a given load factor case 
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flying with full tank capacity. The flowchart/schematic for the estimation of the maximum permissible range 

for a given load factor with full fuel tank is represented by Figure 7.6. Additionally, Figure 7.7 shows the 

flowchart/schematic for the estimation of the operational energy consumption of an aircraft for given range 

and load factor combination. 

7.5 Aircraft weight sizing results  

7.5.1 SolidWorks geometric model of the BWB aircraft 

 Using the BWB aircraft geometry data such as air-foils and the process of estimation of other 

dimensions as discussed in section 7.3.4.4, the BWB aircraft geometric model is developed. Figure 7.8 

provides the pictorial representation of this aircraft. It is to be noted that Jet-A, three cases of LH2, and 100% 

SPK aircraft have the same outer BWB frame/skin (outer mould) as illustrated by Figure 7.8. The aircraft 

length is estimated to be 35 m and 𝑆wet  is calculated to be 2,132 m2 (22,944 ft2) using the SolidWorks 2019 

geometric model.  

 

Figure 7.8. Geometric model of BWB aircraft simulated in this chapter 

7.5.2 Iteration parameters for LH2 aircraft cases  

Table 7.7. Convergence criteria and T/W ratio constraints for LH2 aircraft cases during the iteration 

of the weight sizing process 

Parameter Value 

Convergence criteria* 

(Ratio of WF,block and WF,total) 

0.9 

Minimum T/W at TOC** 0.04851 

Minimum T/W at SLS** 0.262 

* For all three cases of LH2 aircraft  

** Only for case 2 and 3 of LH2 aircraft (as described in section 7.4.5) 

 

 For the Jet-A BWB aircraft case, using the weight sizing process, the ratio of WF,block and WF,total is 

calculated to be 0.9. For 100% SPK and three cases of LH2 considered in this chapter, the above ratio of WF,block 
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and WF,total (of 0.9) is set as the convergence criteria for the weight sizing process, according to the methodology 

described in section 7.4.5. 

 Additionally, using the weight sizing process for the Jet-A BWB aircraft and known data, the T/W 

ratios at SLS and TOC are calculated to be 0.262 and 0.04851 respectively. These two T/W ratios are set as 

constraints (minimum values to be met) in the weight sizing process for both Cases 2 and 3 of LH2 aircraft, 

according to the methodology described in section 7.4.5. Case 1 of LH2 aircraft, by the problem formulation, 

remains unaffected by the lighter aircraft (LH2 use) and its engines produce the same thrust as produced by the 

engines of Jet-A BWB aircraft. Similarly, 100% SPK BWB aircraft remains unaffected by the slightly lighter 

aircraft and their engines produce the same thrust as produced by the engines of Jet-A BWB aircraft. Therefore, 

the T/W ratio (minimum) constraints at SLS and TOC (0.262 and 0.04851 respectively) is not considered for 

iteration purposes in the weight sizing process for case 1 of LH2 aircraft and 100% SPK. Resultantly, T/W at 

SLS and TOC for case 1 of LH2 aircraft is greater than Jet-A BWB aircraft, and case 2 and 3 of LH2 aircraft, 

because it is an unoptimized case where the engines are producing more thrust than required, for a lighter 

aircraft. Similarly, T/W at SLS and TOC for 100% SPK aircraft is slightly greater than Jet-A BWB aircraft. 

The convergence criteria and T/W constraints are summarised in Table 7.7. 

7.5.3 Aerodynamics 

 The BWB wingspan, S, and AR in this chapter (for Jet-A use, 100% SPK use, and LH2 use [all three 

cases]) are 76.2 m, 944.73 m2, and 6.1, respectively, as discussed in section 7.3.1. Swet (for Jet-A use, 100% 

SPK use, and LH2 use [all three cases]) is calculated to be 2,132 m2 (22,944 ft2) using the SolidWorks 2019 

geometric model as discussed in section 7.3.4.4.  

 The cruise L/D ratio of the NASA N+2 BWB aircraft (Jet-A) is 23.7 [130]. In this chapter, through the 

weight sizing process of the BWB the cruise L/D ratio for Jet-A, Case 1 LH2, Case 2 LH2, Case 3 LH2, and 

100% SPK are 23.7, 22.51, 22.45, 22.36, and 23.66 respectively. It can be observed that the cruise L/D ratio 

of the Jet-A and 100% SPK BWB case are similar to values for the NASA N+2 BWB aircraft (Jet-A).  

7.5.4 Propulsion  

7.5.4.1 TOC thrust prediction   

 As discussed before, the required thrust at the TOC point is predicted by two methods. The first method 

is using the service ceiling thrust equation (equation 7.1), and the second method is using the T/W ratio of the 

baseline (Jet-A BWB aircraft) case. The inputs to the service ceiling equation come from the weight sizing 

process and the T/W ratio at TOC for the (baseline) Jet-A BWB aircraft is calculated to be 0.04851 (as discussed 

before). The aircraft weight at the end of climb is known from the weight sizing process and using the known 

T/W ratio of 0.04851, the required thrust can be calculated. The maximum of thrust values calculated using the 

above two methods becomes the thrust required to be produced. 
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Table 7.8. Prediction of TOC thrust using the service ceiling equation and the constraint of T/W 

ratio of 0.04851 for LH2 aircraft cases 

TOC thrust prediction (per engine) using: Jet-A (kN)  
LH2 (kN) 

Case 1 Case 2 Case 3 

1. Service ceiling equation (section 7.3.3) 54.83 46.17 45.94 45.63 

2. T/W ratio of 0.04851 * 46.29 46.02 45.66 

 

Thrust produced (Chapter 6) 55.603 55.603** 46.35 46.12 

*For Jet-A case, the thrust at TOC is known to be 55.603 kN as per the design requirements set by using 

Nickol et al. [130] study 

** Case 1 is where thrust production remains unchanged (not optimised) 

 

Table 7.9. Prediction of TOC thrust using the service ceiling equation and the constraint of T/W ratio 

of 0.04851 for 100% SPK aircraft 

TOC thrust prediction (per engine) using: Jet-A (kN) 100% SPK 

1. Service ceiling equation (section 7.3.3) 54.83 54.46 

2. T/W ratio of 0.04851 * 55.24 

Thrust produced (Chapter 6) 55.603 55.603 

*For Jet-A case, the thrust at TOC is known to be 55.603 kN as per the design requirements set by using 

Nickol et al. [130] study 

 

 The comparison of thrust prediction using the two methods is summarised in Table 7.8 and Table 

7.9. It is to be noted that the thrust per engine is known to be 55.603 kN, which is a design requirement. Hence 

this thrust value determines the T/W ratio at the TOC point. Thus, this thrust value is not listed corresponding 

to the second method that uses the TOC T/W ratio of 0.04851, and the above discussion is noted in Table 7.8 

and Table 7.9. Additionally, LH2 Case 1 is where thrust production remains unchanged, by problem definition, 

despite the thrust requirement being lesser as the aircraft is lighter due to use of high gravimetric energy density 

LH2 fuel. 

 As can be observed from Table 7.8 and Table 7.9, the required thrust predicted by using both the 

service ceiling equation (equation 7.1) and the T/W ratio, are very similar. This builds a confidence in the 

model developed. Additionally, the thrust per engine is known to be 55.603 kN from the design requirement 

based on Nickol et al. [130] study, for Jet-A case. The service ceiling equation, which takes inputs from the 

weight sizing process discussed in this chapter predicts thrust per engine of 54.83 kN. It is to be noted that this 

difference is because the Jet-A engines used in Jet-A BWB aircraft are significantly lighter than engines used 

in Nickol et al. [130] study and WF,total is calculated to be lesser than Nickol et al. study. The total propulsion 

systems weight comprises of the weight of bare engine, nacelle, inlet, mounting, and accessories, for two 

engines. The total propulsion systems weight of Nickol et al. [130] study and the Jet-A BWB aircraft in this 

chapter are 17,076 kg and 12,319 kg, respectively. The Jet-A BWB aircraft designed in this chapter is lighter 

than NASA N+2 BWB-GTF aircraft by Nickol et al. [130], which results in lesser thrust requirement. 

Therefore, this difference in the thrust is anticipated. Despite this non-uniformity, the thrust prediction between 

the two methods is similar. As LH2 aircraft gets more optimised (case 2 and 3), the thrust requirement reduces 

as compared to case 1, which is anticipated. 
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7.5.4.2 Propulsion systems performance and weight   

  The inputs (performance parameters) to the weight sizing process for Jet-A and the three cases of 

LH2 are summarised in Table 7.10, and for Jet-A and 100% SPK are summarised in Table 7.11. These are 

selected parameters that are relevant to the weight sizing process. The reader is advised to see Chapter 6 to 

find other parameters related to the propulsion systems (not relevant to the discussion in this chapter). The 

total propulsion systems weight of Nickol et al. [130] study is 17,076 kg. It can be observed from Table 7.10 

that the total propulsion systems weight of Nickol et al. study is significantly greater than Jet-A case (and 

100% SPK) of the current chapter (by ~4.7 tonnes) and all three cases of LH2 (by ~4.8 tonnes, ~5.4 tonnes and 

~6.3 tonnes for case 1, 2, and 3, respectively). The discussion on the reasons for the propulsion systems weight 

reduction is detailed in Chapter 6. Additionally, it can be observed from Table 7.11 for 100% SPK case the 

total propulsion systems weight is similar to the for Jet-A case of this chapter.  

Table 7.10. Performance of propulsion system at different points in the flight mission profile for Jet-A 

and LH2 fuel (three cases) and their weights 

Parameters Units Jet-A  
LH2 

Case 1 Case 2 Case 3 

Total propulsion systems weight kg 12,319 12,259 11,666 10,769 

Performance characteristics per engine 

TOC Mach, altitude - , m 0.8 at  

10,668 m 

0.8 at 

10,668 m 

0.8 at 

10,668 m 

0.8 at 

10,668 m 

TSFC g/kN-s 12.400 4.328 4.284 4.160 

Thrust required kN 55.603 46.29 46.02 45.66 

Thrust produced kN 55.603 55.603 46.354 46.12 

Cruise Mach, altitude - , m 0.84 at  

10,668 m 

0.84 at 

10,668 m 

0.84 at 

10,668 m 

0.84 at 

10,668 m 

TSFC g/kN-s 12.667 4.424 4.351 4.278 

Thrust required kN 42.25 40.24 40.15 40.02 

Thrust produced kN 51.61 51.68 51.09 43.12 

SLS Mach, altitude - , m 0 at 0 m 0 at 0 m 0 at 0 m 0 at 0 m 

TSFC g/kN-s 5.124 1.778 1.761 1.690 

Thrust required kN 299.9 251.09 249.62 247.69 

Thrust produced kN 303.89 304.53 263.83 261.14 

Climb Mach, altitude - , m 0.47 at  

5,334 m 

0.47 at 

5,334 m 

0.47 at 

5,334 m 

0.47 at 

5,334 m 

TSFC g/kN-s 9.798 3.413 3.389 3.266 

Thrust produced kN 94.94 95.54 96.96 82.58 

Loiter Mach, altitude - , m 0.6 at  

1,500 m 

0.6 at  

1,500 m 

0.6 at  

1,500 m 

0.6 at  

1,500 m 

TSFC g/kN-s 12.175 4.234 4.195 4.067 

Thrust produced kN 114.67 115.46 120.05 98.02 
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Table 7.11. Performance of propulsion system at different points in the flight mission profile for Jet-A 

and SPKs (three cases) and their and weights 

Parameters Units Jet-A 100% SPK 

Total propulsion systems weight kg 12,319 12,319 

Performance characteristics per engine 

TOC Mach, altitude - , m 0.8 at 10,668 m 0.8 at 10,668 m 

TSFC g/kN-s 12.400 12.150 

Thrust required kN 55.603 55.24 

Thrust produced kN 55.603 55.603 

Cruise Mach, altitude - , m 0.84 at 10,668 m 0.84 at 10,668 m 

TSFC g/kN-s 12.667 12.411 

Thrust required kN 42.25 42.16 

Thrust produced 51.61kN 51.61kN 51.61kN 

SLS Mach, altitude - , m 0 at 0 m 0 at 0 m 

TSFC g/kN-s 5.124 5.022 

Thrust required kN 299.9 301.83 

Thrust produced kN 303.89 303.85 

Climb Mach, altitude - , m 0.47 at 5,334 m 0.47 at 5,334 m 

TSFC g/kN-s 9.798 9.600 

Thrust produced kN 94.94 94.95 

Loiter Mach, altitude - , m 0.6 at  

1,500 m 

0.6 at  

1,500 m 

TSFC g/kN-s 12.175 11.929 

Thrust produced kN 114.67 114.70 

 

7.5.5 Characteristics of LH2 tank systems 

 Figure 7.9 shows the LH2 tank integration with BWB aircraft for Case 1 LH2 aircraft (semi-span). This 

is a generic view without any tank dimensions. For all three LH2 aircraft cases, three fuel tanks are placed on 

each of the two sides of the cabin and the three fuel tanks are placed aft of the cabin. The tank dimensions and 

fuel volume for all three LH2 aircraft cases are provided in Table 7.12. 

 Table 7.12 shows the LH2 tank geometry and dimensions for three cases (semi-span) considered in the 

current chapter. The total fuel requirement for case 1 at the beginning of the mission is calculated iteratively 

to be 24.25 tonnes (341.56 m3) in the weight sizing process, which is the highest of the three LH2 cases because 

it is an unoptimized case. This means that the volume of the tank required will be the highest of the three cases. 

The tank is designed in a piece-wise manner as discussed in section 7.4.5. The radius and the length for each 

piece of the tapered cylinder/frustum are listed in Table 7.12. Considering the total aircraft, for case 1, the total 

designed tank volume is calculated to be 341.66 m3. The weight of the total tank system is calculated to be 

6,840 kg for case 1. Similarly, the total fuel requirement for case 2 at the beginning of the mission is calculated 

iteratively to be 23.82 tonnes (335.47 m3) in the weight sizing process (tank dimensions shown in Table 7.12). 

Considering the total aircraft, for case 2, the total designed tank volume is calculated to be 336.86 m3. The 

weight of the total tank system is calculated to be 6,718 kg for case 2. Additionally, the total fuel requirement 

for case 3 at the beginning of the mission is calculated iteratively to be 23.35 tonnes (328.84 m3) in the weight 
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sizing process (tank dimensions shown in Table 7.12). Considering the total aircraft, for case 3, the total 

designed tank volume is calculated to be 329.32 m3. The weight of the total tank system is calculated to be 

6,586 kg for case 3.  

 

Figure 7.9. LH2 tank integration with BWB aircraft for Case 1 LH2 aircraft (semi-span) 
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Table 7.12. LH2 tank geometry and dimensions for three cases considered in the current chapter 

 

Case 1, Case 2, and Case 3 (Common tank systems to three cases) 

Section 
Outer 

radius (m) 

Piece 

length 

(m) 

Section 

Outer 

radius 

(m) 

Piece 

length 

(m) 

Section 

Outer 

radius 

(m) 

Piece 

length (m) 

a1 0.45 0 j1 0.6275 0 q1 0.448 0 

b1 0.9975 1.8 k1 0.8485 2 r1 0.57 2 

c1 1.29 1.85 l1 0.964 2 s1 0.6 2 

d1 1.49 2 m1 0.9825 2 t1 0.57 2 

e1 1.5775 2 n1 0.905 2 u1 0.495 2 

f1 1.543 2 o1 0.765 2 v1 0.4475 1.1855 

g1 1.3795 2 p1 0.675 1.1855    

h1 1.15 2       

i1 1 1.1855       

Case 1 (remaining tank systems) 

Section 
Outer 

radius (m) 

Piece 

length 

(m) 

Section 

Outer 

radius 

(m) 

Piece 

length 

(m) 

Section 

Outer 

radius 

(m) 

Piece 

length (m) 

a2 0.275 0 j2 1.144 0 r2 0.215 0 

b2 0.36 0.5 k2 1.094 2 s2 0.31 1 

c2 0.549 1 l2 1.0125 2 t2 0.5 2 

d2 0.9 2 m2 0.893 2 u2 0.5895 0.95 

e2 1.045 0.95 n2 0.7825 1.05 v2 0.677 1.05 

f2 1.17 1.05 o2 0.674 0.95 w2 0.775 2 

g2 1.3 2 p2 0.4175 2 x2 0.84 2 

h2 1.385 2 q2 0.29 1 y2 0.8825 2 

i2 1.435 2       
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Case 2 (remaining tank systems) 

Section 
Outer 

radius (m) 

Piece 

length 

(m) 

Section 

Outer 

radius 

(m) 

Piece 

length 

(m) 

Section 

Outer 

radius 

(m) 

Piece 

length (m) 

c2 0.549 0 j2 1.144 0 u2 0.5895 0 

d2 0.9 2 k2 1.094 2 v2 0.677 1.05 

e2 1.045 0.95 l2 1.0125 2 w2 0.775 2 

f2 1.17 1.05 m2 0.893 2 x2 0.84 2 

g2 1.3 2 n2 0.7825 1.05 y2 0.8825 2 

h2 1.385 2 o2 0.674 0.95    

i2 1.435 2 p2 0.4175 2    

Case 3 (remaining tank systems) 

Section 
Outer 

radius (m) 

Piece 

length 

(m) 

Section 

Outer 

radius 

(m) 

Piece 

length 

(m) 

Section 

Outer 

radius 

(m) 

Piece 

length (m) 

c2 0.549 0 j2 1.144 0 v2 0.677 0 

d2 0.9 2 k2 1.094 2 w2 0.775 2 

e2 1.045 0.95 l2 1.0125 2 x2 0.84 2 

f2 1.17 1.05 m2 0.893 2 y2 0.8825 2 

g2 1.3 2 n2 0.7825 1.05    

h2 1.385 2       

i2 1.435 2       

 

7.5.6 Design point performance of the BWB aircraft powered by Jet-A, 100% SPK, and LH2 

 The results of the different components/sub-systems of the weight sizing process, for Jet-A BWB 

aircraft, BWB LH2 aircraft (all three cases), and BWB 100% SPK aircraft, have been discussed so far. The 

aircraft performance over one flight mission is summarised below in comparison to the present-day aircraft 

i.e., Boeing 777-200 LR. The performance data for Boeing 777-200 LR is included in Chapter 6 (Table 6.1). 

The aircraft weight and fuel consumption breakdown over flight mission for the BWB aircraft powered by 

different fuels are included in Appendix C section C.3. 

 It can be observed from Table 7.13 that T/W ratio at SLS and TOC for BWB LH2 aircraft tend towards 

the T/W ratios of BWB-GTF Jet-A aircraft at SLS and TOC, from case 1 to case 3 (from the unoptimized to 

the optimised aircraft). In all three cases of BWB LH2 aircraft the minimum required T/W at SLS and TOC are 

met, for a flight to be possible with the same airframe used for Jet-A BWB aircraft (and NASA N+2 BWB-

GTF 301 passenger [PAX] aircraft).  

 The NASA N+2 BWB-GTF 301 PAX (Jet-A) aircraft provides 47% reduction in block fuel energy 

consumption as compared to Boeing 777-200LR, which is known from Nickol et al. [130] study. The Jet-A 

BWB aircraft (designed in this chapter) is (1.74%) more efficient than NASA N+2 BWB-GTF 301 PAX (Jet-

A). This energy efficiency improvement is attributable to TSFC improvement (high component efficiencies, 

discussed in Chapter 6), and engine weight reduction (discussed in Chapter 6) that reduces the GTOW.  
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Table 7.13. Performance comparison of Boeing 777-200 LR and future aircraft [Jet-A BWB 

aircraft and BWB LH2 aircraft (all three cases)] over one flight mission 

Aircraft range: 13,890 km (Current scenario) 

Aircraft 
Jet-A block fuel 

consumption (kg) 
Jet-A block fuel energy consumption (TJ) 

Boeing 777-200LR 125,705 5.43 

Aircraft range: 13,890 km (Future scenarios) 

Parameters Units 
Nickol et al. 

[130] 

Jet-A BWB 

aircraft 

BWB LH2 aircraft 

Case 1 Case 2 Case 3 

GTOW kg 242,441 236,398 195,325 194,177 192,677 

OEW kg 114,907 110,150 117,505 116,790 115,760 

Payload weight kg 53,570 53,570 53,570 53,570 53,570 

Cryogenic tank η  - - - 0.78 0.78 0.78 

WF,total kg 73,965 72,678 24,250 23,817 23,347 

Ratio of GTOW 

and GTOWNASA 

- 1 0.975 0.806 0.801 0.795 

WF,block kg 66,683 65,523 21,863 21,473 21,049 

Block fuel energy TJ 2.88 2.83 2.62 2.58 2.53 

Block fuel energy 

reduction as 

compared to 

Boeing 777-200LR 

% 47% 47.88% 51.69% 52.55% 53.49% 

Block fuel energy 

reduction as 

compared to Jet-A 

BWB aircraft 

% - 7.31% 8.97% 10.76% 

(L/D)cruise - 23.7 23.7 22.51 22.45 22.36 

Block fuel 

weight/total fuel 

weight 

- 0.9 0.9 0.9 0.9 0.9 

T/W (SLS) - 0.252 0.262 0.318 0.277 0.276 

T/W (TOC) - - 0.04851 0.058 0.0487 0.0489 

Structurally (average) permissible ratio of 

aircraft landing weight and GTOW, for 

transport jet 

0.84 

(according to Roskam [198]) 

 

 The Jet-A BWB aircraft provides 47.88% reduction in the block fuel energy consumption as compared 

to Boeing 777-200LR. The performance of BWB LH2 aircraft is better than both NASA N+2 BWB-GTF 301 

PAX (Jet-A) aircraft and Jet-A BWB aircraft (present chapter). Case 1, 2, and 3 of BWB LH2 aircraft provide 

51.69%, 52.55%, and 53.49% reduction, respectively, in the block fuel energy consumption as compared to 

Boeing 777-200LR. It is important to note that the LH2 fuel tank systems fit inside the BWB aircraft primarily 

because of the consideration of future aircraft technology that significantly reduces the fuel weight and fuel 

volume to be carried on the aircraft. For example: as discussed above, BWB LH2 aircraft (all three cases) 

provides energy-efficiency improvement of approximately 50% as compared to Boeing 777-200LR. Had there 

been no energy efficiency improvement due to the use of aircraft technology, the LH2 fuel volume required 

would be approximately twice the volume of fuel required by the current BWB LH2 aircraft cases. The use of 
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future aircraft technology (engine and airframe) enables successful and efficient use of LH2 fuel in the aircraft. 

In Chapter 5, the N+3 tube-wing LH2 aircraft shows 33% improvement in energy consumption compared to 

A350 Jet-A aircraft. Using the same baseline case (A350 Jet-A aircraft) instead of Boeing 777-200LR, the 

energy consumption of N+2 BWB LH2 aircraft improves by 48.5%. Therefore, from this analysis it can be 

clearly observed that a BWB airframe has energy consumption benefits for LH2 use (despite lagging by one 

technology generation) compared to a tube-wing aircraft.   

Table 7.14. Performance comparison of Boeing 777-200 LR and future aircraft [Jet-A BWB aircraft 

and BWB 100% SPK aircraft] over one flight mission 

Aircraft range: 13,890 km (Current scenario) 

Aircraft Jet-A block fuel consumption (kg) 
Jet-A block fuel energy 

consumption (TJ) 

Boeing 777-200LR 125,705 5.43 

Aircraft range: 13,890 km (Future scenarios) 

Parameters Units 
Nickol et 

al. [130] 
Jet-A BWB aircraft BWB 100% SPK aircraft 

GTOW kg 242,441 236,398 234,798 

OEW kg 114,907 110,150 110,169 

Payload weight kg 53,570 53,570 53,570 

WF,total kg 73,965 72,678 71,059 

GTOW / GTOWNASA - 1 0.975 0.968 

WF,block kg 66,683 65,523 64,065 

Block fuel energy TJ 2.88 2.83 2.82 

Block fuel energy reduction as 

compared to Boeing 777-200LR 

% 47% 47.88% 47.97% 

Block fuel energy reduction as 

compared to Jet-A BWB aircraft 

% - 0.187% 

(L/D)cruise - 23.7 23.7 23.656 

Block fuel weight/total fuel 

weight 

- 0.9 0.9 0.9 

T/W (SLS) - 0.252 0.262 0.264 

T/W (TOC) - - 0.04851 0.04883 

Structurally (average) permissible ratio of aircraft 

landing weight and GTOW, for transport jet 

0.84 

(according to Roskam [198]) 

 

 Compared to the Jet-A BWB aircraft, BWB LH2 aircraft case 1, 2, and 3 provide 7.31%, 8.97%, and 

10.76% reduction, respectively, in the block fuel energy consumption. As discussed before, the improvement 

in the block fuel energy consumption in all three cases of BWB LH2 aircraft is primarily due to the improved 

TSFCs (details in Chapter 6) and due to the aircraft weight reduction. In case 2 and 3 of BWB LH2 aircraft the 

reduction in the thrust requirement [leading to engine weight reduction and therefore the reduction of aircraft 

GTOW] is an additional reason for the improved energy efficiency. It was observed in Chapters 4 and 5, that 

tube-wing LH2 aircraft requires increase in fuselage length to accommodate LH2 fuel tanks which negatively 

impacts L/D and therefore the aircraft energy consumption, for maintaining same range and payload as that of 

baseline case. This negative impact is not observed for BWB (N+2 aircraft technology) because of their higher 

internal volume that enable storage of LH2 tanks. 
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 The significant reduction in the GTOW of LH2 aircraft observed from Table 7.13 (greater than 19% 

reduction in GTOW depending on case) is of importance during emergency landing situations as a lighter 

aircraft will not necessitate jettison of a highly flammable LH2 fuel (details in Appendix section C.4). A similar 

analysis is conducted for tube-wing LH2 aircraft in Chapter 4. It is to be noted that the reduction in GTOW and 

take-off wing-loading (from baseline) is observed to be greater for N+2 BWB LH2 aircraft in this chapter 

(~20%) and N+3 tube-wing aircraft in Chapter 5 (~34%), as compared to the tube-wing aircraft of present 

technology fuelled by LH2 fuel in Chapter 4 (~15%). Lastly, it is to be noted that unlike Chapter 4 there are no 

comparisons made in terms of take-off wing-loading with literature as the data is not available. Study by Beck 

et al. is the only study that models a BWB LH2 aircraft (VLTA) and their reference aircraft is B747 which is a 

tube-wing aircraft. The said study does not have a Jet-A version of the BWB to enable a comparison of change 

in wing-loading switching from Jet-A to BWB. 

 Table 7.14 provides the performance comparison of Boeing 777-200 LR and future aircraft (Jet-A 

BWB aircraft and BWB 100% SPK aircraft) over one flight mission. BWB 100% SPK aircraft has similar 

performance metrics as that of BWB Jet-A aircraft. BWB 100% SPK case has insignificant energy efficiency 

improvement of 0.19%. This is similar to the findings of Hileman et al. [51] (0.3% improvement in energy 

efficiency), Proesmans et al. [159] (similar energy consumption), and that of Chapter 4 (0.17%), for tube-wing 

aircraft. Additionally, for the 100% SPK BWB aircraft there is an insignificant increase in the OEW (of 19 kg 

in fuel tank weight) to accommodate slightly less mass-dense (100% SPK) fuel than Jet-A. It is to be noted 

that 100% SPK is not a drop-in fuel presently.  

7.5.7 Off-design point performance of the BWB aircraft powered by Jet-A, 100% SPK, and LH2 

 The methodology/flowchart for the aircraft off-design point performance estimation has been 

discussed in section 7.4.6. Three payload (load factor) cases are considered: 66.5% load factor (200 passengers 

or 35.59 tonnes), 83.1% load factor (250 passengers or 44.49 tonnes), and 100% load factor (301 passengers 

or 53.57 tonnes). The three load factor cases are evaluated for aircraft range between 5,000 km and the 

maximum permissible range for a given load factor case flying with full tank capacity. Figures 7.10, 7.11, and 

7.12 show the variation of SEC with range for BWB aircraft powered by different fuels (η = 0.78 for all three 

LH2 cases) for 66.5% load factor, 83.1% load factor, and 100% load factor, respectively. In all three figures 

same trend is observed for SEC vs range i.e., with increasing range, the SEC decreases for each of the fuel 

case.  
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Figure 7.10. Variation of SEC with range for BWB aircraft powered by different fuels (η = 0.78 for all 

three LH2 cases) for 66.5% load factor 

 Additionally, at any given range, by increasing the load factor the absolute value of SEC decreases for 

each of the fuel case. BWB LH2 aircraft (all three cases, η = 0.78) are more efficient at greater range and the 

SEC curve appears to keep dipping with increasing range as compared to Jet-A. This (for BWB LH2 aircraft) 

contrasts with the observations made in Chapter 4, where the SEC of LH2 ‘tube-wing’ aircraft, though 

decreases with range, is less sensitive beyond (the range of) 10,000 km. SEC of both Jet-A and 100% SPK 

BWB cases appear to be less sensitive to range beyond ~13,000 km. Of the three BWB LH2 aircraft cases, 

Case 3 offers the best energy efficiency at all range and load factor combinations. 



188 

 

 

Figure 7.11. Variation of SEC with range for BWB aircraft powered by different fuels (η = 0.78 for all 

three LH2 cases) for 83.1% load factor 

 The findings of Figures 7.10, 7.11, and 7.12 can be summarised through a single plot i.e., Figure 7.13 

which demonstrates the energy efficiency improvement of BWB powered by different fuel cases (η = 0.78 for 

all three LH2 cases) as compared to Jet-A BWB aircraft for varying range and load factor combinations. For a 

given fuel case, with increasing load factor, the maximum range that can be travelled decreases. Additionally, 

for a given fuel case, increasing the load factor improves the energy efficiency compared to a Jet-A BWB 

aircraft. Moreover, for a given fuel and load factor case, the energy efficiency improves with increasing range 

compared to a Jet-A BWB aircraft. This increase in energy efficiency is observed prominently for all three 

cases of BWB LH2 aircraft compared to the Jet-A BWB aircraft. The BWB LH2 Case 3 aircraft is the most 

efficient aircraft at all range and load factor combinations compared to the Jet-A BWB aircraft. 
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Figure 7.12. Variation of SEC with range for BWB aircraft powered by different fuels (η = 0.78 for all 

three LH2 cases) for 100% load factor 
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Figure 7.13. Energy efficiency improvement of BWB powered by different fuel cases (η = 0.78 for all 

three LH2 cases) as compared to Jet-A BWB aircraft for varying range and load factor combinations  

7.5.8 Relationship between OEW and GTOW for LH2 aircraft 

 The engine designs in Chapter 6 and the aircraft designs in the current chapter are based on data and 

design approaches from literature. It is important to conduct a final evaluation i.e., a sanity check, by analysing 

the relationship between OEW and GTOW for the transport aircraft designed in this chapter and the transport 

aircraft that have already entered in service and/or in literature. Historical aircraft data and literature is used 

for the regression analysis, where the data is of different sizes of aircraft (ranging from small aircraft like 

Boeing 737-200 to large quads or VLTAs like Airbus A380-800). Table 7.15 lists the OEW and GTOW of 

aircraft already into service, in literature, and aircraft designed in this thesis. Overall, 70 aircraft are listed in 

Table 7.15. 34 aircraft are included from literature and from present thesis in the regression analysis to estimate 

the relation between OEW and GTOW for LH2 aircraft. 27 present-day aircraft (Jet-A) and nine futuristic 

aircraft (Jet-A and 100% SPK) are included in the regression analysis to estimate the relation between OEW 

and GTOW of Jet-A and/or 100% SPK aircraft. 
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Figure 7.14. Relationship between OEW and GTOW of LH2 aircraft (34 aircraft) from the present 

chapter and literature (all are tube-wing except four BWB as indicated) (Brewer [180], Verstraete 

[68], Troeltsch et al. [173], Beck et al. [217], Proesmans et al. [159], Gomez et al. [172], Silberhorn et al. 

[168] (2019), Silberhorn et al. [176] (2022), Lammen et al. [170], Onorato et al. [177], and Huete et al. 

[178], and Chapter 4) 



192 

 

 Figure 7.14 shows the relationship between OEW and GTOW of LH2 aircraft (34 aircraft) from the 

present chapter and literature (all are tube-wing except four BWB as indicated) (Brewer [180], Verstraete [68], 

Troeltsch et al. [173], Beck et al. [217], Proesmans et al. [159], Gomez et al. [172], Silberhorn et al. [168] 

(2019), Silberhorn et al. [176] (2022), Lammen et al. [170], Onorato et al. [177], and Huete et al. [178], and 

tube-wing [A350-1000] LH2 aircraft modelled in Chapter 4 [366 PAX 13,870 km]). It can be observed that the 

relationship between OEW and GTOW for the aircraft designed in this chapter is similar to the LH2 aircraft 

designs in literature, and the developed equation would facilitate weight sizing studies on LH2 aircraft design. 

The equation developed in Figure 7.14 will enable low-order modelling or weight sizing of LH2 aircraft.  

 

Figure 7.15. Relationship between OEW and GTOW of aircraft in service, of future (other studies) 

and future aircraft designed in this chapter (only Jet-A and 100% SPK) (see Table 7.15 for source of 

data) 

 Figure 7.15 shows the relationship between OEW and GTOW of aircraft in service, of future (other 

studies), and future aircraft designed in this chapter (only Jet-A and 100% SPK) (readers are advised to see 

Table 7.15 for source of aircraft data). It is to be noted that Figure 7.15 also includes the tube-wing [A350-

1000] 100% SPK aircraft modelled in Chapter 4. It can be observed from Figure 7.15 that the relationship 

between OEW and GTOW for the aircraft designed in this chapter is very similar to that of aircraft that have 

already entered in service. GTOW is an indirect measure of the structural weight of the aircraft, payload, and 

the fuel weight (WF,block and WF,total). 100% SPK aircraft cases have similar (magnitude of) OEW and GTOW 

as that of BWB Jet-A case, hence these lie in the vicinity of the BWB Jet-A case. For compactness, only the 

names of recent aircraft in service and the aircraft designed in this chapter (along with reference aircraft) are 

mentioned in Figure 7.15.  
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Table 7.15. OEW and GTOW of aircraft already into service, in literature and aircraft designed in this 

thesis 

Aircraft GTOW (kg) OEW (kg) 

27 Aircraft already into service ([198], [209], [298], [299]) 

727-200 83,824 45,359 

737-200 52,390 27,955 

737-300 56,472 31,720 

747-200B 351,534 172,365 

747-SP 285,763 147,417 

757-200 99,790 59,157 

767-200 136,078 81,230 

DC8-Super 71 147,417 73,799 

DC9-30 54,885 25,941 

DC9-80 63,503 36,177 

DC10-10 206,384 111,086 

DC10-40 251,744 122,952 

Lockheed L1011-500 231,332 111,357 

Fokker F28-4000 33,112 17,546 

Rombac-111-560 45,200 24,386 

VFW-Fokker 614 19,958 12,179 

BAe 146-200 40,596 21,999 

A300-B4-200 164,999 88,500 

A310-202 131,995 76,616 

Ilyushin-Il-62M 162,000 69,400 

Tupolev-154 90,000 43,499 

A330-200 229,998 120,499 

Airbus A320 73,498 42,100 

Boeing 777-200 229,518 140,659 

A380-800 559,993 270,012 

Boeing 787-8 227,930 117,707 

A350-1000 316,000 155,129 

Nine futuristic aircraft (Jet-A and 100% SPK) [123], [130] 

Over wing nacelle 98 – direct drive engine 40,728 23,977 

Over wing nacelle 160 – GTF  64,350 35,551 

BWB 216 – GTF  142,364 82,169 

BWB 400 – GTF 318,661 174,793 

MIT H3.2 BWB 213,445 95,243 

Nickol et al. NASA N+2 BWB-GTF 301 PAX 242,441 114,349 

This study A350-1000 100% SPK Chapter 4 313,404 155,314 

This study BWB Jet-A 237,685 110,151 

This study BWB 100% SPK 234,798 110,169 
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34 LH2 aircraft [68], [159], [217], [168], [172], [173], [176]–[180] 

Brewer tube-wing (130 PAX 2,778 km) 45,510 29,780 

Brewer tube-wing (200 PAX 5,556 km) 79,600 51,540 

Brewer tube-wing (400 PAX 5,556 km) 143,330 90,340 

Brewer tube-wing (400 PAX 10,186 km) 168,740 103,300 

Brewer tube-wing (400 PAX 18,520 km) 249,400 149,840 

Verstraete tube-wing (150 PAX 4,000 km) 78,000 58,200 

Verstraete tube-wing (300 PAX 9,000 km) 175,700 122,900 

Verstraete tube-wing (400 PAX 14,000 km) 250,100 161,600 

Proesmans et al. ATR (67 PAX 2,410 km) 32,200 20,500 

Proesmans et al. COC (67 PAX 2,410 km) 33,100 21,500 

Proesmans et al. ATR (130 PAX 3,200 km) 63,600 41,200 

Proesmans et al. COC (130 PAX 3,200 km) 64,500 42,600 

Proesmans et al. ATR (253 PAX 10,800 km) 244,000 156,000 

Proesmans et al. COC (253 PAX 10,800 km) 248,000 163,000 

Gomez et al. (194 PAX 9,000 km) 133,676 108,897 

Airbus Cryoplane (185 PAX 7,400 km) 87,600 61,200 

Silberhorn et al. (2019) (165 PAX 5,740 km) Rear tank 67,819 44,334 

Silberhorn et al. (2019) (165 PAX 5,740 km) Top tank 66,045 42,605 

Silberhorn et al. (2019) (165 PAX 5,740 km) Pod tank 64,584 41,084 

Silberhorn et al. (2022) (261 PAX, 7,220 km) 128,670 92,245 

Lammen et al. (300 PAX, 3,704 km) 164,900 128,600 

Onorato et al. (72 PAX, 926 km) 22,900 14,600 

Onorato et al. (150 PAX, 4,560 km) 77,000 52,000 

Onorato et al. (295 PAX, 7,674 km) 210,000 141,000 

Huete et al. (232 PAX, 10,370 km)  309,000 238,000 

Huete et al. (332 PAX, 8,890 km)  303,000 299,000 

Huete et al. (388 PAX, 6,112 km)  273,000 200,000 

Huete et al. (720 PAX, 3,334 km)  287,000 194,000 

Troeltsch et al. (400 PAX 11,853 km) 196,000 128,000 

Beck et al. BWB (524 PAX 11,408 km) 288,994 201,003 

This study (366 PAX 13,870 km) Chapter 4 268,516 183,371 

This study BWB LH2 Case 1 (301 PAX 13,890 km) 196,339 118,194 

This study BWB LH2 Case 2 (301 PAX 13,890 km) 195,206 117,501 

This study BWB LH2 Case 3 (301 PAX 13,890 km) 193,732 116,505 

 

 Referring to Figure 7.15, the data points on left (GTOW< 1.0E+5), centre (1.0E+5<GTOW<4.0E+5), 

and right (GTOW>4.0E+5) are primarily of small aircraft (short range), LTA and small twin aisle aircraft 

(medium and long range), and VLTA (large quads and long range), respectively. All these data points used for 

creating both Figure 7.14 and Figure 7.15, are listed in Table 7.15. Additionally, by using the developed 

equation in Figure 7.15, and knowing either OEW or GTOW, the GTOW or OEW can be estimated for low-

order modelling. 

7.5.9 Other results and comments 

 It was observed through the findings of Chapter 4 (details in Appendix C) that LNG aircraft showed a 

potential in terms of getting closer to the design target range (10,895 km for LNG case 1 compared to target 
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of 13,870 km). Since this chapter considers weight sizing of a BWB aircraft that has greater internal volume 

as compared to a tube-wing aircraft, it is a good exercise to also examine the performance of LNG fuel in a 

BWB. The details of the LNG aircraft weight sizing process are included in Appendix C section C.5. Similar 

to Chapter 4, two LNG cases (of cryogenic tank η of 0.78 and 0.63) are considered here for BWB powered by 

LNG. For LNG case of η = 0.78, which has highest cryogenic tank η of the two cases, the aircraft reaches a 

range of 12,052 km. Therefore, LNG is not identified as an alternative fuel even for use in an N+2 BWB 

aircraft (since target design range of 13,890 km is not met). 

7.5.10 Limitations of the present chapter 

 The effect of cryogenic tank is not considered in detail and is based on other studies. Ideally, a separate 

design model for cryogenic tank is required that accounts both internal and external mechanical and thermal 

stresses. The estimation of the aircraft’s operational energy consumption is based on a simplified (multi-

segment) mission in the weight sizing process, where the energy consumption in smaller flight segments is 

calculated using the modifications to Roskam’s fuel fraction. Additionally, L/D ratios during climb, cruise, 

and loiter are average values for respective segments based on the aircraft weight during respective segment’s 

beginning and end. Moreover, in the estimation of the drag coefficient, wave drag is considered to be negligible 

which is typically considered in high-fidelity analysis. Overall, the weight sizing process is a low-order or low-

fidelity analysis and errors in aircraft performance metrics are expected. 

7.6 Chapter summary and conclusion 

 The present chapter begins with a literature review on LH2 powered aircraft studies, and the conceptual 

aircraft design process. Thereafter, more details of the selected future NASA N+2 aircraft (BWB) is listed and 

discussed comprehensively (as per the discussion and selection in Chapter 2), considering that this chapter is 

focussed specifically on the conceptual aircraft design. Based on this discussion and the discussion from 

Chapter 6, the design requirements are set for the aircraft.  

 After the design requirements are set, the data such as structural weights of different 

components/systems of the BWB aircraft and BWB aircraft geometry are then listed and discussed 

comprehensively along with the flight mission profile, LH2 tank model from literature, and the physics-based 

equation for service ceiling aircraft thrust requirement calculation. This is followed by the aircraft weight 

sizing methodology, which is discussed thoroughly. Additionally, aircraft off-design point performance 

estimation methodology is discussed. The details of the aircraft weight sizing process comprise of the 

propulsion aspect, aerodynamics, fuel fractions, aircraft systems weight, and the iteration conditions during 

the sizing process of the BWB LH2 aircraft (three cases) considered in this chapter.  

 Thereafter, BWB aircraft designs of the future (N+2 timeframe) for conventional jet fuel, 100% SPK 

case, and three cases of LH2 fuel are developed. The results of this design process comprise of the geometric 

model, iteration parameters during the sizing process, propulsion aspect (summarised using the results from 

Chapter 6), aerodynamics, characteristics of LH2 tank systems for BWB aircraft powered by LH2, weight of 

the aircraft and fuel consumed during different points in the aircraft flight mission for aircraft powered by the 
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conventional jet fuel, 100% SPK case, and LH2 fuel (three cases), and the overall performance (design and off-

design points) of the BWB aircraft powered by the conventional jet fuel, 100% SPK case, and LH2 fuel (three 

cases).  

 The T/W ratios at SLS and TOC for BWB LH2 aircraft tend towards the T/W ratios of Jet-A BWB 

aircraft at SLS and TOC, from case 1 (unoptimized) to case 3 (optimised). In all three cases of BWB LH2 

aircraft, the minimum required T/W at SLS and TOC are met, for a flight to be possible with the same airframe 

used for Jet-A BWB aircraft (and NASA N+2 BWB-GTF 301 PAX aircraft). The NASA N+2 BWB-GTF 301 

PAX (Jet-A) aircraft provides 47% reduction in block fuel energy consumption as compared to Boeing 777-

200LR, which is known from Nickol et al. [130] study. The Jet-A BWB aircraft (modelled in this chapter) is 

more efficient (by 1.74%) than the NASA N+2 BWB-GTF 301 PAX (Jet-A) aircraft. The Jet-A BWB aircraft 

provides 47.88% reduction in the block fuel energy consumption as compared to Boeing 777-200LR at the 

design point. The performance of BWB LH2 aircraft is better than both NASA N+2 BWB-GTF 301 PAX (Jet-

A) aircraft and Jet-A BWB aircraft. Case 1, 2, and 3 of BWB LH2 aircraft provide 51.69%, 52.55%, and 

53.49% reduction, respectively, in the block fuel energy consumption as compared to Boeing 777-200LR at 

the design point. BWB 100% SPK case has similar performance metrics as that of BWB Jet-A aircraft at the 

design point. BWB 100% SPK cases has insignificant energy consumption improvement of 0.19%. 

 It is important to note that the LH2 fuel tank systems fit inside the BWB aircraft primarily because of 

the consideration of future aircraft technology that significantly reduces the fuel weight and fuel volume to be 

carried on the aircraft. This effect was observed in Chapter 5, where the N+3 tube-wing LH2 aircraft SEC 

improved by 33% requiring a fuselage length increase of 22%, compared to A350-1000 Jet-A aircraft. For the 

LH2 aircraft modelled in Chapter 4 using present-day aircraft technology, the SEC increased by 11% requiring 

37% increase in fuselage length, compared to present-day Jet-A aircraft. BWB LH2 aircraft (case 3) provides 

energy consumption improvement of approximately 53.5% as compared to Boeing 777-200LR or 48.5% 

compared to A350-1000 Jet-A aircraft. Had there been no energy consumption improvement due to the use of 

future aircraft technology, the LH2 fuel volume required would be significantly greater than the fuel volume 

required in the BWB LH2 aircraft cases modelled in this chapter. The use of future (N+2 timeframe) aircraft 

technology (engine and airframe) enables successful and efficient use of LH2 fuel in the aircraft. Compared to 

the Jet-A BWB aircraft, BWB LH2 aircraft case 1, 2, and 3 provide 7.31%, 8.97%, and 10.76% reduction, 

respectively, in the block fuel energy consumption. As discussed before, the improvement in the block fuel 

energy consumption in all three cases of BWB LH2 aircraft is primarily due to the improved TSFCs and 

reduction in GTOW. In case 2 and 3 of BWB LH2 aircraft the reduction in the thrust requirement is an 

additional reason for the improved energy efficiency. 

 With BWB LH2 aircraft (all three cases) there is no need to conduct fuel jettison of a highly flammable 

hydrogen fuel in the event of an emergency landing, because its GTOW is lesser than the average permissible 

landing weight considering its structure (MTOW). This finding is of great significance considering the safety 

issue associated with LH2 use in an aircraft. Thereafter, a final evaluation i.e., a sanity check is conducted 

where the relationship between the OEW and GTOW is analysed for the LH2, and Jet-A and 100% SPK 

aircraft. It is observed that the relationship between OEW and GTOW for the aircraft designed in this chapter 
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is similar to the LH2 aircraft designs in literature, and the developed equation would facilitate future weight 

sizing studies on LH2 aircraft design. Similar (OEW vs GTOW) observations are made for Jet-A and 100% 

SPK.  

 At off-design points, for a given fuel case, with increasing load factor, the maximum range that can be 

travelled decreases. Additionally, for a given fuel case, increasing the load factor improves the energy 

efficiency compared to a Jet-A BWB aircraft. Moreover, for a given fuel case and load factor, the energy 

efficiency improves with increasing range compared to a Jet-A BWB aircraft. This increase in energy 

efficiency is observed prominently for all three cases of BWB LH2 aircraft compared to the Jet-A BWB aircraft. 

The BWB LH2 Case 3 aircraft is the most efficient aircraft at all range and load factor combinations compared 

to the Jet-A BWB aircraft.  

 Overall, purely based on energy efficiency performance, the BWB LH2 aircraft appears to be a 

preferred LTA aircraft type for long-range travel considering all LH2 aircraft performance observed from 

Chapters 4 to 7. The BWB LH2 aircraft does have an advantage over both Jet-A BWB aircraft and BWB 100% 

SPK aircraft in terms of energy consumption (use-phase) and that this BWB LH2 aircraft would emit only water 

vapour and small amount of NOx. However, this and previous chapters do not consider the lifecycle emissions 

of Jet-A, 100% SPK, and LH2 aircraft. Thus, this need for a holistic assessment of lifecycle emissions due to 

the use of Jet-A, 100% SPK and LH2 aircraft motivates the next chapter, where different manufacturing 

pathways and feedstocks of these fuels will be explored. This analysis would help in the estimation of the fuel 

pathway(s) and/or feedstock(s) that could enable climate neutral long-range flight with a N+2 BWB LTA 

aircraft. 
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Chapter 8: Lifecycle comparative performance assessment of different aircraft and fuel combinations 

8.1 Introduction  

8.1.1 Background 

 The lifecycle emissions attributable to the fuel performance of an aircraft is the summation of 

emissions during the operational phase of the aircraft and fuel manufacturing stage (raw material extraction to 

fuel in storage tank). In the present setup, the operational phase GHG emissions from aircraft contribute to 

~70% of the total aircraft GHG emissions [99].  

 In this study, the operational energy performance modelling of an LTA aircraft powered by LH2 and 

100% SPK (separately) is conducted in Chapters 4 – 7, and this enables the estimation of emissions in the 

aircraft use-phase. Thus, knowing the fuel manufacturing emissions, the WTWa or lifecycle emissions can be 

calculated. This motivates the current chapter where the life cycle or WTWa performance is evaluated for a 

long-range LTA aircraft powered by LH2 and 100% SPK (separately) manufactured from different feedstocks 

and/or pathways. 

 Firstly, in the current chapter, an inventory of fuel manufacturing phase CO2 equivalent emissions is 

created using the GREET model [33] and literature. GREET model is a lifecycle assessment tool developed 

by Argonne National Lab, USA. Secondly, the use-phase CO2 emissions are modelled in this chapter for a 

future (N+2 timeframe) BWB aircraft (which is identified in Chapter 7 as efficient and suitable for LH2 fuel 

systems integration), along with the quantification of other non-CO2 emissions. These enable the estimation 

of WTWa CO2 equivalent emissions.  

 In this chapter, the life cycle or WTWa performance is evaluated for future (N+2 timeframe) long-

range BWB LTA aircraft powered by LH2 and 100% SPK (separately) manufactured from different feedstocks 

and/or pathways. The objective of this chapter is to identify the aircraft technology and fuel (feedstock and/or 

pathway) combination(s) that enable a climate-neutral long-range flight of an LTA aircraft. This addresses the 

fifth and last research objective discussed in Chapter 1. In addition to the CO2 equivalent emissions, this work 

also quantifies some of the unintended effects due to the use of LH2 and 100% SPK (separately) that are 

manufactured from different feedstocks and/or pathways. These unintended effects comprise of fossil fuel use, 

water consumption, and other emissions. 

8.1.2 Chapter structure  

 The studies that explore the WTWa emissions performance of aircraft (separately) powered by Jet-A, 

100% SPK, and LH2, are first reviewed in sub-section 8.2. Thereafter, a comparative WTWa emissions 

assessment of the above fuels is conducted using the methodology described in section 8.3, and the results are 

discussed in section 8.4.  
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8.2 Well-to-wake literature review  

 A preliminary or high-level literature review on synthetic jet fuels such as biomass-based fuels and 

PtL has been conducted in Chapter 2, which enables the understanding of the potential of these fuels in terms 

of carbon emissions reduction on a WTWa basis. These fuels are further reviewed in detail in this chapter 

along with LH2, towards their WTWa emissions performance.  

Table 8.1. WTWa CO2 equivalent values for different renewable jet pathways (source [300]) 

Technology Feedstock CO2 equivalent (g/MJ) 

FT Forestry residues 6 

Poplar -6 to 10 

Corn Stover 13 

Willow 0 

HEFA Camelina 44 to 47 

Used cooking oil 28 

Jatropha 21 to 55 

STJ (10% blend) Sugarcane 47 to 49 

STJ (increased blend level) Sugarcane 76 to 79 

ATJ Sugarcane 31 

Corn Stover 22 to 35 

Corn 54 to 71 

Pyrolysis (in situ) Forestry residues 22 

Pyrolysis (ex situ) Forestry residues 37 to 41 

Hydrothermal Liquefaction (HTL) (in situ) Forestry residues 18 

HTL (ex situ) Forestry residues 21 

 

 A study by De Jong et al. [300] carries out WTWa CO2 equivalent emission performance of several 

renewable jet fuel pathways and analyses the effect of different co-product allocation process. The WTWa 

CO2 equivalent values for different renewable jet pathways are summarised in Table 8.1. The authors find that 

FT pathway enables the highest reduction of GHG emission (86 – 104%) compared to conventional jet fuel. 

The authors highlight that renewable jet fuel could significantly reduce aviation-related GHG emissions if 

correct pathways and/or feedstock are used. Additionally, the authors note that the GHG emission performance 

of renewable jet fuel could be further improved by employing carbon capture and storage, and using sustainable 

hydrogen sources, in the fuel production. 

 In 2021, ICAO published/updated the default life cycle emissions values for carbon offsetting and 

reduction scheme for international aviation (CORSIA) eligible fuels [301], based on study [302]. For these 

CORSIA values, three different parameters are used that measure embodied carbon for a given fuel. The first 

measure is called direct or core lifecycle emissions which is attributable to upstream phase of fuel 

manufacturing (feedstock production and fuel conversion), transport, and the use-phase of the fuel. The second 

measure is indirect land-use change or ILUC that comprises of indirect GHG emissions considering land-use 

effects. The ILUC emissions are associated with crop-based feedstocks which maybe attributable to by-

products, waste, and residues if these are deflected from the present utilisation. Such effects may be important, 

especially if the economic relationships of the feedstocks are closely related with vegetable oils. The third 
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measure is called carbon intensity or net emissions, which is a sum of the first and the second measure i.e., 

sum of direct lifecycle emissions and ILUC emissions. These default values are calculated based on the core 

lifecycle emissions and ILUC emissions, for selected feedstocks and pathways in different country, region 

and/or globally, and are summarised in Table 8.2. The lowest net emissions (WTWa) are observed for FT fuel 

(-22.5 g/MJ CO2 equivalent) produced from miscanthus in the USA. 

 A review study by Kolosz et al. [303] compares the WTWa performance metrics of different studies 

on ‘drop in’ fuels which include biofuels (first, second, and third generation) and different fossil fuel based jet 

fuel (from coal, oil sands, oil shale, natural gas, etc.). The review study highlights the uncertainty during fuel 

production and combustion at high altitudes. The study points out next generation fuels such as oleaginous 

yeasts, alcohols, and low-carbon fuels – LH2, LNG, and LNH3, and the need to examine these fuels on WTWa 

basis, in future studies.  

 A report by Van Der Sman et al. [304] reviews cost of sustainable aviation fuels (biofuels and PtL) 

and their carbon reduction potential in EU, in addition to reviewing literature on other industry strategies for 

decarbonising aviation. The authors report that PtL has higher embodied carbon reduction potential as 

compared to biofuels but has significantly higher cost. For example, jet fuel produced from used cooking oil 

(HEFA) and hydrothermal liquefaction (separately) will cost 1.9 – 2.7 times higher and PtL will cost 2.2 – 6.4 

times higher, compared to Jet-A. 

 The study by Koroneos et al. [305] (based on the Cryoplane project) conducted a comparative WTWa 

performance examination of a small aircraft from the A320 family (3,360 km range, 124 passengers) powered 

by LH2 and Jet-A (separately) considering effects such as greenhouse, acidification, eutrophication, and winter 

smog. This analysis is conducted using GEMIS (global emission model for integrated systems) database. The 

authors examine a smaller aircraft, though it is relevant to this chapter (LTA aircraft) in terms of high-level 

objectives, is less recent (early 2000s) and considers fewer ways of producing LH2. Also, the authors do not 

consider the effect of contrails cirrus in their WTWa analysis. The authors consider energy source like solar 

photovoltaics, solar thermal, wind, biomass, hydropower, and natural gas, for hydrogen production. The 

authors emphasise the significance of producing LH2 from renewable energy sources such as wind energy and 

hydropower, especially considering their negligible environmental impacts. However, the authors also point 

the need to produce LH2 from these sources cost-effectively while ensuring the fuel demands are met. 

 A study by Pereira et al. [296] compares LH2, LNG, and Jet-A on a WTWa basis, where LH2 is 

produced from four separate pathways – steam methane reformation, solar PV, wind energy, and hydropower. 

This comparison is carried out for both small (A320 type) and large aircraft (A340 type). The authors use a 

combination of existing models (GREET and GEMIS) for the WTP phase emissions modelling and existing 

EMEP/EEA dataset for the PTWa phase. The methodology does not consider the poor volumetric energy 

density characteristics of LH2 which penalises aircraft energy performance. The aircraft use-phase energy 

consumption and/or emissions have a significant impact on the WTWa performance. Also, the authors do not 

consider the effect of contrails cirrus in their WTWa analysis. The authors observe that renewable hydrogen is 

the less polluting option, particularly from hydropower or wind energy. Additionally, manufacturing LH2 from 

renewable energy sources has benefits both in terms of WTWa energy consumption, and environmental and 
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social impacts. The authors point out the need to examine renewable LH2 production cost, since the market 

penetration of this fuel depends on its cost effectiveness. 

Table 8.2. CORSIA default values based on the core lifecycle emissions and indirect land use change 

emissions (source [301], [302]) 

Fuel Conversion 

Process 
Region Fuel Feedstock 

Core LCA 

Value 

Indirect land 

use change 

LCA Value 

Net emissions 

(gCO2e/MJ) 

HEFA Global Tallow 22.5 0 22.5 

Global Used cooking oil 13.9 13.9 

Global Palm fatty acid 

distillate 

20.7 20.7 

Global Corn oil (from dry 

mill ethanol plant) 

17.2 17.2 

USA Soybean oil 40.4 24.5 64.9 

Brazil Soybean oil 40.4 27 67.4 

EU Rapeseed oil 47.4 24.1 71.5 

Malaysia 

and 

Indonesia 

Palm oil – closed 

pond 

37.4 39.1 76.5 

Malaysia 

and 

Indonesia 

Palm oil – open 

pond 

60 39.1 99.1 

Brazil Brassica carinata 

(grown as a 

secondary crop 

that avoids other 

crops 

displacement) 

34.4 -20.4 14 

USA Brassica carinata 

(grown as a 

secondary crop 

that avoids other 

crops 

displacement) 

34.4 -21.4 13 

FT Global Agricultural 

residues 

7.7 0 7.7 

Global Forestry residues 8.3 8.3 

Global Municipal solid 

waste (MSW), 0% 

non-biogenic 

carbon (NBC) 

5.2 5.2 

Global MSW (NBC given 

as a percentage of 

the non-biogenic 

carbon content) 

NBC*170.5 + 

5.2 

NBC*170.5 + 5.2 

USA Poplar (short-

rotation woody 

crops) 

12.2 -5.2 7 
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USA Miscanthus 

(herbaceous 

energy crops) 

10.4 -32.9 -22.5 

EU Miscanthus 

(herbaceous 

energy crops) 

10.4 -22 -11.6 

USA Switchgrass 

(herbaceous 

energy crops) 

10.4 -3.8 6.6 

Alcohol (ethanol) 

to jet (ETJ) 

Brazil Sugarcane 24.1 8.7 32.8 

USA Corn grain 65.7 25.1 90.8 

Global Agricultural 

residues 

(standalone 

conversion design) 

39.7 0 39.7 

Global Agricultural 

residues 

(integrated 

conversion design) 

24.6 24.6 

Global Forestry residues 

(standalone 

conversion design) 

40 40 

Global Forestry residues 

(integrated 

conversion design) 

24.9 24.9 

USA Miscanthus 

(herbaceous 

energy crops) 

standalone 

conversion design 

43.3 -42.6 0.7 

USA Miscanthus 

(herbaceous 

energy crops) 

integrated 

conversion design 

28.3 -42.6 -14.3 

EU Miscanthus 

(herbaceous 

energy crops) 

standalone 

conversion design 

43.3 -23.3 20 

EU Miscanthus 

(herbaceous 

energy crops) 

integrated 

conversion design 

28.3 -23.3 5 

USA Switchgrass 

(herbaceous 

energy crops) 

43.9 -10.7 33.2 
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standalone 

conversion design 

USA Switchgrass 

(herbaceous 

energy crops) 

integrated 

conversion design 

28.9 -10.7 18.2 

Alcohol 

(isobutanol) to jet 

(ATJ) 

Global Agricultural 

residues 

29.3 0 29.3 

Global Forestry residues 23.8 23.8 

Brazil Sugarcane 24 7.3 31.3 

USA Corn grain 55.8 22.1 77.9 

USA Miscanthus 

(herbaceous 

energy crops) 

43.4 -54.1 -10.7 

EU Miscanthus 

(herbaceous 

energy crops) 

43.4 -31 12.4 

USA Switchgrass 

(herbaceous 

energy crops) 

43.4 -14.5 28.9 

Synthesised iso-

paraffins  

Brazil Sugarcane 32.8 11.3 44.1 

EU Sugar beet 32.4 20.2 52.6 

 

 Bicer et al. [47] conducts a WTWa evaluation of a small twin aisle aircraft of conventional tube-wing 

architecture (such as the Boeing 767) with a flight range of 5,600 km, where the aircraft is operated by Jet-A, 

LH2, LNG, LNH3, ethanol, and methanol (separately). It is to be noted that the authors use SimaPro software 

(with Ecoinvent database), which is a lifecycle assessment software, for their analysis. The methodology does 

not consider the poor volumetric energy density characteristics of LH2 which penalises aircraft energy 

performance that has a significant impact on the WTWa performance. Also, the authors do not consider the 

effect of contrails cirrus in their WTWa analysis. The fuels are examined considering aspects such as land use, 

GWP, ozone layer depletion, abiotic depletion, and human toxicity. For both LH2 and LNH3, the authors 

evaluate renewable energy sources for fuel manufacturing that include hydropower, geothermal, solar, and 

wind energy, and for LH2 the production pathway of underground coal gasification with carbon capture storage 

is also examined. The authors find that LH2 when manufactured from geothermal energy could be preferred 

route than LNH3 (from geothermal), other alternatives, and Jet-A on WTWa basis in terms of GWP.  

 Similarly, a study by Ratner et al. [306] provides the WTWa performance of a small aircraft (1,667 

km range, 190 passengers) powered by battery and fuel cell (separately), where the electricity and LH2 are 

produced from different sources. The authors use Ecoinvent LCA dataset for their analysis and it is unclear 

(not explicit) whether the (negative) volumetric effects of LH2 are considered in the aircraft energy modelling. 

The methodology is either not clear from the information supplied or do not consider the poor volumetric 

energy density characteristic of LH2 which penalises aircraft energy performance. The aircraft use-phase 

energy consumption and/or emissions have a significant impact on the WTWa performance. Also, the authors 
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do not consider the effect of contrails cirrus in their WTWa analysis. The authors provide comparison of 13 

different alternative cases with metrics such as oxidation and eutrophication potential, climate impact, 

ecotoxicity, and land use, along with their cost. The authors find that electric aircraft powered by electricity 

produced from wind energy could reduce the aircraft’s climate impact, compared to Jet-A, while being the 

most cost-effective solution of all alternatives and of similar magnitude as that of Jet-A. The analysis is 

simplistic in nature and is limited to fewer pathways/sources of producing electricity and LH2, for a small 

aircraft with short range. 

 A study by Siddiqui et al. [307] conducts comparative WTWa performance examination of a passenger 

aircraft (range and passengers not known) powered by LH2, LNH3, ethanol, methanol, dimethyl ether, 

biodiesel, and Jet-A (separately). The fuels are examined considering aspects such as greenhouse effect, 

ionising radiation potential, terrestrial acidification, freshwater eutrophication, photochemical ozone 

formation, particulate matter, freshwater ecotoxicity, human carcinogenic toxicity, and land use occupation. 

For LH2 and LNH3, the authors examine renewable energy sources for fuel production such as hydropower, 

geothermal, solar, and wind energy. This analysis is conducted using SimaPro software using Ecoinvent 

database. The methodology is either not clear from the information supplied or do not consider the poor 

volumetric energy density characteristic of LH2 which penalises aircraft energy performance. The aircraft use-

phase energy consumption and/or emissions have a significant impact on the WTWa performance. Also, the 

authors do not consider the effect of contrails cirrus in their WTWa analysis. The authors find that LH2 when 

produced from geothermal energy, performs better than LNH3 (from geothermal), other alternatives, and Jet-

A, on WTWa basis in terms of greenhouse effect. The authors point out the need of manufacturing LH2 from 

renewable energy sources cost-effectively while simultaneously ensuring that the required fuel demand is met.  

 In a thesis by Miller [308], a slightly more detailed WTWa analysis of alternative aviation fuels (LH2 

and biofuels) is conducted, compared to above studies. The metrics used for this comparative WTWa analysis 

are climate impacts and air quality, water consumption in fuel manufacturing stage, and in non-use phase it 

estimates acidification, eutrophication, respiratory effects, and smog. This study encompasses aircraft and 

airport emissions (construction and use-phase) and considers a simplistic estimation of effect of contrails 

toward climate impacts. The methodology of the thesis for the WTWa emissions analysis is eclectic as the 

authors use published models for different segments of the lifecycle. For example, the author uses GREET 

model for the fuel manufacturing phase emissions. The author uses all available LH2 production pathways in 

GREET, and for biofuel only FT, HEFA, and ATJ are used. The study by Miller, though is slightly more 

detailed compared to the above studies as it consider tens of several feedstocks and/or pathways for LH2 and 

biofuels along with the effect of contrails cirrus in WTWa analysis, it misses out on PtL or electro-fuels and 

STJ fuel, and the WTWa results are limited only to short or medium range aircraft. The author provides analysis 

in the use-phase for different aircraft size at 930 km range (500 nmi) and further examines a Boeing 787-800 

type for a 6,500 km range (3,500 nmi), for its WTWa performance. The author observes that the WTWa 

performance of combustion based LH2 aircraft is strongly dependent on the fuel production pathway. LH2 

produced from renewable energy sources (wind, hydroelectric, and geothermal) are strong contenders but 

scalability is a concern. Additionally, the author points out the need for further evaluation of contrail cirrus 
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effect of LH2 aircraft to refine the WTWa estimates and help decision making towards LH2 powered aviation 

investments.    

 A study by Mukhopadhaya et al. [127] evaluates the performance of regional and small range LH2 

aircraft along with cost analysis and embodied carbon. The authors model the LH2 aircraft while considering 

its poor volumetric energy density characteristic along with the effect of cryogenic tank gravimetric index, 

which penalises the energy performance. The authors compare the embodied carbon and cost per revenue 

passenger km of LH2 (blue and green) and e-kerosene (PtL) with Jet-A for 2035 and 2050 timeframe in EU 

and USA. However, the authors consider fewer ways of LH2 production and do not consider the effect of 

contrails cirrus in their WTWa analysis for the fuels considered. The authors find that the cost of powering 

aircraft with green hydrogen is expected to be more than Jet-A but lesser than e-kerosene or blue hydrogen. 

Also, if carbon pricing is included then green LH2 could be cost competitive with Jet-A or cost lesser. 

Additionally, to maximise the climate impact reduction potential for LH2 aircraft and enable successful 

penetration of green hydrogen (low embodied carbon) in aviation, there is a need to account the life cycle 

effects appropriately along with policies. Moreover, for LH2 aircraft to be successful, the above efforts need 

to be complemented with supportive government policies such as low-carbon fuel standards, alternative fuel 

mandates to bridge the cost gap with Jet-A, carbon pricing, and/or bolstering fuel efficiency policies, to enable 

required investments for fostering R&D, design, testing, and establishing infrastructure for LH2 production, 

distribution, and storage.   

 The FlyZero report [128] studies different fuels and propulsion type (with technology improvement in 

2040 timeframe) and compares them on WTWa basis, for regional short-range to midsize medium range 

aircraft. In terms of fuels and propulsion type, the study examines LH2 (fuel cell and combustion based, 

considering performance penalty due to installation of cryogenic tank), PtL, and biofuel. The study reports the 

climate impact due to contrail cirrus along with the climate impacts due to NOx, H2O, and CO2 in the use-

phase, and emissions in the fuel manufacturing phase. The study uses a combination of models for the lifecycle 

analysis which includes use of SimaPro software (hydrogen) and CORSIA values (for biofuels). The FlyZero 

report accounts the performance penalty due to cryogenic tank installation and the impact of contrail cirrus in 

their WTWa analysis of LH2, PtL, and biofuel for small to mid-size aircraft. However, their analysis is limited 

to a few selected feedstocks and/or pathways of manufacturing LH2, PtL, and biofuel. LH2 is assumed to be 

produced only from renewable electricity and biofuels manufactured using a mix of feedstocks from CORSIA 

eligible fuels (limited feedstocks only). Overall, the study finds that both combustion-based and fuel-cell 

powered LH2 aircraft are preferred candidates as their WTWa CO2 equivalent emissions are lesser than other 

alternatives and Jet-A fuel, except for very-short range where electric aircraft would be preferred vehicles.     

 The above limitations in literature further motivate this chapter. These gaps are addressed in this 

chapter where a WTWa analysis of an LTA long-range aircraft is conducted. The energy consumption 

modelling for future (N+2 timeframe) BWB aircraft powered by LH2 and 100% SPK (biofuel and PtL) 

(separately) is conducted in Chapters 6 and 7, where the performance penalty due cryogenic tank installation 

is considered for LH2 aircraft modelling. In this chapter, over 100 different ways in total for producing LH2, 

PtL, and biofuel are examined. The methodology is discussed in the next section.  
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8.3 Methodology 

 The WTWa emissions or performance of any fuel is the summation of emissions during the fuel 

manufacturing stage (from raw material extraction stage to its transportation and storage at fuel pump) and the 

operational phase of the aircraft. The fuel manufacturing stage is referred to as WTP and operational phase of 

aircraft is referred to as PTWa. In this chapter, its assumed that for all fuels the pump to aircraft tank emissions 

and/or leakages are zero. Figure 8.1 shows the schematic of WTWa emissions calculation process from WTP 

and PTWa emissions, used in this chapter. Referring to Figure 8.1, the latest WTWa CORSIA default values 

(2021), are available directly from literature and these are listed in Table 8.2 (in section 8.2). It is to be noted 

that the CORSIA default values are limited to a few feedstocks and/or pathways for biofuels. The methodology 

for WTWa emissions calculation is split into WTP and PTWa as separate models or estimation procedures are 

required. The methodology for estimating WTP and PTWa is discussed separately in section 8.3.1 and 8.3.2, 

respectively.  

 

Figure 8.1. Schematic of WTWa emissions calculation process from WTP and PTWa emissions 

8.3.1 Fuel production phase (WTP) emissions 

 Referring to Figure 8.1, the GREET 2021 model is used for making a database of fuel manufacturing 

phase emissions for LH2 and 100% SPK (biofuel and PtL). The GREET model is documented extensively in 

literature (report, articles, manual, etc.) and the list of publications can be found in resource [309]. It is to be 

noted that the GREET model is USA specific, and thus is a limitation of this work. For both LH2 and 100% 

SPK, a wide range of manufacturing pathways and/or feedstocks are examined. For a fuel under consideration, 
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not all feedstocks and/or pathways are considered for whole WTWa analysis. Most feedstocks and/or pathways 

are screened out based on their WTP performance for computational compactness and ease. Additionally, a 

few parameters are identified from literature to which the WTP emissions are sensitive, and these parameters 

are varied in GREET, for each fuel type under examination, and these are discussed in detail next.  

8.3.1.1 LH2 

 Table 8.3 lists the different feedstock and/or pathways for producing hydrogen at centralised 

manufacturing unit with or without carbon sequestration facility and type of liquefication used. These are in 

total 59 different ways LH2 can be produced from centralised manufacturing units in the USA as simulated 

using GREET 2021 model [33].  

 There are two assumptions/models for hydrogen production in GREET 2021: (a) H2A model of 

National Renewable Energy Lab, USA (b) Industry data. 59 cases (and Jet-A) are simulated for both hydrogen 

production assumptions, wherever applicable and available. For example: Industry data assumptions are 

applicable/available in GREET 2021 for all 59 cases except four cases: (a) North American natural gas 

(NANG) with carbon sequestration (w CS) and hydrogen liquefication using US mix electricity (LUSME); (b) 

renewable natural gas (RNG) w CS LUSME; (c) NANG w CS and liquification using power from natural gas 

combined cycle (LNGCC); (d) RNG w CS LNGCC. Similarly, H2A model assumptions are 

applicable/available in GREET 2021 for all 59 cases except 18 cases: six feedstocks each (willow, poplar, 

switchgrass, corn stover, forest residue, and miscanthus) for biomass manufacturing plant type w CS for both 

LUSME type and hydrogen liquefied using electricity from biomass integrated gasification combined cycle 

(LBIGCC), and six feedstocks (same as above) with integrated fermentation manufacturing plant type w CS. 

 In the results section (8.4), for each of the 59 manufacturing cases, the sensitivity of the selection of 

model assumptions (H2A or industry data) is reflected as a range of values. This is the first sensitivity 

parameter. Additionally, each of the 59 manufacturing cases (and Jet-A) with respective manufacturing model 

assumptions is simulated for year 2020 and 2050. This is essentially to check the sensitivity of US energy mix, 

the second sensitivity parameter, on LH2 WTWa emissions. The energy mixes for both 2020 and 2050 are 

listed in Table 8.4. According to Table 8.4, the USA energy mix in 2050 is expected to be dominated by more 

renewable energy sources, especially solar energy (photovoltaics). The different processes of manufacturing 

LH2 and 100% SPK routes are discussed in Appendix D (section D.1). 

 The objective of this thesis is to find solutions for making long-range flight climate neutral. Thus, after 

examining 59 cases, only the LH2 manufacturing options that provide near-zero and/or negative CO2 equivalent 

emissions are considered for further WTWa analysis. 
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Table 8.3. List of different feedstocks and/or pathways of producing hydrogen at centralised 

manufacturing unit with or without carbon sequestration facility and type of liquefication used 

Type of LH2 Pathways/Feedstock Carbon sequestration (CS) Liquefication type 

Grey Coal Without (w/o) CS  Liquefied using US 

mix electricity 

(LUSME) 

Liquification using 

electricity from coal 

integrated 

gasification 

combined cycle 

(LCIGCC) 

With (w) CS LUSME 

LCIGCC 

Coke oven gas (COG) - LUSME 

LCIGCC 

Blue North American Natural Gas 

(NANG) 

w/o CS LUSME 

Liquefication using 

power from natural 

gas combined cycle 

(LNGCC) 

w CS LUSME 

LNGCC 

H2 as a by-product of natural gas 

liquid (NGL) steam cracking (SC) 

- LUSME 

Green Renewable natural gas (RNG) w/o CS LUSME 

LNGCC 

w CS LUSME 

LNGCC 

Solar photovoltaics (PV) - LUSME 

- Liquefication using 

electricity from 

solar energy (L-

Solar) 

Nuclear thermochemical cracking of 

water (TCCW) 

- Liquefication using 

electricity from 

nuclear energy (L-

Nuclear) 

Nuclear high temperature gas reactor 

(HTGR) 

- LUSME 

L-Nuclear 

Biomass Willow w/o CS LUSME 

Poplar 

Switchgrass 

Corn stover 

Forest residue 

Miscanthus 

Biomass Willow Liquification using 

electricity from 

biomass integrated 

Poplar 

Switchgrass 
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Corn stover gasification 

combined cycle 

(LBIGCC) 

Forest residue 

Miscanthus 

Biomass Willow w CS LUSME 

Poplar 

Switchgrass 

Corn stover 

Forest residue 

Miscanthus 

Biomass Willow LBIGCC 

Poplar 

Switchgrass 

Corn stover 

Forest residue 

Miscanthus 

Integrated 

fermentation 

(Biomass) 

Willow w/o CS LUSME 

Poplar 

Switchgrass 

Corn stover 

Forest residue 

Miscanthus 

Willow w CS 

Poplar 

Switchgrass 

Corn stover 

Forest residue 

Miscanthus 

High temperature electrolysis with 

solid oxide electrolysis cell (HTE 

SOEC) using electricity from Nuclear 

HTGR for electrolysis 

- 

 

 

 

 

 

LUSME 

HTE SOEC using electricity from 

natural gas combined cycle (NGCC) 

for electrolysis  

H2 produced as a by-product of 

chlorine manufacturing plant (By-

product Cl plant) 

 

Table 8.4. US energy mix in 2020 and 2050 – share of different energy sources for electricity 

production (stationary use) 

2020 USA energy mix [33] 2050 USA energy mix [310] 

Source % Others source % Source % Others source % 

Residual oil 0.4 Hydroelectric 38.1 Residual oil 0.0% Hydroelectric 13.0% 

Natural gas 39.6 Geothermal 2.1 Natural gas 36.0% Geothermal 2.0% 

Coal 20.0 Wind 45.9 Coal 11.0% Wind 34.0% 

Nuclear power 20.4 Solar PV 11.4 Nuclear power 11.0% Solar PV 47.0% 

Biomass 0.3 Miscellaneous 2.5 Biomass 0.0% Miscellaneous 4.0% 

Others 19.4 Others 42.0% 
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8.3.1.2 100% SPK 

8.3.1.2.1 Preliminary shortlisting of feedstocks and pathways 

 In this section, four SPK fuel pathways are examined using the GREET 2021 model, where the 100% 

SPK fuel is produced from different feedstocks and manufacturing schemes. These are ATJ, STJ, HRJ or 

HEFA, and FT. For each of the four SPK fuel pathways, different feedstocks and manufacturing schemes are 

evaluated. Table 8.5 and Table 8.6 list different feedstocks and manufacturing schemes for 100% SPK 

produced from ATJ (18 cases) and STJ (24 cases), and FT (eight cases) and HEFA (four cases each of food 

and non-food crops) pathways, respectively.  

Table 8.5. List of different feedstocks and manufacturing schemes for 100% SPK produced from 

ATJ and STJ pathways 

ATJ schemes and feedstocks (18 cases) STJ schemes and feedstocks (24 cases) 

Feedstocks in standalone 

(S.) scheme 

Feedstocks in distributed 

(D.) scheme 

STJ manufacturing 

schemes 

Feedstocks for each of 

the four STJ 

manufacturing schemes 

Corn with dry mill 

(CDM) 

Corn US mix (CUSM) Biological plant type 

(B.) 

Poplar 

Poplar Corn dry mill without 

extraction (CDMWOE) 

Catalytic with external 

H2 plant type (CWEH.) 

Forest residue 

Forest residue Corn dry mill with 

extraction (CDMWE) 

Catalytic with in-situ H2 

plant type (CWIH.) 

Miscanthus 

Miscanthus Corn wet mill (CWM) Catalytic with H2 from 

biomass gasification 

plant type (CWHBG.) 

Switchgrass 

Switchgrass Poplar Willow 

Willow Forest residue Corn stover 

Corn stover Miscanthus 

Switchgrass 

Willow 

Corn stover 

Solid waste 

 

Table 8.6. List of different feedstocks and manufacturing schemes for 100% SPK produced from FT 

and HEFA pathways 

FT feedstocks (8 main cases) HEFA feedstocks (8 cases) 

North American (NA) natural gas (NANG),  Food-crops 

Non-NA natural gas (non-NANG) Soybean 

Non-NA flared gas (non-NAFG) Palm FFB (fresh fruit bunch) 

Biomass* Canola 

Coal Corn oil 

Coal (50%) + biomass* (50%) (share by mass)  Non-food feedstocks 

Natural gas (50%) + biomass* (50%) (share by mass) Algae 

Electro-fuel (or PtL) Camelina 

*Poplar, forest residue, miscanthus, switchgrass, willow, corn stover  Jatropha 

Carinata 
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 For HEFA, though there are eight feedstocks in total that are considered purely as an academic exercise 

in Table 8.6, only four non-food crops will be considered as feedstocks for fuel production in this chapter for 

further consideration. This is because there is a social aspect attached to using food crops for fuel production. 

In total there are 54 different ways (58 ways if food crops are included) in which 100% SPK can be produced 

using the above four pathways and feedstock combinations. These 54 manufacturing options are examined and 

only the options that provide lowest or negative CO2 equivalent emissions for each of the four pathways are 

considered for sensitivity analysis (discussed next) and further WTWa analysis. 

8.3.1.2.2 Manufacturing emissions sensitivity to identified parameters  

 According to the study by Pavlenko et al. [311], hydrogen is one of the important component required 

in the SPK fuel manufacturing process and therefore it contributes significantly to the lifecycle GHG emissions 

of SPKs, especially for HEFA and STJ pathways. Additionally, the use of green hydrogen for producing SPKs 

could be useful to reduce the lifecycle greenhouse gas emissions (ibid). From the exercise on LH2 discussed 

in section 8.3.1.1, the feedstocks/pathways that enable a near-zero or negative emissions fuel production are 

used for this sensitivity analysis. For example, if solar-PV and biomass routes of hydrogen production are 

shortlisted via the approach detailed in section 8.3.1.1, then these routes will be used for producing the required 

hydrogen in the manufacturing process of a given SPK pathway. In the results section (8.4), for each of the 

shortlisted SPK fuel manufacturing case, the sensitivity of the hydrogen production route for manufacturing 

SPK fuel, is reflected as a range of values. The hydrogen production route for manufacturing SPK fuel is the 

first sensitivity parameter. 

 Additionally, similar to the exercise for LH2, the WTP emissions for SPKs are simulated for year 2020 

and 2050 (more renewable energy sourcing), and this is useful in the estimation of the sensitivity of US energy 

mix, the second sensitivity parameter, on 100% SPK WTWa emissions. 

8.3.2 Operational phase (PTWa) emissions 

 Chapters 4 to 7 provide four LH2 aircraft employing different aviation technologies (present and 

future) and their energy consumption metrics. These are as follows: 

• LH2 aircraft 1 (tube-wing) – 29% more SEC compared to the A350 Jet-A aircraft (baseline) (known 

from global sensitivity analysis in Chapter 5) 

• LH2 aircraft 2 (tube-wing) – 11% more SEC than A350 Jet-A aircraft (nominal case from Chapter 4) 

• LH2 aircraft 3 (tube-wing) – 33% less SEC than A350 Jet-A aircraft (from global sensitivity analysis 

in Chapter 5) 

• LH2 aircraft 4 (BWB) – 53.5% less SEC than B777 Jet-A or 48.5% less SEC than A350 Jet-A aircraft 

(from Chapter 7). This is case 3 or most optimised LH2 aircraft in Chapter 7 

 The WTWa emission would be reduced the most using aircraft 4 (modelled in Chapter 7) as the aircraft 

shows highest SEC reduction compared to the baseline, in addition to the reduction in associated direct 

operating or fuel costs. Additionally, the engine cycle parameters required for PTWa emissions modelling are 
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known for the aircraft.  Therefore, for the PTWa emissions estimation the BWB aircraft (Jet-A, 100% SPK, 

and LH2) modelled in Chapter 7 will be considered.  

8.3.2.1 NOx  

 As discussed in Chapter 6, the LDI combustor type is used in the BWB aircraft (Jet-A, 100% SPK, 

and LH2). In terms of NOx emission modelling, EI estimation process for NOx is known from the study by 

Marek et al. [228], which is based on experiments conducted by NASA. The 𝐸𝐼𝑁𝑂𝑥,𝐽𝑒𝑡−𝐴 (grams NOx per kg 

fuel) i.e., emissions index for Jet-A LDI combustor is given by equation 8.1,    

 
𝐸𝐼𝑁𝑂𝑥,𝐽𝑒𝑡−𝐴 = 𝐴

′(143𝑃3)
0.594𝑒

(
(𝑇3−255)

194⁄ )
(
𝑓

𝑎
)
1.6876

(100
∆𝑃

𝑃
)
−0.56

, 
(8.1) 

where 𝐴′, 𝑃3 (MPa), 𝑇3 (K), 
𝑓

𝑎
, and 

∆𝑃

𝑃
 (%) are correlation constant for emission index based on Jet-A fuel, 

combustor inlet pressure, combustor inlet temperature, fuel to air ratio, and fuel injector air flow pressure drop 

ratio, respectively. 𝐴′is 14 for advanced LDI technology, and 𝑃3, 𝑇3, and 
𝑓

𝑎
 are known from Chapter 6 (GasTurb 

engine modelling for engines powered by different fuels). A nominal value of 4% for 
∆𝑃

𝑃
 is used for the 

combustor design (for both Jet-A and hydrogen) as reported by Marek et al. [228] and is used in this chapter 

for NOx modelling. It is assumed in this chapter that equation 8.1 is also applicable to 100% SPK, and 

respective 𝑃3, 𝑇3, and 
𝑓

𝑎
 are used (known from Chapter 6).  

 For hydrogen, C4 type of LDI combustor configuration (refer Chapter 6 section 6.3.3.5 and Appendix 

B section B.3 for details about all configurations) is used in this chapter for emissions modelling, as according 

to Marek et al. [228], it was the only configuration that performed the best from a low NOx and durability 

criteria. For hydrogen, NOx is estimated is in terms of 𝑝𝑝𝑚𝑁𝑂𝑥 in the study by Marek et al. [228]. The 

calculation of 𝑝𝑝𝑚𝑁𝑂𝑥 for hydrogen LDI combustor is given by equation 8.2,  

 
𝑝𝑝𝑚𝑁𝑂𝑥 =  𝐴(143𝑃3)

𝑎(ϕ𝐻2)
𝑏
(𝜏)𝑐𝑒

(
(1.8𝑇3−460)

𝑑⁄ ) (
∆𝑃

𝑃
)
𝑒

, 
(8.2) 

where 𝐴, 𝑎, 𝑏, 𝑐, 𝑑, and 𝑒 are correlation constants for emission index based on hydrogen data, and ϕ𝐻2and 𝜏 

are hydrogen equivalence ratio and combustor residence time, respectively. For C4 configuration, the values 

of 𝐴, 𝑎, 𝑏, 𝑐, 𝑑, and 𝑒 are known to be 9.355, 0.275, 4.12, 0.455, 211, and -0.288 respectively. ϕ𝐻2is calculated 

from the fuel to air ratio according to the definition in Chapter 6. The fuel to air ratio and 𝜏 are known from 

Chapter 6 (GasTurb engine modelling). The generic equation for the estimation of 𝐸𝐼𝑁𝑂𝑥 from 𝑝𝑝𝑚𝑁𝑂𝑥 is 

given by equation 8.3, 

 
𝐸𝐼𝑁𝑂𝑥 =

1

1000
 

 𝑀𝑊 𝑜𝑓 𝑁𝑂2
𝑀𝑊 𝑜𝑓 𝑐𝑜𝑚𝑏𝑢𝑠𝑡𝑖𝑜𝑛 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 

 
(1 + 𝑓/𝑎)

𝑓/𝑎
 𝑝𝑝𝑚𝑁𝑂𝑥 

(8.3) 

where 𝑀𝑊 is the molecular weight for respective species. The 𝑀𝑊 of 𝑁𝑂2 is 46 and for the combustion 

products it is calculated using the ‘major species’ combustion model as described in Chapter 6. Therefore, 
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once 𝑝𝑝𝑚𝑁𝑂𝑥 is calculated using equation 8.2, the 𝐸𝐼𝑁𝑂𝑥 can be estimated using equation 8.3 for a given fuel 

case where the 𝑓/𝑎 is known. 

 It is to be noted that equations 8.1 and 8.2 that estimate NOx are applicable to typical temperature and 

pressure combination during cruise, according to Marek et al. [228]. Therefore, using equation 8.1, and 

equations 8.2 – 8.3 the cruise 𝐸𝐼𝑁𝑂𝑥 for Jet-A (and 100% SPK) and LH2 aircraft can be calculated, respectively.  

 For estimating 𝐸𝐼𝑁𝑂𝑥 at other points in the flight mission, the ‘DLR fuel flow correlation’ method 

[312] is used which is dependent on pressure, temperature, and Mach number, for respective flight segment. 

After calculating cruise 𝐸𝐼𝑁𝑂𝑥, the 𝐸𝐼𝑁𝑂𝑥 at SLS (𝐸𝐼𝑁𝑂𝑥,𝑆𝐿𝑆) point can be calculated using the DLR method, 

where both 𝐸𝐼𝑁𝑂𝑥 are related by parameters that depend on flight altitude, ambient pressure and temperature, 

and flight Mach number. Thus, now knowing the 𝐸𝐼𝑁𝑂𝑥,𝑆𝐿𝑆 , the 𝐸𝐼𝑁𝑂𝑥 at other flight points like engine start 

and warm up, taxi out, take-off, climb, descent and approach, loiter, landing, taxi in, and shutdown, can be 

calculated knowing the respective flight altitude, ambient pressure and temperature, and flight Mach number. 

The relation between 𝐸𝐼𝑁𝑂𝑥,𝑆𝐿𝑆 and 𝐸𝐼𝑁𝑂𝑥 at other flight points is given by equation 8.4,     

 𝐸𝐼𝑁𝑂𝑥 = 𝐸𝐼𝑁𝑂𝑥,𝑆𝐿𝑆 𝛿𝑡𝑜𝑡𝑎𝑙
0.4  𝜃𝑡𝑜𝑡𝑎𝑙

3 𝑒𝐻 , (8.4) 

 where 𝛿𝑡𝑜𝑡𝑎𝑙 = 
𝑝𝑡𝑜𝑡𝑎𝑙

101325 𝑃𝑎
 , (8.5) 

 𝜃𝑡𝑜𝑡𝑎𝑙 = 
𝑇𝑡𝑜𝑡𝑎𝑙

288.15 𝐾
 ,  (8.6) 

 𝐻 = −19 (−0.00634 + 0.001 𝑒−0.0001426 (ℎ
′−12900)) , (8.7) 

 𝑝𝑡𝑜𝑡𝑎𝑙 = 𝑝𝑎𝑚𝑏 (1 +
(𝛶−1)

𝛶
𝑀2)

𝛶
(𝛶−1)⁄

, and (8.8) 

 𝑇𝑡𝑜𝑡𝑎𝑙 = 𝑇𝑎𝑚𝑏 (1 +
(𝛶 − 1)

𝛶
𝑀2). (8.9) 

𝑝𝑎𝑚𝑏, 𝑝𝑡𝑜𝑡𝑎𝑙, 𝑇𝑎𝑚𝑏, 𝑇𝑡𝑜𝑡𝑎𝑙, 𝑀, 𝛶, 𝛿𝑡𝑜𝑡𝑎𝑙, 𝜃𝑡𝑜𝑡𝑎𝑙, 𝐸𝐼𝑁𝑂𝑥,𝑆𝐿𝑆, 𝐻, and ℎ′ are ambient pressure (in Pa), total pressure 

(in Pa), ambient temperature (in K), total temperature (in K), flight Mach number, specific heat ratio (1.4 for 

air), pressure correction factor, temperature correction factor, NOx emission index at SLS, humidity correction 

factor, and flight altitude (in feet), respectively. 

 WF,block (kg) for Jet-A, 100% SPK, and LH2 (case 3) is known from Chapter 7 at different flight 

segments such as engine start and warm up, taxi out, take-off, climb, cruise descent and approach, loiter, 

landing, taxi in, and shutdown. After calculating 𝐸𝐼𝑁𝑂𝑥 for these segments, the quantity of NOx (kg) emitted 

can be calculated. Table 8.7 lists the engine parameters required to estimate 𝐸𝐼𝑁𝑂𝑥 during cruise (in equations 

8.1 – 8.3) for different fuel cases. Table 8.8 provides the operational conditions and fuel burn for different 

fuels at various flight segments needed for estimating 𝐸𝐼𝑁𝑂𝑥 (using equations 8.4 – 8.9). For estimating the 

speed of the aircraft during taxi out (20 knots [313]), take-off (150 knots [314], [315]), descent (average 

descent 250 knots [314]), and landing (155 knots approach-landing speed [314], [316]), the speed of present-

day LTA aircraft are used (values in SI system in Table 8.8). 
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Table 8.7. Engine parameters required to estimate 𝑬𝑰𝑵𝑶𝒙 during cruise for different fuels (source: 

Chapter 6)  

BWB fuel cases 𝑃3 (MPa) 𝑇3 (K) 𝑓
𝑎⁄  ϕ 𝜏 (ms) 

𝑀𝑊of 

combustion 

products 

Jet-A 2.11 838 0.0241 0.351 0.854 
28.86 

100% SPK 2.11 838 0.0236 0.343 0.854 

LH2 (case 3) 2.16 843 0.0061 0.206 0.842 27.45 

 

Table 8.8. Operational conditions and fuel burn for different fuels at various flight segments 

 Altitude 

(m)* 

𝑝𝑎𝑚𝑏 

(Pa)** 

𝑇𝑎𝑚𝑏 

(K)** 
Speed (m/s) Mach** 

Fuel burn (kg)*** 

Jet-A 
100% 

SPK 
LH2 

Engine start 

and warm-up 
0 101,325 288.15 0 0 847 824 241 

Taxi-out 0 101,325 288.15 10.29 [313] 0.03 844 821 241 

Take-off 0 101,325 288.15 
77.17 [314], 

[315] 
0.23 420 409 120 

Climb 5,334 51,652 253.48 149.19* 0.47 584 568 162 

Cruise 10,668 23,842 218.81 248.10* 0.84 59,035 57,727 19,003 

Descent and 

approach 
5,334 51,652 253.48 128.61 [314] 0.44 626 612 216 

Loiter 1,500 84,556 278.40 200.85*  0.60 2,678 2,623 894 

Land, taxi-in 

and shutdown 
0 101,325 288.15 

79.74 [314], 

[316] 
0.23 491 481 172 

*known from Chapter 6 

**calculated using source [317] for given altitude known from Chapter 6 

***known from Chapter 7 

 

8.3.2.2 CO2, H2O, sulphur dioxide, other emissions, and contrails 

 Table 8.9 lists the emission index of different species and contrails for the three fuels under 

consideration. CO2, H2O, and SO2 emission vary linearly with fuel burn. The production of species like VOC, 

CO, PM10 and PM2.5, SOx (total), BC, OC, CH4, and N2O, after Jet-A and 100% SPK fuel combustion is not 

linearly dependent on fuel burn and its estimation requires detailed combustion physics-based modelling.  

 Future LDI combustors are expected to have significantly lesser emission index of these species. In 

this chapter, it is assumed that the emission index for these species in the future (N+2 timeframe) BWB remains 

similar to the present-day emission index listed in Table 8.9 for LTA aircraft. Similarly, contrail modelling 

requires detailed physics-based simulation which should capture the effects of nucleation particles and/or 

lubrication oil from the aircraft engine acting as nuclei for ice formation, presence of nucleation particles in 

atmosphere (concentration expected to vary with time), and interaction of engine wake and wing-tip vortices. 

In this chapter, the CO2 equivalent (g/MJ) from the FlyZero report [128] for the three fuels is used and is listed 

in Table 8.9. The FlyZero report [128] provides the aircraft performance, inclusive of contrails, in 2040 

technology timeframe for the three fuels. 
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Table 8.9. Emission index of different species and contrails for the three fuels 

Species 
Emission index (g/kg fuel) Reference 

Jet-A LH2 100% SPK 

CO2 3,158 [33] 0 3,092 [33] [33] 

H2O 1,240 [284] 8937 [285] 1,370 [318] 
[284], [285], 

[318] 

SO2 0.8 [284] 0 0 [33] [33], [284] 

VOC 0.17 0 0.17 [33] 

CO 1.49 0 1.51 [33] 

PM10 0.20 0 0.02 [33] 

PM2.5 0.20 0 0.02 [33] 

SOx (total) 1.40 0 0.00 [33] 

BC 0.06 0 0.00 [33] 

OC 0.06 0 0.00 [33] 

CH4 1.18E-03 0 1.21E-03 [33] 

N2O 2.31E-03 0 2.37E-03 [33] 

 g/MJ  

Contrails 65  40 50 [128] 

 

8.3.3 Global warming potential  

Table 8.10. GWP of NOx and H2O at different mission segments 

 Altitude (m) 
GWP 

NOx  H2O 

Engine start and warm-up 0 -11 [33], [167] 0 [167]  

Taxi-out 0 -11 [33], [167] 0 [167] 

Take-off 0 -11 [33], [167] 0 [167] 

Climb 5,334 9.17 [167] 0 [167] 

Cruise 10,668 114 [11] 0.06 [11] 

Descent and approach 5,334 9.17 [167] 0 [167] 

Loiter 1,500 -11 [33], [167] 0 [167] 

Land, taxi-in and shutdown 0 -11 [33], [167] 0 [167] 

 

 Table 8.10 lists GWP of NOx and H2O at different mission segments. The GWP of NOx increases from 

a negative value at zero altitude to a positive value at 11 km altitude [167]. A thesis by Svensson [167] provides 

the variation of GWP of NOx and H2O with altitude. The GWP of H2O is zero until 9 km (from zero altitude) 

and increases thereafter (ibid). For cruise the most recent GWP values for NOx and H2O from the study by Lee 

et al. [11] are used in this chapter and are listed in Table 8.10. At zero and low altitudes (< 2 km), the GWP of 

NOx provided by GREET 2021 model [33] is used here. For altitude between 2 km and 10.67 km (cruise), the 

NOx GWP provided in Svensson’s thesis [167], is used in this chapter. Table 8.11 provides the GWP of all 

emissions in the WTP and PTWa phase. 
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Table 8.11. GWP of all emissions in the WTP and PTWa phase 

Species 
GWP 

WTP PTWa 

NOx  -11 [33] Variable (see Table 10) 

H2O 0 [167]  Variable (see Table 10) 

BC 900 [33] 1166 [11] 

SO2 - -226 [11] 

CO2 1 [33] 1 [33] 

VOC 5 [33] 5 [33] 

CO 3 [33] 3 [33] 

OC -69 [33] -69 [33] 

CH4 30 [33] 30 [33] 

N2O 265 [33] 265 [33] 

 

8.3.4 Other unintended environmental and social impacts  

 In addition to the CO2 and non-CO2 effects of aircraft on climate, there are other metrics that should 

be considered and quantified. These include the use of fossil fuels, water consumption, and WTWa emissions 

that affect air-quality. The emissions that are considered include VOC, CO, NOx, PM10, PM2.5, SOx, BC, and 

OC. These emissions affect both the environmental and human health. It is assumed that the emission index 

for VOC, CO, PM10, PM2.5, SOx, BC, and OC for the future (N+2 timeframe) BWB remains similar to the 

present-day emission index listed in Table 8.9 (section 8.3.2.2) for LTA aircraft. The use of fossil fuels (natural 

resource) has an environmental impact, and water consumption has both environmental and social impact. The 

WTWa data for VOC, CO, PM10, PM2.5, SOx, BC, and OC is directly obtained from GREET 2021 model. 

WTWa NOx is calculated from WTP NOx obtained from GREET 2021, and PTWa NOx calculated from 

methodology described in section 8.3.2. The data for use of fossil fuels and water consumption is directly 

obtained from GREET 2021 model. 

8.4 Results and discussion 

8.4.1 LH2  

 Figure 8.2 shows the WTWa comparison of different LH2 feedstocks and/or pathways (59 

manufacturing cases) for 2020 and 2050 US energy mix (with only CO2 emissions in PTWa phase). In this 

figure, for the WTP stage all greenhouse gas emissions are considered but for PTWa only CO2 emissions are 

included. The other emissions and contrails are included in later in section 8.4.3. As discussed in section 

8.3.1.1, sensitivity to two parameters is analysed. For each of the 59 manufacturing cases, the sensitivity of the 

selection of model assumptions (H2A or industry data) is reflected as a range of values. This is the first 

sensitivity parameter.  
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Figure 8.2. WTWa comparison of different LH2 feedstocks and pathways for 2020 and 2050 (with only CO2 emissions in PTWa phase) 
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 Additionally, each of the 59 manufacturing cases (and Jet-A) with respective manufacturing model 

assumptions is simulated each for year 2020 and 2050 to check the sensitivity of US energy mix - the second 

sensitivity parameter, on LH2 WTWa emissions. 

 It can be observed from Figure 8.2 that grey and blue hydrogen WTWa emissions are of the similar 

magnitude as that of Jet-A or more, regardless of the hydrogen production assumptions used or the energy mix 

type. Additionally, not all green hydrogen manufacturing cases have near zero or sub-zero WTWa CO2 

equivalent emissions. Certain manufacturing schemes like IF w/o CS, HTE SOEC – NGCC, and By-prod Cl 

plant have higher WTWa CO2 equivalent emissions than Jet-A. 

 As discussed in section 8.3.1.1, only the LH2 manufacturing options that provide near-zero and/or 

negative CO2 equivalent emissions are considered for further WTWa analysis (including other emissions in 

PTWa and contrails). The LH2 manufacturing cases that have near-zero and/or negative CO2 equivalent 

emissions are RNG w CS LUSME, RNG w CS LNGCC, solar PV L-solar, nuclear HTGR LUSME, biomass 

w/o CS LBIGCC, biomass w CS LUSME, biomass w CS LBIGCC, and IF w CS. These eight cases will be 

considered for further WTWa analysis in section 8.4.3, that includes other emissions in PTWa and contrails. 

8.4.2 100% SPK 

8.4.2.1.1 Preliminary shortlisting of 100% SPK feedstocks and pathways 

 

Figure 8.3. WTWa CO2 equivalent emission comparison of different FT feedstocks for 2020 (with only 

CO2 emissions in PTWa phase) 

 Figure 8.3, Figure 8.4, Figure 8.5, and Figure 8.6 provide the WTWa comparison of different FT, 

HEFA, ATJ, and STJ feedstocks, respectively, for 2020 (with only CO2 emissions in PTWa phase). It can be 

observed from Figure 8.3 that electro-fuel (E-fuel) and biomass are the two feedstocks that have lowest (almost 

zero) WTWa CO2 equivalent emissions and are shortlisted for further analysis. For biomass case, six 

feedstocks are considered that include willow, poplar, switchgrass, miscanthus, corn stover, and forest residue. 
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This is included as a range in Figure 8.3. Switchgrass has a poor performance whereas forest residue provides 

a greater reduction in WTWa CO2 equivalent emissions and is thus considered as the default FT biomass-based 

feedstock for further analysis. 

 

Figure 8.4. WTWa CO2 equivalent emission comparison of different HEFA feedstocks for 2020 (with 

only CO2 emissions in PTWa phase) 

 Similarly, it can be seen from Figure 8.4 that Carinata is the only non-food crop that has lowest WTWa 

CO2 equivalent emissions of all HEFA feedstocks and is thus considered for further analysis. Ideally, corn oil 

has the lowest emissions but as discussed in section 8.3.1.2.1 only non-food crops are considered for analysis 

(due to the social impacts). 

 Referring to Figure 8.5, Miscanthus is the feedstock which provides lowest WTWa CO2 equivalent 

emissions in both standalone and distributed ATJ production schemes (S.Miscanthus  and D.Miscanthus) and 

are therefore shortlisted for further analysis. Similarly, it can be observed from Figure 8.6 that Miscanthus 

provides negative WTWa CO2 equivalent emissions in three STJ production schemes – biological, catalytic 

with in-situ H2 plant type, and catalytic with H2 from biomass gasification plant type (B.Miscanthus, 

CWIH.Miscanthus and CWHBG.Miscanthus, respectively), and are thus considered for further analysis. It is 

to be noted that the above shortlisting of FT, HEFA, ATJ, and STJ feedstock/pathways (for further analysis) 

also takes into consideration latest WTWa CORSIA default values (2021) in Table 8.2 (section 8.2). The 

feedstock/pathways shortlisted from analysis in Figure 8.3, Figure 8.4, Figure 8.5, and Figure 8.6 have 

significantly lesser WTWa than the CORSIA data. 
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Figure 8.5. WTWa CO2 equivalent emission comparison of different ATJ feedstocks for 2020 (with 

only CO2 emissions in PTWa phase) 

 

Figure 8.6. WTWa CO2 equivalent emission comparison of different STJ feedstocks for 2020 (with 

only CO2 emissions in PTWa phase) 

8.4.2.1.2 Manufacturing emissions sensitivity to identified parameters  

 From section 8.4.1, RNG w CS, Solar PV, Nuclear HTGR, Biomass, and IF (biomass) LH2 production 

pathways are found to provide near-zero or sub-zero WTWa CO2 equivalent emissions. For each of the 

shortlisted 100% SPK fuel manufacturing cases in section 8.4.2.1.1, the sensitivity of selection of the hydrogen 

production route (discussed above) and the US energy mix type (year) for manufacturing SPK fuel on the 

WTWa CO2 equivalent emissions is analysed. Figure 8.7 provides the WTWa comparison of low-carbon 100% 

SPK feedstocks and pathways for 2020 and 2050 US energy mix scenarios using hydrogen produced from less 

carbon intense scheme (with only CO2 emissions in PTWa phase). It can be observed that HEFA (Carinata), 
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both ATJ distributed and standalone schemes using miscanthus, and miscanthus STJ biological production 

type are sensitive to the hydrogen manufacturing route. This is because hydrogen input to the production of 

these 100% SPK routes are greater than other routes for fuel production (i.e., greater dependency on hydrogen), 

in GREET 2021. Also, it can be observed that for ATJ distributed and standalone schemes using miscanthus, 

and miscanthus STJ biological production type, the WTWa CO2 equivalent emissions increase between 2020 

to 2050, opposite to the trend observed for other 100% SPK cases. This is primarily due to the higher use of 

fossil fuels via these routes and the need for fossil fuels in the 2050 US energy mix which has a greater share 

of renewable energy as discussed in section 8.3.1.2.1. The effect of use of fossil fuels is further discussed in 

section 8.4.4. 

 

Figure 8.7. WTWa CO2 equivalent emission comparison of low-carbon 100% SPK feedstocks and 

pathways for 2020 and 2050 US energy mix scenarios using hydrogen produced from less carbon 

intense scheme (with only CO2 emissions in PTWa phase) 

8.4.3 Comparative WTWa analysis with all emissions and contrails 

 Figure 8.8 shows the WTWa CO2 equivalent emission comparison for different LH2 and 100% SPK 

feedstock and pathways for 2020 and 2050 US energy mix scenarios, including non-CO2 effects. Referring to 

Figure 8.8, the error bars reflect a range of values in the WTP phase. For LH2 cases, the error bars show a 

range of values arising from the use of different biomass feedstocks. Similarly, for 100% SPK cases, the error 
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bars show a range of values due to the sensitivity because of using hydrogen produced from different low-

carbon source for producing 100% SPK (see Figure 8.7 and discussion).  

 

Figure 8.8. WTWa CO2 equivalent emission comparison for different LH2 and 100% SPK feedstock 

and pathways for 2020 and 2050 US energy mix scenarios including non-CO2 effects 

 It can be observed that only LH2 fuel could enable net zero or negative WTWa CO2 equivalent 

emissions long-range flight of 300 passengers where LH2 fuel is produced from Biomass w CS LUSME, 

Biomass w CS LBIGCC, and/or integrated fermentation (IF) w CS. The WTWa CO2 equivalent emission 

(g/MJ) for Jet-A, Biomass w CS LUSME, Biomass w CS LBIGCC, and IF w CS in 2020 is 165, -184 (212% 

reduction), -225 (236% reduction), and -27 (116% reduction) g/MJ, respectively, and in 2050 these could be 

165, -197 (219% reduction), -227 (236% reduction), and -63 (138% reduction) g/MJ, respectively.  
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 Further, it can be observed from Figure 8.8 that for all fuels there is a reduction in WTWa CO2 

equivalent emissions from 2020 to 2050, which is expected due to increase in the use of renewable energy 

sources in the US energy mix. Also, for Jet-A and 100% SPK cases, the contribution of emissions like VOC, 

CO, BC, OC, CH4, and N2O to the WTWa CO2 equivalent emission is negligible. It is to be noted that the 

emission indices for these emissions were assumed to be similar to the present-day aircraft technology for 

respective fuels. Using the N+2 technology the emission indices are bound to reduce due to lean burning 

combustors, thereby further reducing the WTWa CO2 equivalent emissions contribution. Additionally, for Jet-

A and 100% SPK cases, the use-phase non-CO2 effects are of the similar magnitude or greater than the use-

phase CO2 effects. Moreover, for LH2 fuel cases, the contribution of contrails is ~90% of use-phase effects, 

though the net WTWa CO2 equivalent emission is significantly lesser than Jet-A.  

 As summarised in the literature review section (8.2), most studies do not take into account the effect 

of contrails, especially for LH2 fuel. If the effect of contrails is ignored in this chapter, then all the 

feedstocks/pathways shortlisted for LH2 fuel could enable a near-zero or negative net carbon emissions 

according to Figure 8.8. However, the climate impact of contrails is significant to the net WTWa CO2 

equivalent emissions, especially for LH2 fuel. Therefore, the use of only advanced technology and low-carbon 

fuel (like LH2) enable near-zero WTWa CO2 equivalent emissions long-range flight, but these are insufficient 

strategies to reduce the effect of contrails. Similar to Jet-A aircraft, for LH2 powered aircraft, operational 

strategies such as avoiding ice-supersaturated regions to prevent contrail formation could be used [45], [319]. 

However, this strategy has implications on the thrust production, aerodynamic performance, and fuel 

consumption.  

 The perspective used to select three feedstock and/or pathways for LH2 fuel identified above only take 

into consideration the WTWa CO2 equivalent emissions. However, for commercial aviation, the fuel cost, and 

the resulting direct operating cost (inclusive of carbon tax exemption) are significant aspects which should be 

accounted for identifying fuel manufacturing pathways for both LH2 and 100% SPK. In this chapter, cost 

analysis is not conducted. The accuracy of fuel cost analysis depends primarily on the accuracy of simulation 

of the fuel manufacturing process, year of simulation, government incentives and market penetration of a fuel, 

and scale of fuel manufacturing and/or fuel manufacturing process technology readiness level. Additionally, 

there are fuel cost fluctuations due to externalities. For example: economic uncertainties due to pandemic like 

COVID-19, instability in middle eastern countries, and events such as the 2022 Ukraine war directly affect the 

global energy cost. The aspect of fuel production capacity is addressed in section 8.4.5. Overall, the success 

of LH2 powered aviation requires appropriate: airport infrastructure, aircraft design, air-traffic or operations 

management, safety, fuel supply chain/manufacturing efficiency and capacity to meet the required fuel 

demand, fuel cost and direct operating cost, and policy. 

8.4.4 Other unintended environmental and social impacts 

 In the previous section LH2 is identified as the fuel that has the potential to make long-range flight 

emit near-zero and/or negative WTWa CO2 equivalent emissions, where LH2 is manufactured from Biomass 
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w CS LUSME, Biomass w CS LBIGCC and integrated fermentation (IF) w CS feedstock/pathways. Table 

8.12 provides a summary of other unintended lifecycle environmental and social impacts for these three LH2 

production routes in comparison with Jet-A. These three routes are compared with Jet-A for aspects like 

indirect use of fossil fuels, water consumption, and WTWa VOC, CO, NOx, PM10, PM2.5, SOx, BC, and OC 

emissions. A colour coded ranking system is used for simplicity and this is indicated in Table 8.12. Similar 

data for remaining LH2 production routes and 100% SPK cases are provided in Appendix D for completeness 

(Figure D.1 to Figure D.10). Further details on the aspects listed in Table 8.12 are provided in Appendix D 

sections D.2 and D.3. 

Table 8.12. Summary of other unintended lifecycle environmental and social impacts 

Ranking colour scheme 

1 2 3 4 

Aspects Jet-A 

LH2 

Biomass w CS 

LUSME 

Biomass w CS 

LBIGCC 
IF w CS 

Fossil fuel use     

Water consumption     

WTWa VOC     

WTWa CO     

WTWa NOx     

WTWa PM10     

WTWa PM2.5     

WTWa SOx     

WTWa BC     

WTWa OC     

 

 It can be observed from Table 8.12 that the three LH2 production routes perform poorly in terms of 

use of fossil fuels (indirectly) and water consumption, compared to Jet-A. For WTWa CO, NOx, PM10, PM2.5, 

BC, and OC emissions, Biomass w CS LBIGCC route performs the best. Jet-A performs best for VOC and 

SOx emission (effect of lesser use of fossil fuels). The IF w CS route performs poorly on most of the aspects 

studied in Table 8.12, though this route provides a net negative WTWa CO2 equivalent emissions compared 

to Jet-A (due to carbon sequestration). Therefore, it is important to examine the unintended environmental and 

social impacts of a selected route i.e., widening the boundary for analysis than just focusing on climate impacts. 

This is supported by a review study by Pinheiro Melo et al. [35], where the authors observe that though 

advanced technologies and alternative fuels could provide solutions for mitigating aviation emissions, there 

might be new socio-economic and environmental challenges associated with these. Thus, they establish the 

need for diversifying environmental indicators beyond GHG emissions and the need to consider social and 

economic aspects.  

 The above is the significance of this section and these aspects are not considered in the studies 

reviewed in section 8.2. It is important to minimise the (indirect) use of fossil fuels (resource impact) and 

water. The aspect of greater use of fossil fuels can be addressed by increasing the share of renewable energy 
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sources in the energy mix and increasing the efficiency of fuel manufacturing processes/plants and fuel supply 

chain. The water consumption aspect could be addressed by using ocean or wastewater and treating it to be 

used for fuel production. This entails accounting for water treating energy and emissions in WTWa analysis. 

8.4.5 Fuel manufacturing capacities 

Table 8.13. Production capacities of different fuels and production feedstocks/pathways (per plant) 

Fuel Feedstock/pathway tonne/day Source 

H2 (gas) Steam methane reformation (SMR) with CS (H-vision 

initiative) 

360 – 480 [320] 

Solar PV (hypothetical case estimation) 1,233 [320] 

Renewable source (solar, wind), plant for 2025 650 [321] 

Nuclear HTGR 230 [322] 

Biomass 2,000 [323] 

Global hydrogen liquefaction capacity 290 tonnes/day [322] 

100% SPK Neste/HEFA 933 [62] 

EU sub-group (HEFA) 1,348 [62] 

FT 456 [62] 

187 [62] 

249 [62] 

ATJ 477 [62] 

STJ 127 [62] 

Jet-A (2019, 

Global) 

Petroleum 7,90,165 [3] 

 

 Table 8.13 lists the production capacities of different fuels and production feedstocks/pathways per 

plant. It is to be noted that only shortlisted pathways of LH2 and 100% SPK from section 8.4.3 are listed in 

this table. The IF manufacturing capacities are not known. In Table 8.13 the global manufacturing capacity for 

Jet-A is listed for 2019 (normal operations prior to the pandemic). It can be observed from Table 8.13 that for 

both LH2 and 100% SPK the manufacturing units and capacities and liquefication capacity must be ramped up 

significantly, if these fuels have to replace Jet-A fuel. 

8.4.6 Limitations of the present chapter 

 The fuel WTP emissions database used in this chapter is primarily based on the GREET model which 

is US specific. The WTP emissions are sensitive to country’s energy mix, availability of raw materials (location 

wise) and the number of such locations in the country (determines the transportation emissions), transportation 

mode used (emissions and efficiency, viz. rail vs trucks, electricity/battery vs diesel, etc.), transportation 

network and its efficiency (direct connectivity between two points, terrain type of the transportation network, 

etc.), and fuel manufacturing plant efficiency. Additionally, for LH2 fuel it is assumed that the pump to tank 

emission is zero. This assumption is simplistic and there could be some emissions associated in terms of 

energy/emission required to maintain the cryogenic temperature and pressure while filling LH2 fuel in the 



 
 

226 

 

aircraft tank, transportation used (depending on the location of the fuel storage at or away from airport), and 

fuel losses while filling LH2 fuel in aircraft tank. Also, the NOx estimation in this chapter is based on a 

simplified (multi-segment) mission where the energy consumption in smaller flight segments is calculated 

using the modifications to Roskam’s fuel fraction. Moreover, the GWP values used in this chapter for use-

phase emissions like NOx, H2O, and contrails are based on other studies. The uncertainties from those studies 

will add up in the results of this chapter. Lastly, this chapter doesn’t conduct cost analysis for aircraft mission 

powered by different fuels produced from various feedstocks and/or pathways. 

8.5 Chapter summary and conclusion 

 In this chapter, the life cycle or WTWa performance is evaluated for long-range LTA aircraft powered 

by LH2 and 100% SPK (separately) manufactured from different feedstocks and/or pathways. The GREET 

2021 model is used for making a database of fuel manufacturing phase emissions for LH2 and 100% SPK 

(biofuel and PtL), and the use-phase emissions are modelled separately in this chapter. After examining over 

100 different ways in total for producing LH2 and 100% SPK, it is observed that only LH2 fuel could enable 

net zero or negative WTWa CO2 equivalent emissions long-range (BWB) flight of 300 passengers where LH2 

fuel is produced from Biomass w CS LUSME (212 – 219 % reduction), Biomass w CS LBIGCC (236 – 238 

% reduction), and/or IF w CS (116 – 138 % reduction). Also, it is found that the climate impact of contrails 

(based on low fidelity modelling done in the source study) is significant to the net WTWa CO2 equivalent 

emissions, especially for LH2 fuel, and operational strategies need to be employed for reducing contrail 

formation. It is to be noted that the effect of contrails from hydrogen aircraft is uncertain and more research 

work is required. The WTWa CO2 equivalent emissions of 100% SPK long-range (BWB) flight of 300 

passengers could be reduced by 60 – 80%, where the fuel should be produced from B.Miscanthus route.  

The perspective used to select three feedstock and/or pathways for LH2 fuel identified in this chapter, 

only take into consideration the WTWa CO2 equivalent emissions. However, for commercial aviation the fuel 

cost and the resulting direct operating cost (inclusive of carbon tax exemption) are significant aspects which 

also needs to be accounted for identifying fuel manufacturing pathways for both LH2 and 100% SPK, which 

are not considered in this chapter. Additionally, the above three selected LH2 production pathways have 

unintended consequences in terms of significantly greater (indirect) fossil fuel use and water consumption 

compared to Jet-A, and these should be reduced by increasing the share of renewables in the energy mix and 

improving the energy efficiency of the fuel manufacturing process and supply chain, for making LH2 an 

environmentally and socially benign aviation fuel. In summary, the success of LH2 powered aviation requires 

appropriate airport infrastructure, aircraft design, air-traffic or operations management, safety, and fuel supply 

chain/manufacturing capacity and energy efficiency, to meet the required fuel demand, fuel cost and direct 

operating cost, and policy. 
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Chapter 9: Conclusions and future work 

9.1 Summary, conclusions, and significance  

 Global aviation is responsible for 3.5% of the total anthropogenic radiative forcing. The world-wide 

aviation demand is expected to double in the next two decades (2021 – 2040) while considering the effects of 

COVID-19. As a result, the climate impact of aviation would increase with the growing demand. The industry 

strategy of using advanced aviation technology and low-carbon fuels could itself contribute to 80% of the 

efforts required for carbon neutral growth. In addition, the boundary of defining fuels as low-carbon should 

not be just restricted to the use-phase and the embodied (life cycle) emissions should also be accounted. 

Considering the developments in recent years and the impacts of COVID-19 on the aviation industry, it appears 

that LTAs will likely be the most common means of long-range travel in the next two decades. A high-level 

technology review in Chapter 1 suggested that long-haul aviation is tough to decarbonise. The broader aim of 

this thesis was to evaluate aircraft technology and low-carbon energy-vector combination(s) considering 

lifecycle effects for enabling climate-neutral subsonic long-range flight (14,000 km) of an LTA aircraft (~300 

passengers).  

 It is observed through a detailed literature review and preliminary quantitative analysis in Chapter 2 

that decarbonising long-range flight of an LTA aircraft is extremely challenging because there are a limited 

alternative energy vectors that can match the energy density (both gravimetric and volumetric) of Jet-A fuel. 

After this literature review six candidate fuels – methanol, ethanol, LNG, 100% SPK, LH2, and LNH3 – are 

identified for further quantitative evaluation, and feasible aircraft technologies and airframe are identified for 

further consideration. 

 Before beginning with the quantitative evaluation for addressing the five research objectives, the 

research philosophy of this thesis is discussed in Chapter 3 using the ‘research onion’ model. The research 

philosophy of ‘positivism’ is relevant and is thus used in this research, which uses deductive approach for 

quantitative research. In the context of the present research, each main chapter (Chapters 4 – 8) uses a mono 

quantitative method (numerical experiments). Overall, this thesis uses multi-method quantitative approach 

towards the research aim and objectives. Overall, in terms of the limitations, this thesis estimates the 

performance of aircraft using low-fidelity methods and these are computationally inexpensive. Errors are 

inherently introduced with such methods that involve simple assumptions. For each of the main research 

contributions/chapters (Chapters 4 – 8), the limitations are detailed at the end of every chapter. 

 The thesis has met the five research objectives established in Chapter 1, as follows : 

1. Quantify the energy performance characteristics of LTA aircraft powered by the shortlisted alternative 

fuels and identify the fuels that enable a typical long-range flight within the aircraft’s structural limit; and 

evaluate the off-design energy performance of the LTA aircraft powered by identified alternative fuel(s) 

which meets the Jet-A design target range. 

 Using Breguet’s range equation analysis in Chapter 4 for examining six alternative fuels, it is observed 

that LH2 and 100% SPK are the only two alternative fuels that meet the design target range for a long-
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range LTA tube-wing aircraft. Using the present-day tube-wing technology, the SEC of LH2 and 100% 

SPK aircraft are 11% higher and 0.2% lower relative to Jet-A, respectively. At off-design points, the SEC 

of 100% SPK and LH2 are always similar to and greater than Jet-A, respectively. LH2 aircraft SEC 

decreases with increasing range and is less sensitive beyond 10,000 km. Thus, the first research objective 

is met. In a first, an equation is developed that relates the OEW and GTOW of (31) LH2 aircraft through 

regression analysis of data from this thesis and literature. This equation will enable future studies on LH2 

aircraft weight-sizing. 

2. Perform a global sensitivity analysis to evaluate the effects of identified technology parameters for 

enabling an LH2 powered long-range travel with an LTA aircraft, within the MTOW limit of a baseline 

Jet-A aircraft,  

 A global sensitivity analysis is conducted in Chapter 5 using Breguet’s range equation to study the 

impacts of four technologies – aerodynamics, lighter structures, cryo-tank weight, and overall efficiency 

(𝜂o) – on the design-point performance of a tube-wing LH2 aircraft. Relative to the present-day technology, 

it is observed that for an LH2 aircraft: (i) improving 𝜂o and aerodynamics dramatically improves its SEC; 

and (ii) using the most optimistic technology development estimates, its SEC improves by 33% requiring 

a 22% longer fuselage. Thus, the second research objective is met. It is observed that for the present-day 

technology, the critical value of η is 0.52 for a long-range LTA LH2 aircraft. For N+2 and N+3 technology, 

the (expected) critical values of η are η < 0.35 and η << 0.35, respectively, for a long-range LTA LH2 

aircraft, but regardless of the aircraft technology used η should be maximised for reducing the SEC of the 

LH2 aircraft. 

3. Develop a model for estimating the performance metrics of the future aircraft powerplant using 

conventional and identified alternative fuels (separately), 

4. Develop an operational energy consumption model for the future long-range aircraft powered by 

conventional and identified alternative fuels (separately), 

 By using GasTurb a future (N+2 timeframe) UHB GTF engine is simulated in Chapter 6 and using 

aircraft weight sizing methods a performance model of a future (N+2 timeframe) BWB is developed in 

Chapter 7 which is powered by Jet-A, 100% SPK, and LH2 (separately). It is observed that the SEC of a 

futuristic BWB aircraft powered by Jet-A, 100% SPK, and LH2 decreases by 47.9%, 48%, and 53.5% 

relative to the present-day Jet-A aircraft, respectively. At off-design points, for a given fuel case, with 

increasing load factor, the maximum range that can be travelled decreases. Additionally, for a given fuel 

case, increasing the load factor improves the energy efficiency compared to a Jet-A BWB aircraft. 

Moreover, for a given fuel case and load factor, the energy efficiency improves with increasing range 

compared to a Jet-A BWB aircraft. This increase in energy efficiency is observed prominently for all three 

cases of BWB LH2 aircraft compared to the Jet-A BWB aircraft. The BWB LH2 Case 3 aircraft is the most 

efficient aircraft at all range and load factor combinations compared to the Jet-A BWB aircraft and the 

(N+3 timeframe) tube-wing LH2 aircraft performance observed in the global sensitivity analysis. Thus, the 

third and fourth research objectives are met via Chapters 6 and 7 respectively. Furthermore, the equation 
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developed in Chapter 4 that relates the OEW and GTOW of LH2 aircraft is refined by adding the three 

BWB LH2 aircraft modelled in Chapter 7 to the regression analysis of (now) 34 tube-wing and BWB (data 

from this thesis and literature). 

5. Develop a model for calculating the lifecycle GHG emissions and other unintended impacts mitigation 

potential of the aircraft technology and alternative fuel combinations. This requires: 

a. Development of a database of manufacturing phase energy, emissions, and materials inventory for 

identified alternative fuels produced from different pathways, 

b. Evaluation of the aircraft operational phase emissions. 

 Lastly, a comparative lifecycle analysis is conducted in Chapter 8 for these three BWB aircraft while 

quantifying both CO2 and non-CO2 effects. After examining over 100 manufacturing feedstocks/pathways 

for 100% SPK and LH2, it is observed that only LH2 could enable a climate-neutral long-range flight using 

fuel produced from biomass where the manufacturing setup employs carbon sequestration. Also, it is 

found that the climate impact of contrails is significant to the net WTWa CO2 equivalent emissions, 

especially for LH2 fuel, and operational strategies need to be employed for reducing contrail formation. 

The WTWa CO2 equivalent emissions of 100% SPK long-range (BWB) flight of 300 passengers could 

be reduced by 60 – 80%, where the fuel should be produced from B.Miscanthus route. The perspective 

used to select feedstock and/or pathways for LH2 fuel identified in this study only take into consideration 

the WTWa CO2 equivalent emissions. However, for commercial aviation the fuel cost and the resulting 

direct operating cost (inclusive of carbon tax exemption) are significant aspects which also needs to be 

accounted for identifying fuel manufacturing pathways for both LH2 and 100% SPK, which are not 

considered in this study. Additionally, the identified LH2 production pathways have unintended 

consequences in terms of significantly greater (indirect) fossil fuel use and water consumption, and these 

should be reduced by increasing the share of renewables in the energy mix and improving the energy 

efficiency of the fuel manufacturing process and supply chain, for making LH2 an environmentally and 

socially benign aviation fuel. Thus, the fifth and the last research objective is met.  

 Overall, the findings of this thesis could guide and enable more informed decision making in future 

aviation technology development and policy making (detailed below in 9.1.1 – 9.1.4). The success of these 

alternative fuels, especially LH2, mandates development of suitable airport infrastructure, aircraft design, air-

traffic or operations management, safety, and fuel supply chain/manufacturing capacity and energy efficiency, 

to meet the required fuel demand, fuel cost and direct operating cost, policy, and relevant investments. 

9.1.1 Modifications to aircraft and aviation sub-systems  

100% SPK and LH2 are the only two alternative fuels (quantitatively) identified from this study that 

enable a long-range air travel. In terms of modifications required to the aircraft sub-systems, LH2 use requires 

significant changes to the aircraft sub-systems which primarily include installation of cryogenic tank (negative 

effect on aerodynamic and structural performance), modifications to fuel lines and engine/combustor (improve 

flame characteristics and reduced emissions of oxides of nitrogen), and installation of a heat exchanger (for 



 
 

230 

 

enabling phase change of hydrogen before injecting it into the combustor and component cooling). These 

modifications and the aspects such as LH2 aircraft safety and refuelling, and changes to airport infrastructure 

for hydrogen powered aviation are reviewed in Appendix B.3. It was observed that the future (N+2 timeframe) 

BWB aircraft did not require increase in wetted area from its baseline Jet-A version, as compared to a future 

(N+3 timeframe) tube-wing aircraft case, primarily because of the higher internal volume and better 

aerodynamic performance. 

Compared to LH2 aircraft, 100% SPK requires insignificant modifications (due to similar fuel properties 

as that of Jet-A) such as minor increase in fuel tank volume, change of seals in the high-pressure fuel systems 

(due to absence of aromatic content), etc. The effect of fuel properties of 100% SPK and required modifications 

are reviewed in Appendix B.4. Due to the significant modifications required for the LH2 aircraft, its acquisition 

cost is expected to be more than Jet-A and 100% SPK. 

9.1.2 Airline decision-making  

It is observed in this work that for a long-range tube-wing LTA aircraft, compared to Jet-A, an LH2 

aircraft using present-day aircraft technology consumes more energy for all range and payload combinations. 

Purely based on the energy performance, it is observed from the off-design performance that for a given 

payload, LH2 aircraft offers a stable SEC at greater range (>10,000 km). However, for Jet-A the SEC for a 

given payload decreases with increasing range and minimises at ~7,000 km and thereafter it increases with 

increasing range. Employing future (N+3 timeframe) aircraft technology, SEC of LH2 aircraft could be 

improved by 33% compared to present-day Jet-A (A350-1000) aircraft at the design point. In contrast, a future 

(N+2 timeframe) BWB LH2 aircraft consumes 48.5% less energy compared to present-day Jet-A (A350-1000) 

aircraft, at the design point. At off-design points for a given payload, SEC of this BWB LH2 aircraft keeps 

decreasing with increasing range. This is an important observation for airline operations and selection of 

airframe (tube-wing vs BWB), that may favour LH2 aircraft for long-haul flights, but this will ultimately be 

driven by fuel costs and aircraft availability.  

9.1.3 Aircraft design and compatibility with airport 

 The significant increase in the LH2 aircraft fuselage length observed in this work could be a potential 

challenge associated with the use of LH2 in the conventional tube-wing architecture, as this likely has structural 

and stability implications. Longer tube-wing LH2 aircraft and/or BWB LH2 aircraft might not be readily 

compatible with the current airport design and layout, which may require modifications to airport aprons, in 

addition to new refuelling infrastructure. This thesis has identified the significance of optimisation of LH2 

aircraft to meet the T/W which further reduces its SEC. More rigorous multi-point optimisation of engine and 

aircraft along with the examination of deck configurations, would improve the fidelity level of aircraft design. 
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9.1.4 Fuel and life-cycle costs  

100% SPK and LH2 should be manufactured from less carbon intense or renewable energy pathways 

(considering life-cycle effects) that will enable truly climate-neutral air travel. It was observed in this thesis 

that the selected (three) climate-neutral LH2 production pathways have unintended consequences in terms of 

significantly greater (indirect) fossil fuel use and water consumption compared to Jet-A. In terms of fuel 

manufacturing, these unintended consequences could be reduced by improving the energy efficiency of the 

fuel manufacturing process and supply chain and increasing the share of renewables in the energy mix. 

Additionally, effects of contrails and other non-CO2 emissions need to be considered. In the use phase, 

LH2 combustion theoretically emits zero emissions except water vapour and oxides of nitrogen whereas 

combustion of 100% SPK emits similar quantity of greenhouse emissions as that of Jet-A.  

The pathways and/or feedstocks used for manufacturing both these fuels would determine their benefits 

in terms of lifecycle emissions and fuel costs. The fuel costs also depend on the scale of manufacturing, 

technology advancements, efficiency and effectiveness of the fuel supply chain, and governmental incentives 

(carbon abatement). Using the results of this thesis, a study on the social, environmental and climate costs of 

using different fuels could be conducted. Using this cost, fuel production cost, and aircraft’s operational energy 

consumption, the mission cost for respective fuel could be estimated. Overall, this would enable appropriate 

policy making for aviation. Suitable aviation and energy policies could be formulated based on this thesis and 

above discussion to quantify, translate, and accommodate the (climate/environmental and societal) benefits of 

manufacturing green LH2 and its use (viz: incentives to fuel manufacturers and/or airlines) 

9.2 Future work  

 In terms of aircraft and engine design, for both conventional tube-wing airframe and unconventional 

airframes (like BWB), accounting the limitations and learnings from Chapters 4 – 7, a more detailed and 

rigorous design-optimisation study could be conducted that considers: 

• Stability and structural analysis: 

The number (and size) of cryogenic tanks and their positioning inside the aircraft determines the centre of 

gravity during different points during an aircraft mission and affects the vehicle’s stability. As a result, 

this needs an examination of the criteria for positioning of the landing gear and an evaluation on the 

required take-off and landing speeds to avoid tail-strikes. Considering flight dynamics perspective, the 

empennage and control surfaces must be redesigned and/or recalibrated for stability. The installation of 

cryogenic tanks, particularly for a tube-wing aircraft, affects the structural stress in the longitudinal 

direction.  

• Effects of deck configurations: 

A double deck or novel seating configurations (like stack seating) having larger fuselage diameter or size 

than conventional single deck fuselage, are expected to provide energy efficiency benefits for LH2 use for 

same passenger seating and design range. 
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• Multi-point optimisation of engine and aircraft, and use of better engine loss models: 

The engine modelling in this thesis falls at least under zero-dimensional modelling that uses simple turbo-

machinery loss models. High fidelity analysis enables the accurate estimation of performance loss in 

turbomachinery (profile [including shock], trailing edge, secondary, and tip clearance loss). In addition, 

engine and aircraft should be optimised considering typical off-design points in a given mission, for 

improving the aircraft’s energy consumption.  

• Hydrogen aircraft systems: 

The effect of cryogenic tank is not considered in detail in this thesis and is based on other studies. A 

separate design model should be integrated within the aircraft design process for cryogenic tank modelling 

that accounts both internal and external mechanical and thermal stresses on the cryogenic tank. 

Additionally, an important operational problem associated with combustion based LH2 aircraft is the phase 

change from liquid (tank) to gas (combustor). This aspect has not been considered in open literature so far 

in LH2 aircraft design. A heat exchange apparatus could be designed for enabling this LH2 phase change, 

where LH2 cools a working fluid and changes to gaseous hydrogen. If air is the working fluid, then it could 

be used directly for cabin air conditioning and/or turbine cooling. The other alternative for enabling the 

said phase change is the use of electric heating. A study is required that compares these two and other 

alternatives for the said phase change and their impacts on aircraft energy performance. 

 It was observed in this thesis that the selected (three) climate-neutral LH2 production pathways have 

unintended consequences in terms of significantly greater (indirect) fossil fuel use and water consumption 

compared to Jet-A. In terms of fuel manufacturing, these unintended consequences could be reduced by 

improving the energy efficiency of the fuel manufacturing process and supply chain and increasing the share 

of renewables in the energy mix. 

 In terms of lifecycle analysis, a more holistic examination could be conducted that considers different 

regions or continents (effect of energy mix) for different fuel production (emissions) from various feedstocks 

and pathways, along with costs. Moreover, other unintended environmental and social impacts such as fossil 

fuel, water consumption, and other emissions, need to be considered. Such a study could enable the estimation 

of cost-effective and climate-neutral fuel production pathways for different regions/continents. Additionally, 

using the results of this thesis, a study on the social, environmental and climate costs of using different fuels 

could be conducted. Using this cost, fuel production cost, and aircraft’s operational energy consumption, the 

mission cost for respective fuel could be estimated. Therefore, a more detailed comparative lifecycle emissions 

and cost analysis could be conducted for different fuels at a global level.  

High- or systems-level: 

 In general, it is observed through this thesis that the success of LH2 powered aviation, at a high-level, 

requires appropriate: airport infrastructure, aircraft design, air-traffic or operations management, safety, and 

fuel supply chain/manufacturing capacity and energy efficiency, to meet the required fuel demand, fuel cost 

and direct operating cost, policy, and relevant investments.  
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 This thesis has particularly identified that BWB airframe employing futuristic aviation technologies 

enables an energy efficient and effective use of LH2 compared to a tube-wing airframe of similar technology, 

for long-range LTA aircraft. Additionally, LH2 need to be manufactured from green routes that also employ 

carbon sequestration. One route that was identified to be climate-neutral was LH2 produced from biomass 

where the manufacturing setup employs carbon sequestration. However, this route has a poor performance in 

terms of (indirect) fossil fuel use and water consumption, compared to Jet-A. This is primarily due to poor fuel 

manufacturing process and supply chain energy efficiency, and greater contribution of fossil fuel to the energy 

mix. In addition, light-weight cryogenic tank development is significant to the success of LH2 as a long-range 

aviation fuel. 

 LH2 fuel (combustion based) is more likely to replace Jet-A fuel as an alternative for long-range travel. 

However, there are a lot of uncertainties in terms of contrail formation, emissions of oxides of nitrogen, and 

GWP of water vapour (at high altitude). The contribution share of contrails to the climate impact of LH2 aircraft 

on a lifecycle basis is significant and therefore operational strategies (like avoiding ice-supersaturated regions 

for preventing contrail formation) need to be formulated.  

 The high- or systems-level recommendations of this thesis are that: (i) further R&D and investments 

should go in the direction of the above identified dimensions (fuel manufacturing for different 

regions/continents, its cost and lifecycle effects; cryogenic tank development; aircraft design-optimisation; and 

contrails) for making LH2 powered travel more cost-effective and climate-neutral; and (ii) appropriate aviation 

and energy policies need to be formulated to quantify, translate, and accommodate the (climate/environmental 

and societal) benefits of manufacturing green LH2 and its use (example: incentives to fuel manufacturers and/or 

airlines). These recommendations are completely in-line with and similar to the recommendations of study by 

the World Economic Forum [25] (reviewed in section 2.6), and quantitative evaluations by Mukhopadhaya et 

al. [127] and FlyZero report [128] (reviewed in section 8.2). 

 

 

 

 

 

 

More information: 

First author’s other research work can be found in [53], [91], [325]–[334], [92], [335]–[342], [93], [100], 

[117], [218], [238], [239], [324].   
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Appendix A 

A.1. Thermodynamic cycle analysis of a turbofan engine 

Table A.1. Thermodynamic cycle analysis input and output parameters at design point 

Cycle input parameters 

 Jet-A 100% SPK LH2 LNG LNH3 Methanol Ethanol 

Fan pressure ratio 1.6 1.6 1.6 1.6 1.6 1.6 1.6 

Fan polytropic efficiency 0.9 0.9 0.9 0.9 0.9 0.9 0.9 

Compressor pressure ratio 18 18 18 18 18 18 18 

Compressor polytropic efficiency 0.9 0.9 0.9 0.9 0.9 0.9 0.9 

Ambient or engine inlet pressure 

(Pa) 
101,325 101,325 101,325 101,325 101,325 101,325 101,325 

Ambient or engine inlet 

temperature (K) 
288 288 288 288 288 288 288 

Turbine polytropic efficiency 0.9 0.9 0.9 0.9 0.9 0.9 0.9 

BPR 5 5 5 5 5 5 5 

Heat capacity ratio at engine cold 

sections 
1.4 1.4 1.4 1.4 1.4 1.4 1.4 

Specific heat capacity (constant 

pressure) at engine cold sections 

(J/kg) 

1,005 1,005 1,005 1,005 1,005 1,005 1,005 

Heat capacity ratio at engine hot 

sections* 
1.313 1.313 1.316 1.314 1.314 1.311 1.311 

Specific heat capacity (constant 

pressure) at engine hot sections 

(J/kg)* 

1,212.14 1,212.14 1,243.09 1,221.32 1,251.69 1,229.21 1,229.21 

Air to fuel ratio 50.00 51.04 138.89 57.87 21.53 23.03 31.48 

Gas constant of combustion 

products (J/kg-K)* 
289.04 289.04 298.21 291.58 299.31 291.78 291.78 

LCV (MJ/kg)** 43.2 44.1 120.0 50.0 18.6 19.9 27.2 

Fuel flow rate (kg/s) 0.89 0.88 0.31 0.77 2.01 1.92 1.40 

Turbine cooling air fraction (%) Zero Zero Zero Zero Zero Zero Zero 

Cycle output 

Thrust (kN) 100 100 100 100 100 100 100 

TSFC (g/kN-s) 8.9 8.8 3.1 7.7 20.1 19.2 14.0 

TSEC (kJ/kN-s) 384.5 388.1 372.0 385.0 373.9 382.1 380.8 

Fan inlet mass flow (kg/s) 268.1 268.1 260.4 265.8 259.3 265.3 265.3 

HPT inlet temperature (K) 1,697 1,697 1,697 1,697 1,697 1,697 1,697 

HPT inlet mass flow (kg/s) 44.7 44.7 43.4 44.3 43.2 44.2 44.2 

LPT outlet temperature (K) 1049.4 1049.4 1065.5 1054.3 1069.8 1058.4 1058.4 

LPT inlet mass flow (kg/s) 44.7 44.7 43.4 44.3 43.2 44.2 44.2 

*source [192], ** source [33], [47] 

 

 A simple thermodynamic analysis of a turbofan engine is conducted for constant thrust production using different 

fuels under consideration. This is carried out using standard set of equation for gas-turbine engines that apply Brayton 

cycle, which can be found in resources [190], [231], [245], [246]. Table A.1 lists the thermodynamic cycle analysis input 

and output parameters at design point. Firstly, a baseline (Jet-A) engine performance is conducted for producing a target 

thrust of 100 kN and the fuel flow rate is iterated towards this objective, for fixed input component efficiencies, ambient 

pressure and temperature, and air to fuel ratio.  

 For a given alternative fuel, the input component efficiencies, and ambient pressure and temperature remain the 

same as that of Jet-A, but its air to fuel ratio is calculated by multiplying the air to fuel ratio of Jet-A case with the ratio 

of LCV of the alternative fuel and the LCV of Jet-A. The LCVs [33], [47] and properties of combustion gas [192] for all 
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fuel cases are known from the respective resources. For 100% SPK and ethanol, the properties of combustion gases are 

not known. It is assumed that the combustion gas properties of 100% SPK and ethanol are same as that of Jet-A and 

methanol, respectively. Similar to the Jet-A case, the fuel flow rate for engine powered by a given alternative fuel is 

iterated towards the objective of producing a target thrust of 100 kN. 

A.2. Stepwise procedure of the range equation analysis at design point for the baseline and alternative fuel 

cases 

Conventional jet fuel (Jet-A) case: 

 The methodology description is listed/summarised below as a stepwise process of the range equation analysis 

for Jet-A (baseline) case (based on Figure 4.1): 

• Step 1: Use the known values of OEW, Wp, WF,total of the aircraft to estimate the aircraft GTOW (= OEW + 

WF,total + Wp). 

• Step 2: Input the known lost fuel value, h, and ηo, for Jet-A aircraft being evaluated. 

• Step 3: Calculate Winitial and Wfinal  

Winitial  = (1 – lost fuel value) x GTOW 

Wfinal = GTOW – 0.9 x WF,total 

• Step 4: Calculate the aircraft L/D 

• Step 5: Calculate the Jet-A aircraft range using Breguet’s range equation (equation 4.1)  

Alternative cryogenic fuel cases: 

 For alternative cryogenic fuel cases (based on Figure 4.2), the methodology is listed/summarised below as a 

stepwise process of the range equation analysis: 

• Step 1: Guess a value (initial guess value of 1 kg) for WF,total 

• Step 2: The OEW for the alternative cryogenic fuel case is calculated based on the value of WF,total as additional 

fuselage structure is required to store the said fuel in cryogenic tanks. 

• Step 3: The GTOW (= OEW + WF,total + Wp) is calculated for a given payload case 

• Step 4: Is the GTOW<=MTOW of the aircraft? 

• Step 5: If ‘yes’ to question in step 4, estimate the lost fuel value, h, and ηo, for the alternative fuelled aircraft under 

consideration. 

• Step 6: After step 5, calculate Winitial and Wfinal  

Winitial  = (1 – lost fuel value) x GTOW 

Wfinal = GTOW – 0.9 x WF,total 

• Step 7: After step 6, calculate the aircraft L/D (includes penalty due to additional fuselage requirement) 

• Step 8: After step 7, calculate the aircraft range using Breguet’s range equation (equation 4.1)  

• Step 9: Does the calculated range of the alternative fuelled aircraft meet the target range of the Jet-A (baseline) 

aircraft? 

• Step 10: If ‘yes’ to the question in step 9, then the aircraft is fixed/finalised 

• Step 11: If ‘no’ to the question in step 9, then increase the guess for WF,total and execute step 1 to follow the steps 

thereafter 

• Step 12: If ‘no’ to question in step 4, then restore values of all parameters from previous iteration (based on previous 

guess of WF,total), and the aircraft is fixed/finalised. 

Alternative non-cryogenic fuel cases: 

 For alternative non-cryogenic fuel cases (based on Figure 4.2), the methodology is listed/summarised below as 

a stepwise process of the range equation analysis: 

• Step 1: Guess a value (initial guess value of 1 kg) for WF,total 

• Step 2: Does total fuel at mission start fit inside the wing tanks? 

• Step 3: If ‘yes’ to question in step 2, the OEW of aircraft is same as that of the Jet-A aircraft case i.e., no additional 

fuselage. 
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• Step 4: If ‘no’ to question in step 2, estimate (and store) the fuel volume that fits inside the wing tanks and for the 

remaining fuel (calculate the) additional fuselage is required for storing non-cryogenic fuel tank. The OEW of aircraft 

is calculated based on this additional fuselage requirement. 

• Step 5: Following step 3 or 4, the OEW for the alternative non-cryogenic fuel case is calculated. 

• Step 6: The GTOW (= OEW + WF,total + Wp) is calculated for a given payload case 

• Step 7: Is the GTOW<=MTOW of the aircraft? 

• Step 8: If ‘yes’ to question in step 7, estimate the lost fuel value, h, and ηo, for the alternative fuelled aircraft under 

consideration. 

• Step 9: After step 7, calculate Winitial and Wfinal  

Winitial  = (1 – lost fuel value) x GTOW 

Wfinal = GTOW – 0.9 x WF,total 

• Step 10: After step 9, calculate the aircraft L/D (includes penalty due to additional fuselage requirement) 

• Step 11: After step 10, calculate the aircraft range using Breguet’s range equation (equation 4.1)  

• Step 12: Does the calculated range of the alternative fuelled aircraft meet the target range of the Jet-A (baseline) 

aircraft? 

• Step 13: If ‘yes’ to the question in step 12, then the aircraft is fixed/finalised 

• Step 14: If ‘no’ to the question in step 12, then increase the guess for WF,total and execute step 1 to follow the steps 

thereafter 

• Step 15: If ‘no’ to question in step 7, then restore values of all parameters from previous iteration (based on previous 

guess of WF,total), and the aircraft is fixed/finalised. 

A.3. Stepwise procedure of the range equation analysis at off-design points for the baseline and alternative fuel 

cases 

Maximum permissible range estimation with full fuel tank: 

 The stepwise process shown in Figure 4.3 is as follows - 

• Step 1: Use the fixed/designed aircraft where values of OEW, maximum WF,total, and maximum payload weight 

are known for fuel under consideration. Begin with full fuel tank capacity for a given payload case (weight) 

within the maximum payload limit and estimate the aircraft GTOW (= OEW + WF,total (max.) + Wp). 

• Step 2: Input the known lost fuel value, h, and ηo, for aircraft and fuel being evaluated. 

• Step 3: Calculate Winitial and Wfinal  

 Winitial  = (1 – lost fuel value) x GTOW 

 Wfinal = GTOW – 0.9 x WF,total 

• Step 4: Calculate the aircraft L/D  

• Step 5: Calculate and record the aircraft range using Breguet’s range equation (equation 4.1) with full fuel tank 

capacity for a given payload case (weight). This is the maximum permissible range for given payload case (with 

full fuel tank capacity). 

Estimation of block energy consumption for given range and payload combination:  

 The stepwise process shown in Figure 4.4 is as follows -  

• Step 1: Use the fixed/designed aircraft where values of OEW, maximum WF,total, and maximum payload weight are 

known for fuel under consideration. For a given payload case (weight) within the maximum payload limit, select the 

aircraft range at which fuel performance needs to be evaluated (example: 5,000 km). This range selection should be 

within maximum range of aircraft for given payload, which is evaluated using schematic shown in Figure 4.3. 

• Step 2: Begin with a guess value (initial guess value of 1 kg) for WF,total. 

• Step 3: The GTOW (= OEW + WF,total + Wp) is calculated for a given payload case 

• Step 4: Use the lost fuel value, h, and ηo, for the fuel case under consideration. 

• Step 5: Calculate Winitial and Wfinal  

 Winitial  = (1 – lost fuel value) x GTOW 

 Wfinal = GTOW – 0.9 x WF,total 

• Step 6: Calculate the aircraft L/D  
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• Step 7: Calculate the aircraft range using Breguet’s range equation (equation 4.1)  

• Step 8: Does the calculated range of the aircraft meet the target (selected range) range (example: 5,000 km considered 

in step 1)? 

• Step 9: If ‘yes’ to the question in step 8, then record the block fuel/energy consumption for given range and payload 

combination 

WF,block = 0.9 x WF,total (as discussed in section 4.3.3) 

• Step 10: If ‘no’ to the question in step 8, then increase the guess within the maximum value of total fuel weight at 

mission start for given aircraft-fuel case and execute step 2 to follow the steps thereafter. 

A.4. Validation of the used equations 

A.4.1 Validation of Breguet’s range equation 

 Two aircraft are considered for validation of Breguet’s range equation. Each aircraft has two operational points 

of range and payload combinations. Overall, there are four validation points. Additionally, the lift to drag ratio estimation, 

which is an intermediate calculation step, is also validated for both aircraft. The two aircraft considered here are Airbus 

A320-200 and Boeing 767-300F. The A320-200 is a small narrow-body and single-aisle aircraft and the B767-300F is a 

small wide-body freighter aircraft. It is to be noted that both aircraft are small transport jets. The skin friction coefficient 

(Cf) for small transport jets is 0.0035 [195], in comparison with 0.003 for large transport jet (used in section 4.3.4). Table 

A.2 and Table A.3 below provide the characteristics of Airbus A320-200 and Boeing 767-300F aircraft, respectively, that 

are required for Breguet’s range equation analysis. 

 

Table A.2. Airbus A320-200 aircraft characteristics 

Parameter Units Value Reference 

OEW kg 44,200 [343] 

MTOW kg 73,500 [343] 

Maximum payload kg 16,565 [343] 

Range at maximum payload 
km 2,935 [343] 

nmi 1,585 [343] 

Payload at maximum range kg 10,341 [343] 

Maximum range 
km 5,181 [343] 

nmi 2,798 [343] 

Cruise L/D - 15 – 16 [344] 

Overall efficiency - 0.3 Calculated using [344] 

Wing area m2 or ft2 122.4 or 1,317.5 [345], [346] 

AR - 9.5 [345], [346] 

Cruise Mach - 0.795 [345], [346] 

Cruise altitude ft or km 37,000 or 11.28 [345], [346] 

Air density at cruise altitude kg/m3 0.348 Calculated using [317] 

Speed of sound at cruise altitude m/s 295.07 Calculated using [317] 
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Table A.4. Airbus A320-200 and Boeing 767-300F aircraft performance validation 

Parameter Published Calculated in this chapter Prediction difference 

Airbus A320-200 

Range with 16,565 kg payload (1) 2,935 km 3,054 km +4.05% 

L/D for (1) 15-16* 15.7 - 

Range with 10,341 kg payload (2) 5,181 km 4,947 -4.52% 

L/D for (2) 15-16* 15.48 - 

Boeing 767-300F 

Range with 40,823 kg payload (3) 7,408 km 7,098 km -4.19 

L/D for (3) 15-16* 15.75 - 

Range with 50,800 kg payload (4) 5,556 km 5,604 +0.86% 

L/D for (4) 15-16* 15.86 - 

* Typical cruise L/D 

 For the A320-200 aircraft, ηo is not known directly. However, the cruise thrust specific fuel consumption (TSFC) 

of this aircraft is known to be ~17.5 mg/N-s from resource [349]. Using the definition of ηo,[flight speed/(TSFC x fuel 

Table A.3. Boeing 767-300F aircraft characteristics 

Parameter Units Value Source 

MTOW kg 185,065 [347] 

Maximum zero fuel weight (MZFW) kg 140,160 [347] 

Maximum payload (PLmax) kg 52,700 [348] 

OEW (= MZFW - PLmax) kg 87,460 Calculated 

Range with 40,823 kg payload 
km 7,408 [347] 

nmi 4,000 [347] 

Range with 50,800 kg payload 
km 5,556 [347] 

nmi 3,000 [347] 

Cruise L/D - 15-16 Estimated using [349] 

Overall efficiency (ηo) - 0.34 Estimated using [211], [350] 

Wing area m2 or ft2 282.3 or 3,050 [351] 

AR - 7.99 [351] 

Cruise Mach - 0.8 [348] 

Cruise altitude ft or km 35,000 or 10.67 [348] 

Air density at cruise altitude kg/m3 0.38 Calculated using [317] 

Speed of sound at cruise altitude m/s 296.54 Calculated using [317] 
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calorific value)] its value is estimated. The flight speed in cruise is 234 m/s [= 0.8 (Mach) x 295.54 (speed of sound)]. ηo 

is estimated to be 0.3 for A320-200 aircraft (as listed in Table A.2). Additionally, the cruise L/D for A320-200 is known 

to be (approximately) 15 – 16 [344]. The cruise L/D is plotted in a figure in resource [344], and so the exact value is not 

known. This approximate value of cruise L/D for A320-200 listed in Table A.2. 

 Similarly, for the B767-300F aircraft, ηo is not known directly. However, ηo of Boeing 747-400 aircraft is known 

to be ~0.34 from resource [211]. The B747-400 aircraft uses four CF6 – 80C2 engines and B767-300F uses two CF6 – 

80C2 engines [350]. Hence, ηo of B767-300F aircraft is expected to be 0.34 and is listed in Table A.3. Additionally, the 

cruise L/D for B767-300F is not known directly. However, the cruise L/D of similar size/type aircraft viz. Airbus A310 

and B767-300ER are known to be about 15 – 16 from resource [344]. The cruise L/D is plotted in a figure in resource 

[344], and so the exact value is not known. This approximate value of cruise L/D (of 15 – 16) is expected to be same for 

B767-300F aircraft and this value is listed in Table A.3. The required data for Breguet’s range analysis of the above two 

aircraft are now known. 

 Table A.4 lists the Airbus A320-200 and Boeing 767-300F aircraft performance validation. As discussed before, 

each aircraft has two operational points of range and payload combinations, and overall, there are four validation points. 

According to the book by Kundu et al. [184] and thesis of Kirby [185], a prediction difference of ±5% is an 

acceptable/typical industry trend in the conceptual design phase or for low-order modelling. The above criteria of ±5% 

prediction difference is used for establishing confidence in the model. It can be observed from Table A.4 that Breguet’s 

range equation for the estimation of range is accurate to within ±5%, which is acceptable for conceptual design phase or 

low-order modelling used in this chapter. Additionally, the cruise L/D for both aircraft at each of the four points agree 

with the published values. 

A.4.2 Validation of aircraft wetted area prediction equation 

 The  aircraft wetted area prediction equation needs to be tested for its accuracy while predicting the wetted area 

of recent or advanced/NextGen tube-wing aircraft. Two validation cases are conducted here. The first case is wetted area 

estimation of Boeing 787-8 aircraft. Piano-X is an aircraft analysis tool and PIANO-X data for this aircraft with take-off 

weight of 476,000 lb (215,910 kg) estimates the wetted area to be 19,533 ft2 (1815 m2) [197]. Substituting the take-off 

weight of 476,000 lb in equation 4.5 (aircraft wetted area prediction equation in section 4.3.4), the wetted area is calculated 

to be 19,756 ft2 (1,835 m2), compared to the wetted area estimate of 19,533 ft2 known from PIANO-X data. The prediction 

difference between PIANO-X data and prediction by using equation 4.5 is +1.14%. The second case is wetted area 

estimation of an advanced tube-wing aircraft. The study by Nickol et al. [199] designs an advanced tube-wing aircraft for 

seating 300 passengers using FLOPS software. The GTOW of this aircraft is 503,350 lb (228,316 kg). Substituting this 

GTOW in equation 4.5, the wetted area is calculated to be 20,605 ft2 (1914 m2) compared to the wetted area estimation 

of 20,600 ft2 by Nickol et al. study. Roskam’s model is found to be highly accurate as the prediction difference is +0.024%. 

For both cases, Roskam’s model is found to be accurate with a prediction difference well within the criteria defined 

(prediction difference of ±5%) for accuracy during the conceptual design phase or low-order modelling. 

A.4.3 Validation of fuselage wetted area and weight prediction equation 

 Before using equation 4.6 (fuselage wetted area prediction equation) and equation 7 (fuselage weight prediction 

equation) from section 4.3.4, these need to be tested for their accuracy using the defined criteria. Piano-X data for B787-

8 aircraft estimates the fuselage wetted area of 9,484 ft2 (881 m2) and ‘fuselage group weight’ of 44,917 lb (20,374 kg) 

[197]. For B787-8 aircraft, the values of df and lf are 18.83 ft and 183.5 ft, respectively [197]. Substituting these values 

of df and lf in equation 4.6, the fuselage wetted area is calculated to be 9,412 ft2 (874 m2), compared to the fuselage wetted 

area value of 9,484 ft2 from Piano-X (prediction difference of -0.76%). Substituting this predicted fuselage wetted area 

of 9,412 ft2 in equation 4.7, results in fuselage weight of 47,060 lb (21,346 kg) compared to the ‘fuselage group weight’ 

of 44,917 lb from Piano-X (prediction difference of +4.77%). The prediction difference using equation 4.6 and equation 

4.7 are within the criteria defined (prediction difference of ±5%) for accuracy during the conceptual design phase or low-

order modelling. 

A.4.4 Validation of the LH2 aircraft from the Clean Sky 2 – FCH joint project 

 An attempt is made below to replicate the long-range LH2 aircraft design in the Clean Sky 2 - Fuel Cells and 

Hydrogen (FCH) joint project [34], where very few/limited design details or aircraft characteristics are revealed. It is 

known from the said project report that the long-range LH2 aircraft from the Clean Sky 2 – FCH joint project seats 325 
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passengers and has a design range of 10,000 km, where the cryogenic tank η is 0.38 for an integral tank with double 

walled multi-layer insulation system [34], [206]. Using the model of the A350-1000 aircraft developed in the present 

chapter, an LH2 powered large aircraft is designed for 325 passenger-payload (30,875 kg) with a target design range of 

10,000 km and a cryogenic LH2 tank η value of 0.38 is used. The aircraft performance characteristics of the said aircraft 

is listed in Table A.5. ΔL represents the additional fuselage length for accommodating the alternative fuel. It can be 

observed from Table A.5 that the magnitude of increase in LH2 aircraft fuselage length calculated in this chapter and the 

published value in Clean Sky 2 – FCH joint project are similar for the same cryogenic tank η and passenger payload. 

 

A.5. Results of the performance characteristics of aircraft powered by different fuels 

A.5.1 Miscellaneous results of the performance characteristics at design point 

 The performance characteristics of Airbus A350-1000 aircraft modified for the use of alternative fuels (for same 

payload of 34,770 kg i.e., 366 passenger payload) is listed in Table A.6. The fuselage and aircraft modification data of 

Airbus A350-1000 aircraft for the use of alternative liquid fuels is listed in Table A.7. It is to be noted that the wing 

planform (area, span, and/or AR) is maintained constant for different fuel cases. This is similar to or in-line with the 

approach used in the Cryoplane study of minimal change to the wing planform, and the positive effects of this approach 

on the wing loading are observed later. 

 As discussed in section 4.3.5, for LNG two cases are evaluated - the first LNG case uses a hypothetical (futuristic) 

η of 0.78 similar to LH2 case and in the second LNG case a present-day value of η of 0.63 is used which is similar to the 

Table A.5. Comparison of LH2 aircraft characteristics for passenger payload of 30,875 kg (325 passengers) 

between the Clean Sky 2 – FCH joint project and the present chapter 

Fuel and study 
Cryogenic 

tank η 

Payload 

weight Wp (kg) 

Fuselage 

length (m) 

ΔL 

(m) 

ΔL 

(%) 
R (km) 

LH2  

(Clean Sky 2 – FCH joint project 

[34]) 

0.38 30,875 - - 30.00 10,000 

LH2  

(Using present model) 
0.38 30,875 93.99 21.74 30.09 10,000 

Table A.6. Airbus A350-1000 performance characteristics using alternative liquid fuels for passenger payload of 

34,770 kg (366 passengers)  for same wing area (465 m2) and AR (9.12) 

Fuel 
h/g 

(km) 

Cryogenic 

tank η 

OEW 

(kg) 

WF,total 

(kg) 

GTOW 

(kg) 

Fuel in 

fuselage 

tank (kg) 

ΔL 

(m) 
L/D 

R 

(km) 

Jet-A 4,404 - 155,129 126,101 315,999 - - 18.63 13,870 

100% SPK 4,496 - 155,314 123,320 313,404 5,178 0.25 18.57 13,870 

LH2 12,233 0.78 183,371 50,375 268,516 50,375 26.87 16.09 13,870 

LNG Case 1 5,097 0.78 187,239 93,990 315,999 93,990 8.40 18.20 10,895 

LNG Case 2 5,097 0.63 205,161 76,068 315,999 76,068 6.77 18.48 8,517 

LNH3 1,896 0.80 183,605 97,624 315,999 97,624 5.05 18.34 3,478 

Methanol 2,029 - 155,191 126,037 315,999 1,809 0.08 18.52 5,943 

Ethanol 2,773 - 155,202 126,027 315,999 2,111 0.10 18.57 8,421 
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values used in transportation of LNG fuel via trucks. The effect of LNG cryogenic tank η can be observed from Table 

A.6. With increasing η, the aircraft range and WF,total increases, and the OEW decreases. 

  

 
Figure A.1. Relationship between OEW and GTOW of 100% SPK from the present study and aircraft in service 

for facilitating weight sizing studies 

 It can be observed from Table A.6 that only 100% SPK and LH2 powered aircraft are able to fly same 

range/distance (R) as that of the Jet-A aircraft (baseline) within the same limit of MTOW (of 316 tonnes). Since other 

alternative fuels have lower h as compared to Jet-A, higher quantity of fuel would be required (to be carried) on the 

aircraft for enabling the same range as that of the Jet-A aircraft. This also increases the OEW of the aircraft and resultantly 

the GTOW. Since the GTOW is structurally limited by the MTOW bound, limited fuel and corresponding OEW can be 

supported for a given aircraft structure (MTOW defined). 

Table A.7. Airbus A350-1000 fuselage and aircraft modification data for different alternative fuels for 

passenger payload of 34,770 kg (366 passengers) for same wing area (465 m2) and AR (9.12) 

Fuel lf (m) 

Fuselage 

structural weight 

WFuselage (kg) 

Fuselage 

wetted area 

Swet,Fuselage (m2) 

Aircraft 

wetted area  

Swet (m2) 

Wing loading 

at take-off 

(kg/m2) 

SEC 

(MJ/tonne-km) 

Jet-A 72.25 29,484 1,208 2,445 679.6 10.17 

100% SPK 72.5 29,596 1,212 2,450 674.0 10.15 

LH2 99.12 41,749 1,710 2,948 577.5 11.28 

LNG C1 80.65 33,315 1,365 2,602 679.6 11.17 

LNG C2 79.02 32,572 1,334 2,572 679.6 11.56 

LNH3 77.3 31,785 1,302 2,539 679.6 13.51 

Methanol 72.33 29,521 1,209 2,447 679.6 10.93 

Ethanol 72.35 29,527 1,210 2,447 679.6 10.54 
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 It should be noted that since LH2 has 2.78 times higher gravimetric energy density as that of Jet-A, WF,total for 

LH2 is lesser than that for Jet-A. The lower volumetric energy density of LH2 fuel increases the fuselage length by 26.87 

m (or by 37.2%) compared to Jet-A case. In this work, the 37.2% increase in LH2 aircraft fuselage length compared to 

Jet-A case, penalizes the aircraft performance as the LH2 aircraft fuselage weight increases to 41,749 kg from 29,484 kg, 

and L/D ratio decreases to 16.09 from 18.63. The associated increase in fuselage wetted area and aircraft wetted area can 

be observed from Table A.7. 

Table A.8. OEW and GTOW data of aircraft in service and aircraft designed in this study [198], [298] 

Aircraft GTOW (kg) OEW (kg) 

727-200 83,824 45,359 

737-200 52,390 27,955 

737-300 56,472 31,720 

747-200B 351,534 172,365 

747-SP 285,763 147,417 

757-200 99,790 59,157 

767-200 136,078 81,230 

DC8-Super 71 147,417 73,799 

DC9-30 54,885 25,941 

DC9-80 63,503 36,177 

DC10-10 206,384 111,086 

DC10-40 251,744 122,952 

Lockheed L1011-500 231,332 111,357 

Fokker F28-4000 33,112 17,546 

Rombac-111-560 45,200 24,386 

VFW-Fokker 614 19,958 12,179 

Bae 146-200 40,596 21,999 

A300-B4-200 164,999 88,500 

A310-202 131,995 76,616 

Ilyushin-Il-62M 162,000 69,400 

Tupolev-154 90,000 43,499 

Boeing 787-8 227,930 117,707 

A380-800 559,993 270,012 

A330-200 229,998 120,499 

Airbus A320 73,498 42,100 

Boeing 777-200 229,518 140,659 

A350-1000 Jet-A 316,000 155,129 

A350-1000 100% SPK 313,404 155,314 

 

 The cryogenic tank η used by Brewer [172], [180], [191] (η = 0.836) is of the similar order used in this work (η 

= 0.78). According to the book by Brewer [180], the LH2 aircraft will have lower wing loading. Brewer [172], [180], 

[191] evaluates a double-decker 400 passenger LH2 aircraft (18,500 km range). The wing (area) is subjected to 

modifications (wing structural weight and loading). The wingspan and wing area reduces from 87.7 m (Jet-A) to 66.2 m 

(LH2 fuel) and from 698.7 m2 (Jet-A) to 438.1 m2 (LH2 fuel), respectively. The AR (span2/ area) reduces from 11 (Jet-A) 

to 10 (LH2 fuel). The gross take-off weight of the Jet-A and LH2 aircraft are known to be 476,230 kg and 249,400 kg, 

respectively. The wing loading at take-off of the Jet-A and LH2 aircraft are calculated to be (476,230 kg/698.7 m2 =) 

681.6 kg/m2 and (249,400 kg/438.1 m2 =) 569.3 kg/m2, respectively. Therefore, the wing loading of the double-decker 

400 passenger LH2 aircraft (18,500 km range) evaluated by Brewer [180] reduces by 16.5%, compared to the baseline 

Jet-A aircraft. In the present work, the wing planform (area, span and/or AR) is maintained constant for different fuel 

cases. This is similar to or in-line with the approach used in the Cryoplane study of minimal change to the wing planform. 

As observed from Table A.7, the wing-loading at take-off of the LH2 aircraft (577.5 kg/m2) modelled in this work reduces 

by 15% (similar to 16.5% reduction observed by Brewer), in comparison with the wing-loading of the Jet-A aircraft 

(679.6 kg/m2). 
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 For 100% SPK fuel, the extra fuel (in addition to the wing tank) required considering slightly lower volumetric 

energy density as compared to Jet-A, to meet the flight range of Jet-A aircraft within the MTOW limit of 316 tonnes, is 

small as compared to the fuel that fits in the wing tanks. Therefore, for 100% SPK, ΔL is 0.25 m which has an insignificant 

impact on the (wetted area) L/D performance. Figure A.1 shows the relationship between OEW and GTOW of 100% SPK 

from the present study and aircraft in service. It can be observed that the relationship between OEW and GTOW for the 

aircraft designed in this research is similar to that of aircraft in service. 100% SPK aircraft have similar (magnitude of) 

OEW and GTOW as that of Jet-A case. For compactness, only the names of recent aircraft in service and the aircraft 

designed in this research are mentioned in Figure A.1. 

 The data points in Figure A.1 comprise of small and medium size aircraft, LTA aircraft and large quad. All data 

points (OEW and GTOW data of aircraft in service and aircraft designed in this research), are listed in Table A.8. 

Additionally, the developed equation is useful during preliminary design or aircraft weight sizing process, and knowing 

either OEW or GTOW, the GTOW or OEW can be estimated. 

A.5.2 LH2 aircraft landing weight analysis 

 Considering an emergency situation, the landing weight of an aircraft is an important factor. The safe landing 

weight is dependent on the structural weight of the aircraft. Roskam [198] recommends 0.84 to be an average permissible 

ratio of the aircraft landing weight and the aircraft’s permissible take-off weight, for a transport jet. In the event of an 

emergency landing immediately after take-off, the pilot performs fuel jettison or dumps the conventional Jet-A fuel in air 

so that the aircraft weight goes below its permissible landing weight. However, for an aircraft powered by hydrogen fuel, 

this highly flammable fuel cannot be dumped into the atmosphere. The present research uses the same MTOW limit (316 

tonnes) for both Jet-A and LH2 aircraft. As discussed earlier, for LH2 fuel there is a net reduction in the aircraft GTOW 

of 15% from the permissible weight, or GTOWLH2 = 0.85 MTOW. During engine start, taxi-out and take-off, LH2 fuel 

will be consumed, and this would further reduce this aircraft weight. The GTOW of this LH2 aircraft is similar to the 

average permissible landing weight of the baseline aircraft (structure). This means that there might not be a need to 

conduct fuel jettison of a highly flammable hydrogen fuel in the event of an emergency landing. This finding is of 

significance considering the safety issue associated with LH2 use in a passenger aircraft. 

A.5.3 Off-design point analysis 

 Figure A.4 shows the comparison of OEW/GTOW for Jet-A, 100% SPK, and LH2 aircraft at different range and 

payload (load factor) combinations. It is to be noted that at the off-design points, the OEW for a given fuel case is constant 

and the GTOW (sum of OEW, payload weight, and WF,total) varies with flight range/distance to be travelled. For a given 

payload/load factor case, the WF,total increases (and thus GTOW increases) with increasing range. LH2 has higher 

gravimetric energy density than Jet-A (and 100% SPK) and hence relatively less fuel weight is added to the aircraft as 

compared to Jet-A case. Therefore, the drop in OEW/GTOW is steeper for Jet-A case (and 100% SPK) than LH2 case 

with increasing range. This is observed despite the fact that the OEW of the LH2 aircraft is more than that for the 

corresponding Jet-A aircraft. For 100% SPK, since the OEW is slightly higher (due to negative volumetric density effects 

that needs 0.25 m of additional fuselage) and the GTOW is slightly lower (due to positive gravimetric density effects) 

than Jet-A, OEW/GTOW is slightly higher than Jet-A at all load factor – range combinations. 

 It was observed from Figure 4.6 and Figure A.2 that for a given passenger – load factor case, LH2 aircraft 

consumes more energy than Jet-A aircraft. LH2 aircraft has a longer fuselage than the corresponding Jet-A aircraft, and 

therefore a penalty is observed on its aerodynamic performance. Figure A.5 shows the L/D comparison of different fuel 

cases at different range and load factor combinations. Figure A.6 and Figure A.7 show the lift coefficient (CL) and drag 

coefficient (CD) comparison of different fuel cases at different range and load factor combinations. It can be observed that 

for a given passenger – load factor case the L/D of LH2 aircraft is lesser than the corresponding Jet-A aircraft. The GTOW 

of Jet-A aircraft is greater than the corresponding LH2 aircraft. According to equation 4.4, the CL for the Jet-A aircraft is 

expected to be greater, and this is observed in Figure A.6. Likewise, increasing the range increases the WF,total and thus 

the GTOW. Resultantly, CL (or lift) increases with increasing range, and this is observed from Figure A.6. The CD 

calculated here includes the parasitic and lift-induced drag (equation 4.2). For a given LH2 aircraft case, the OEW is fixed 

at off-design points. Therefore, for a given aircraft, with increasing range the parasitic drag remains constant. As discussed 

above, CL increases with increasing range and therefore the lift-induced drag also increases. Thus, for a given aircraft 

case, CD increases with range. This is observed from Figure A.7. Overall, both CL and CD increase with range for a given 

aircraft case. For a given aircraft case, the increase in CL is greater than the increase in CD which results in a net 
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improvement of L/D with increasing range as observed in Figure A.5. For example: CL at 13,870 km is 1.21 times CL at 

5,000 km whereas CD at 13,870 km is 1.12 times CD at 5,000 km for Jet-A 100% load factor; and CL at 13,870 km is 1.07 

times CL at 5,000 km whereas CD at 13,870 km is 1.04 times CD at 5,000 km for LH2 100% load factor. This results in 

1.08 times increase and 1.03 times increase in L/D for Jet-A 100% load factor and LH2 100% load factor respectively. 

 
Figure A.2. SEC comparison for Jet-A, 100% SPK, and LH2 aircraft (η = 0.78) at different range and payload 

(load factor) combinations 

 For 100% SPK, due to the slightly higher gravimetric energy density, the GTOW is lower than Jet-A. Thus, 

according to equation 4.4, the CL for the 100% SPK aircraft is expected to be lower than Jet-A and this is observed in 

Figure A.6. Additionally, since the OEW is slightly higher (due to negative volumetric density effects that needs 0.25 m 

of additional fuselage), the parasitic drag is higher than Jet-A. However, the GTOW is slightly lower and thus the lift 

induced drag is smaller than Jet-A. Overall, the CD for the 100% SPK aircraft is lower than Jet-A and this is observed in 

Figure A.7. Considering the effects of both CL and CD, the effect of lower GTOW of 100% SPK relative to Jet-A results 

in lower L/D and this is observed in Figure A.5. 
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Figure A.3. Comparison of percent change in SEC for LH2 (η = 0.78) and 100% SPK relative to the Jet-A 

aircraft at different range and payload (load factor) combinations 

 
Figure A.4. Comparison of OEW/GTOW ratio for Jet-A, 100%, SPK and LH2 aircraft (η = 0.78) at different 

range and payload (load factor) combinations 
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Figure A.5. Comparison of L/D for Jet-A, 100% SPK, and LH2 aircraft (η = 0.78) at different range and payload 

(load factor) combinations 

 
Figure A.6. Comparison of CL for Jet-A, 100% SPK, and LH2 aircraft (η = 0.78) at different range and payload 

(load factor) combinations 



 
 

264 

 

 
Figure A.7. Comparison of CD for Jet-A, 100% SPK, and LH2 aircraft (η = 0.78) at different range and payload 

(load factor) combinations 

A.6. Modified A350-1000 performance characteristics for 301 passengers powered by liquid hydrogen 

 The A350-1000 aircraft (366 passengers) is a single decker aircraft [352] and is similar to a Boeing 777-200 

LR aircraft (301 passengers) for a 3-class configuration [353]. The significant difference between the two vehicles is that 

A350-1000 aircraft (72.25 m) is longer than Boeing 777-200 LR aircraft (63.7 m) for accommodating more passengers. 

As observed from section 4.4.1 and section A.5, fuselage length is a sensitive parameter for LH2 aircraft which negatively 

impacts aircraft performance. The passenger seating of a Boeing 777-200 LR aircraft (301 passengers) for a 3-class 

configuration can be applied to A350-1000 aircraft (366 passengers 3-class configuration). This would enable use of 

approximately 8 m of fuselage length and thus the associated volume A350-1000 aircraft for storing LH2 tanks and 

additional need of LH2 tanks can be accommodated via increase in aircraft fuselage length.  

 In this section, the baseline case is A350-1000 aircraft (366 passenger seating capacity) that carries 301 

passenger-payload. The effect of removal of 65 seats on OEW is assumed to be negligible. The calculation process 

remains similar to the procedure outlined in section 4.3 with the only difference that passenger payload weight changes 

from 34,770 kg (366 passengers) to 28,595 kg (301 passengers). Similarly, for the LH2 A350-1000 aircraft with 28,595 

kg payload (301 passengers) the calculation process remain similar except that 8 m of fuselage length and associated 

volume is now available to store LH2 tanks. Therefore, the penalty on L/D and energy performance of LH2 aircraft, 

observed in section 4.4.1 and section A.5, is expected to decrease. 

 Table A.9 shows the performance characteristics of modified A350-1000 for LH2 use compared to original Jet-

A A350-1000 aircraft for a payload of 28,595 kg (301 passengers). It is to be noted that for Jet-A case same fuel capacity 

is maintained as observed in the earlier case (section 4.4). Since the passenger payload has decreased from 34,770 kg 

(Table 4.3 and Table A.6) to 28,595 kg (Table A.9), the range has increased from 13,869 km to 14,125 km respectively, 

which is an expected trend. This is the typical design range for LTA aircraft such as Boeing 777-200 LR [130]. 

Additionally, for the LH2 aircraft case, the total fuel requirement at mission start has reduced from 50,375 kg (Table A.6) 

to 47,645 kg (Table A.9) because of reduced penalty on aircraft via fuselage length. The increase in fuselage length has 

reduced from 26.87 m (Table A.6) to 17.42 m (Table A.9). It is to be noted that both cases (Table A.6, and Table A.9) 

have different payload conditions. Additionally, the L/D has improved from 16.09 (Table A.6) to 16.48 (Table A.9). The 
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associated increase in fuselage wetted area and weight, and aircraft wetted area can be observed from Table A.10. 

Moreover, there is an increase in the GTOW reduction from ~15% (Table 4.4 and Table A.6) to ~18% (Table A.9) for 

the LH2 aircraft case. 

Table A.9. Performance characteristics of modified A350-1000 for LH2 use compared to original Jet-A A350-

1000 aircraft for payload of 28,595 kg (301 passengers) 

Fuel OEW (kg) Wf,total (kg) 
GTOW 

(kg) 

Fuel in 

fuselage 

tank (kg) 

ΔL (m) L/D R (km) 

Jet-A 155,129 126,101 309,824 - - 18.48 14,125 

LH2 178,284 47,645 
254,524 

(-17.85%) 
47,645 17.42 16.43 14,125 

 

 

Table A.11. SEC performance of modified A350-1000 for LH2 use compared to original Jet-A A350-1000 

aircraft for payload of 28,595 kg (301 passengers) 

Fuel Wp (kg) h (MJ/kg) Wf,block (kg) R (km) 
SEC 

(MJ/t-km) 

Jet-A 

28,595 

43.2 113,491 14,125 12.14 

LH2 120 42,881 14,125 
12.74 

(+4.95%) 

 

 Table A.11 provides SEC performance of the modified A350-1000 for LH2 use compared to original Jet-A 

A350-1000 aircraft for payload of 28,595 kg (301 passengers). There is a ~5% increase in energy consumption between 

Jet-A case and LH2 case. However, modifying the A350-1000 aircraft for 301 passenger seating has improved the energy 

efficiency as compared to A350-1000 LH2 aircraft (366 passenger payload) observed in Table A.11. In the earlier example 

(Table 4.4 and Table A.6), the increase in energy consumption was ~11% which has now reduced to ~5% (Table A.11) 

due to above modifications. 

A.7. Airbus A380 aircraft conversion to an LH2 powered aircraft 

 Based on the findings in section 4.4.1, a follow up study is undertaken for the modification and use of retired 

aircraft (by major airlines during 2020 lockdown) such as Airbus A380. This is in-line with recent efforts from Airbus to 

convert retired A380 aircraft into an LH2 aircraft [216]. 

 The fuselage/hydrogen tank volume is proportional to the square of the fuselage diameter. So far, through this 

research it is observed that fuselage length is a significant aspect for hydrogen aircraft. Considering the above points, very 

large aircraft like A380-800 that has a double-decker architecture or large fuselage diameter has the potential to reduce 

the increase in fuselage length for a hydrogen powered aircraft. 

 The A380-800 aircraft data is included in Table A.12. For the A380-800 aircraft (non-cylindrical or elliptical 

fuselage) the fuselage width and height are known to be 7.14 m and 8.4 m from (from Table A.12). The equivalent 

Table A.10. A350-1000 fuselage and aircraft modification data for LH2 fuel for passenger payload of 28,595 

kg (301 passengers) 

Fuel 
Fuselage length 

(m) 

Fuselage structural 

weight (kg) 

Fuselage wetted area 

(m2) 
Aircraft wetted area (m2) 

Jet-A 72.25 29,484 1,208 2,445 

LH2 89.67 37,432 1,533 2,771 
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diameter is calculated to be 7.8 m (using [354]). The fuselage length is known to be 70.4 m (from Table A.12). The 

fuselage wetted area of the A380-800 aircraft is calculated to be 15,907 ft2 (1,478 m2) (using equation 4.6) and the fuselage 

weight is calculated to be 36,077 kg (using equation 4.7). Additionally, the A380-800 aircraft MTOW is known to be 

1,254,430 lb (569 tonnes). Using equation 4.5 the A380-800 aircraft wetted area is calculated to be 40,986 ft2 (3,808 m2). 

Table A.12. Airbus A380-800 aircraft data 

Parameters Units Value 

Maximum take-off weight (MTOW) kg 569,000 [355] 

Maximum passengers in a 3-class configuration (double-decker) - 486 [356] 

Average weight of one passenger kg 95 [210] 

Passenger payload weight (Wp) kg 46,170 (= 95 x 486) 

Operating empty weight (OEW) kg 270,364 [355] 

Overall efficiency (𝜂𝑜𝑣𝑒𝑟𝑎𝑙𝑙) - 0.38 [211] 

Total fuel weight (Wf,total) at mission start for MTOW for given OEW with 

Wp (= MTOW – OEW – Wp) 
kg 252,465 

Fuselage length m 70.4 [355] 

Fuselage height m 8.4 [355] 

Fuselage width m 7.14 [355] 

Wing area m2 845 [357] 

AR - 7.53 [358] 

 

Table A.13. Data of original Airbus A380-800 aircraft (486 passengers 3-class layout) and modified LH2 A380-

800 aircraft (312 passengers 3-class layout) 

 

Boeing 777-200 LR (301 passengers) [353] 

Passenger count  

Economy Business class First class 

227 58 16 

Deck 

Original A380-800 aircraft (486 passengers 3-class layout) [356] 

Cabin width 7.14 m and fuselage length 70.4 m  

Passenger count Passenger seating area (m2) 
Passenger seating area per seat 

(m2/seat) 

EC BC BS EC BC BS EC BC BS 

Upper  66 66 - 78.2 173.53 - 1.19 2.63 - 

Lower  346 - 8 279.89 - 39.13 0.81 - 4.89 

 
Modified LH2 A380-800 aircraft (312 passengers 3-class layout) 

Cabin width 7.14 m, 10.41 m of fuselage length available for LH2 tanks 

Deck 
Passenger count Change in fuselage length (m) 

Total change in fuselage length 

(m) 

EC BC BS EC BC BS EC+BC BS 

Upper  - 60 - 
-10.95 -2.20 +2.74 -13.15 +2.74 

Lower  236 - 16 

EC: Economy class; BC: Business class; BS: Business suite  

  

 In this section, three cases are analysed. The first case is the actual A380-800 aircraft with full passenger 

payload (486 passengers in a 3-class configuration). The second case is the A380-800 aircraft for 312 passenger-payload 

powered by Jet-A. The third case is the A380-800 aircraft modified for seating 312 passengers powered by LH2. The 

modifications for the third case are disclosed below. These modifications are important particularly for utilising the 

aircraft volume for installing hydrogen tanks. Additionally, this is a doubledecker aircraft so the reduction in seating must 

be done carefully.  

 The A380-800 aircraft seats 486 passengers (3-class configuration) in total [356]. The upper deck seats 66 

economy class passengers and 66 business class passengers. The lower deck seats 346 economy class passengers and 8 
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business suite passengers. This aircraft is modified to a 312 passenger seater aircraft such that it meets the at least the 

passenger seating of a Boeing 777-200LR aircraft (301 passengers [227 economy, 16 first (or business suite) and 58 

business class] in a 3-class configuration) [353]. This is done by removing 66 seats from economy class and 6 seats from 

business class from the upper deck. Simultaneously, from the lower deck 110 seats from economy class are removed and 

8 seats are added to business suite. Table A.13 provides the seat distribution and passenger seating area estimated from 

resource [356] for original A380-800 aircraft. It also includes the modified LH2 A380-800 aircraft (312 passengers 3-

class layout [236 economy, 16 business suite, 60 business class]) seat distribution with fuselage length estimation. Overall, 

10.41 m of the aircraft fuselage length is available for the installation of LH2 tanks. 

 The overall efficiency of A380-800 aircraft is known to be 0.38, see Table A.12. Using Table 4.1 (section 4.3), 

the overall efficiency of a hydrogen powered A380-800 aircraft is calculated to be 0.3919. The remaining parameters of 

the range equation are known from Table A.12 and the calculation process remain similar to the earlier two examples. 

Table A.14. Performance characteristics of modified A380-800 for LH2 use (312 passenger-payload) compared 

to original Jet-A A380-800 aircraft for 486 and 312 passenger-payload 

Fuel Wp (kg) h/g (m) OEW (kg) Wf,total (kg) 
GTOW 

(kg) 
ΔL (m) L/D R (km) 

Jet-A 

46,170 

(486 

PAX) 

4,404 270,364 252,465 569,000 - 18.94 15,449 

Jet-A 29,640 

(312 

PAX) 

4,404 270,364 215,809 515,813 - 18.58 14,000 

LH2 12,233 309,625 78,440 
417,705 

(-19.02%) 
14.03 17.07 14,000 

 

 

Table A.16. SEC performance of modified A380-800 for LH2 use (312 passenger-payload) compared to original 

Jet-A A380-800 aircraft for 486 and 312 passenger-payload 

Fuel Wp (kg) h (MJ/kg) Wf,block (kg) R (km) 
SEC 

(MJ/t-km) 

Jet-A 46,170 43.2 227,219 15,449 13.76 

  194,228 14,000 20.22 

LH2 29,640  120 70,596 14,000 20.41 

(-0.96%) 

 

 Table A.14 shows the performance characteristics of the modified A380-800 aircraft for LH2 use (312 

passenger-payload) compared to original Jet-A A380-800 aircraft for 486 and 312 passenger-payload. The original Jet-A 

A380-800 aircraft for 486 passenger-payload at MTOW can travel ~15,450 km distance. For Jet-A 312 passenger-payload 

case, and typical LTA aircraft design range of 14,000 km would require less total fuel weight carried at mission start as 

compared to the 486 passenger-payload case (observed from Table A.14). For LH2 312 passenger-payload case, the 

aircraft meets the similar range at ~20% reduced GTOW compared to the Jet-A 312 passenger-payload case and 26.6% 

reduction in GTOW compared to the aircraft MTOW of 569 tonnes. Table A.15 shows the A380-800 fuselage and aircraft 

Table A.15. A380-800 fuselage and aircraft modification data for LH2 fuel   

Fuel 
Fuselage length 

(m) 

Fuselage structural 

weight (kg) 
Fuselage wetted area (m2) Aircraft wetted area (m2) 

Jet-A 70.4 36,077 1,478 3,808 

LH2 84.43 44,457 1,821 4,151 
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modification data for LH2 fuel. For LH2 312 passenger-payload case less penalty is observed on fuselage length and L/D 

performance compared to earlier two aircraft examples.  

 Table A.16 shows SEC performance of modified A380-800 for LH2 use (312 passenger-payload) compared to 

original Jet-A A380-800 aircraft for 486 and 312 passenger-payload. It can be observed that SEC of the modified A380-

800 for LH2 use (312 passenger-payload) has increased slightly (by ~1%) compared to the Jet-A A380-800 aircraft 312 

passenger-payload case. This contrasts with the earlier two examples of A350-1000 LH2 aircraft for 366 and 300 passenger 

payload cases where the increase in the energy consumption increased by ~11% and ~5% respectively compared to their 

respective reference Jet-A aircraft case. However, the absolute energy consumption of the modified A380-800 for LH2 

use (312 passenger-payload) is greater than A350-1000 LH2 aircraft for 366 and 300 passenger payload cases. This aspect 

is discussed in the next section where the different LH2 aircraft cases are compared. 

A.8. Comparison of different LH2 aircraft cases 

 Figure A.8 provides the comparison of different LH2 aircraft cases with their reference aircraft. For each of the 

three aircraft cases (A350-1000 366 and 301, and A380-800), the aircraft the energy consumption increases for LH2 

aircraft case primarily due to increase in the ratio of OEW and payload (PL) weight as compared to the Jet-A case. Of the 

three LH2 aircraft case (A350-1000 366 and 301, and A380-800 312), using the A380-800 312 aircraft would cost the 

airlines/passengers more as compared to A350-1000 366 case. However, another aspect to be considered here is the A380 

type aircraft acquisition cost which could be low considering that that the A380-800 aircraft have been retired by major 

airlines from their fleet during the 2020 lockdown. It is to be noted that the aircraft need to be redesigned for increasing 

the structural strength for longer fuselage for hydrogen tanks.  

 
Figure A.8. Comparison of different LH2 aircraft cases with their reference aircraft 

 Overall, unless the LH2 fuel cost is extremely low (close to zero), A380-800 LH2 aircraft could be economically 

infeasible compared to flying LH2 A350-1000 366 or 301 aircraft cases considered in this research. Considering only the 

energy consumption, across all cases, hydrogen aircraft consumes more energy than their respective baseline Jet-A 

aircraft, due to increase in OEW. In general, future Jet-A fuel costs are uncertain, especially in a post pandemic time. 

Hydrogen fuel cost is completely dependent on the process through which it is manufactured. The other part of the 

operational cost is the incentive of using of clean alternative fuels such as hydrogen that emit zero carbon in the use-

phase. Additionally, the production pathway of hydrogen also needs to be less carbon intense. 
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A.9. Discussion on four aspects  

Fuselage length: 

 The fuselage fineness ratio (FR = length/diameter) of Boeing 777-200 ER and LR both are 10.27 (= 63.7/6.2), 

and that of Boeing 777-300 ER is (73.9/6.2 =) 11.92 [353]. The FR of Boeing 787-8, 787-9 and 787-10 are 9.69 (= 

55.91/5.77), 10.75 (= 62/5.77) and 11.7 (= 67.48/5.77), respectively [359]. The FR of the baseline A350-1000 Jet-A 

aircraft is known to be 12.12 from Table 4.3. The FR of the LH2 aircraft modelled in section 4.4.1 is (99.12/5.96 =) 16.63 

(37.2% increase in fuselage length relative to baseline Jet-A aircraft). One of the interesting aircraft cases is the DC-8 

Super 60, which has a slender fuselage and has the fineness ratio of 14.95 (= 55.75/3.73) [360]. Lastly, the FR of Concorde 

is 16.7 [223]. The Concorde is an exception because it was a supersonic aircraft and had special aerodynamic requirement 

as compared to the above sub-sonic aircraft. Slender fuselage (high FR) enables higher cruise Mach number flights as the 

drag divergence number increases [361]. LH2 aircraft with longer fuselage could have several issues to be addressed. 

These aircraft could necessitate design and development for increasing the structural strength for the longer fuselage to 

prevent longitudinal failures. Particularly, longer fuselage for unchanged diameter (high FR) could imply increase in 

bending of the fuselage and associated stresses. Additionally, increase in fuselage length is associated with a shift in 

aircraft’s centre of gravity. This could mandate an examination on the criteria for positioning of the landing gear and an 

evaluation on the required take-off and landing speeds to avoid tail-strikes. From a design viewpoint, a longer aircraft 

might not be safe from flight dynamics perspective. The empennage and control surfaces must be redesigned and/or 

recalibrated for stability. Moreover, considering an absolute scale, longer fuselage could affect take-off rotation, turning 

radius, operations at the airport, and could necessitate longer field length during take-off and landing. Therefore, 

significantly longer aircraft might not be readily compatible with present day airport infrastructure. The future airport 

planning/redesigning should consider these effects if significantly longer (than present) LH2 aircraft are to enter in service.  

Optimisation of aircraft: 

 In section 4.3.2.1 it was assumed that the thrust production for Jet-A and alternative fuels is the same. It is 

observed in section 4.4.1 that the LH2 aircraft GTOW reduces by 15% respectively, and thus its thrust/weight ratio (T/W) 

will be greater than the baseline aircraft. The optimisation of the LH2 aircraft is necessary considering that its GTOW 

significantly reduces, and this decreases the thrust requirement and energy consumption. According to studies by Dincer 

[250] and Nojoumi [55], for a LH2 powered aircraft the thrust requirement reduces and the engine becomes smaller in 

size (engine weight savings). Reduction in thrust requirement reduces engine weight and associated fuel weight savings, 

which further reduces the GTOW. Therefore, for a significantly lighter LH2 aircraft, optimisation is necessary considering 

that a similar T/W of the baseline aircraft is to be maintained for this aircraft. 

Embodied emissions and energy: 

 The fuel cost of 100% SPK and LH2 is completely dependent on the process through which they are 

manufactured. The other part of the operational cost is the incentive of using of clean alternative fuel such as hydrogen 

that emits zero carbon in the aircraft’s operational phase. The production pathway of 100% SPK and LH2 also needs to 

be less carbon intense. According to the Clean Sky 2 - FCH joint project report [34], PtL fuel might be a more cost-

effective decarbonisation solution with an evolutionary tube-wing long-range aircraft instead of LH2. PtL is same as 100% 

SPK i.e., has same fuel properties. It is to be noted that PtL fuel production uses hydrogen produced from electrolysis 

(using power produced from renewable energy). Considering process conversion losses in the PtL fuel production (from 

hydrogen) and that the future LH2 powered tube-wing aircraft (implementing advanced aircraft technology) could be 

more energy efficient than present day tube-wing Jet-A aircraft, the LH2 aircraft powered by hydrogen produced from 

renewable electricity could be more sustainable than PtL on a lifecycle basis. 

Effect of technology: 

 Referring to section 4.3.1, Breguet range equation shows that the aircraft energy performance depends on the 

type of fuel used and advancements in (three) aircraft technology such as use of energy efficient engines and lighter 

materials and improved aerodynamics. Also, from section 4.3.5 and findings from section 4.4.1, it is observed that 

cryogenic tank η affects the aircraft energy performance. The effect of these four technology aspects on the long-range 

LH2 powered LTA aircraft performance (such as its SEC) could be explored via a sensitivity analysis.  
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Appendix B 

B.1 Global sensitivity analysis – miscellaneous results 

 
Figure B.1. Effect of design target range on ηcritical of the LH2 aircraft 

 
Figure B.2. Effect of design target range on ωcritical of the LH2 aircraft 
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Figure B.3. Effect of gravimetric index (η), skin friction coefficient (Cf), overall efficiency (ηo), and OEW and 

fuselage weight reduction factor (ω) on the ratio of the total LH2 fuel weight carried at mission start (WF,total,LH2) 

and (present-day) baseline (BL) Jet-A total fuel weight carried at mission start (WF,total,BL Jet-A) 
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Figure B.4. Effect of η, Cf, ηo, and ω on the fuselage fineness ratio of the LH2 aircraft 
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Figure B.5. Effect of η, Cf, ηo, and ω on the ratio of LH2 aircraft fuselage weight (WFuselage,LH2) and (present-day) 

baseline (BL) Jet-A aircraft fuselage weight (WFuselage,BL,Jet-A) 
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Figure B.6. Effect of η, Cf, ηo, and ω on the ratio of the LH2 cryogenic tank weight (WLH2 tank) and (present-day) 

baseline (BL) Jet-A aircraft OEW (OEWBL, Jet-A) 
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Figure B.7. Effect of η, Cf, ηo, and ω on the ratio of OEW of LH2 aircraft (OEWLH2) and OEW of (present-day) 

baseline (BL) Jet-A (OEWBL, Jet-A) aircraft  
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Figure B.8. Effect of η, Cf, ηo, and ω on the ratio of LH2 aircraft lift to drag ratio (L/D) LH2 and (present-day) 

baseline (BL) Jet-A aircraft lift to drag ratio (L/D)BL, Jet-A   

B.2 Detailed author comments 

Aircraft length –  

 The fuselage fineness ratio (FR = length/diameter) of Boeing 777-300 ER is (73.9/6.2 =) 11.92, and that of both 

Boeing 777-200 LR and ER is 10.27 (= 63.7/6.2) [218], [334], [353]. The FR of Boeing 787-10, 787-9 and 787-8 are 11.7 

(= 67.48/5.77), 10.75 (= 62/5.77), and 9.69 (= 55.91/5.77), respectively [218], [359]. The FR of the baseline A350-1000 

Jet-A aircraft is known to be 12.12 [218]. The FR of the LH2 aircraft modelled in Chapter 4 is (99.12/5.96 =) 16.63 (37.2% 

increase in fuselage length compared to the baseline Jet-A aircraft). From the global sensitivity analysis, the maximum 

and minimum FR is 17.23 (42.1% increase in fuselage length from baseline) and 14.85 (22.5% increase in fuselage length 

from baseline), respectively. The DC-8 Super 60 is an interesting case since it has a slender fuselage and FR of 14.95 (= 

55.75/3.73) [218], [360]. Finally, the FR of Concorde is 16.7 [223]. The Concorde is an exception to the above list of FR 

since it was a supersonic aircraft, and has special aerodynamic needs relative to the sub-sonic civil aircraft. High FR or 

slender fuselage enables greater cruise Mach number flights because the drag divergence number increases [218], [361].    

 LH2 aircraft having longer fuselage poses several challenges [218]. These aircraft might need a complete 

engineering design and development for improving the structural strength to support a longer fuselage (for avoiding 

longitudinal fuselage failure). The longer fuselage especially with an unchanged diameter (high FR) might increase 

fuselage bending and related stresses. Also, fuselage length increase could move the location of aircraft’s centre of gravity. 

As a result, an evaluation would be required for checking the criteria for landing gear positioning and an assessment on 

the necessary landing and take-off speeds for preventing tail-strikes. From a design perspective, a longer fuselage could 

be unsafe considering flight dynamics, and to provide stability the control surfaces and empennage should be 

recalibrated/redesigned.  
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 Additionally, on an absolute scale, longer fuselage might require longer field length at landing and take-off and 

could have an effect on operations at the airport, turning radius, and operations at the airport [218]. Thus, there could be 

compatibility issues of the significantly longer aircraft, with current airport infrastructure. The above aspects need to be 

considered while designing and/or planning of future airport if such significantly longer LH2 aircraft (relative to present-

day aircraft) are to be operated.  

Optimisation of aircraft – 

 In this study and previous study [218], it was/is assumed that the thrust production for alternative fuels (including 

LH2) and Jet-A remains unchanged. It is observed in section 5.4.3 that the GTOW of the LH2 aircraft decreases by up to 

34% (maximum GTOW reduction), and therefore its thrust/weight ratio (T/W) will be higher as compared with the 

baseline Jet-A aircraft. The optimisation of the LH2 aircraft is required accounting significant reduction in GTOW, thereby 

reducing the thrust requirement and thus the energy consumption. For a LH2 powered aircraft, as per studies by Nojoumi 

[55] and Dincer [250], the thrust requirement decreases and causes the engine to become smaller in size leading to weight 

reduction. The thrust requirement reduction decreases engine weight and related reduction in fuel weight, which further 

decreases the GTOW [218]. Thus, for LH2 aircraft where there is significant reduction in GTOW, optimisation is required 

for maintaining similar T/W of the baseline aircraft. 

Other future technologies for enabling LH2 aircraft – 

 The present aircraft structures (tube-wing) are designed to store Jet-A (type) fuel which fuel the gas turbine 

engines, and this combination only allows a limited retrofitting of alternative energy vectors such as LH2 [86]. Novel and 

unconventional aircraft design architecture like BWB aircraft enables a more flexible integration of cryogenic hydrogen 

tanks [86]. This is because BWB aircraft has lesser wetted area to volume ratio compared to the tube-wing aircraft [132]. 

In other words, BWB aircraft has higher internal volume and better L/D compared to the conventional tube-wing aircraft. 

In the global sensitivity analysis, it was observed that improving the aerodynamics was one of the two technology aspect 

that can enable a successful and energy efficient large long-range LH2 aircraft. Therefore, BWB is a promising and new 

aircraft architecture, and is expected to provide benefits in terms of better L/D performance, and LH2 storage due to its 

higher internal volume, compared to tube-wing aircraft. 

 According to the Clean Sky 2 - Fuel Cells and Hydrogen (FCH) joint project report [34], “LH2 is technically 

feasible but less suitable for evolutionary long-range aircraft designs from an economic perspective”. PtL fuel might be 

a more cost-effective decarbonisation solution with an evolutionary tube-wing long-range large aircraft [34]. Innovative 

and novel aircraft architecture like BWB could change that for the use of LH2 in large long-range flight but may be after 

2040 (service entry) [34]. Revolutionary designs like BWB that enable significantly better integration of the LH2 storage 

and have improved aerodynamics, and could be an effective solution for the decarbonisation of the future large long-

range air transportation [34]. The limitation of such radically novel/unconventional aircraft is that they have an uncertain 

and long commercialization process [34]. Additionally, these require extended testing for ensuring the aircraft’s 

aerodynamic stability in different flight conditions, and for optimising cabin design, manufacturing, and operations [34].  

Embodied emissions and energy  – 

 The cost of LH2 and other alternative fuels depend on the pathway and/or feedstocks with which they are 

manufactured [218]. Another aspect of the operational cost is the incentive of operating the aircraft with clean alternative 

fuels like LH2 that release zero carbon. The production pathway of the alternative fuels should be less carbon intense, and 

this would enable aviation’s decarbonisation in a true sense.   

 As per the Clean Sky 2 - Fuel Cells and Hydrogen (FCH) joint project report [34], instead of LH2, power-to-

liquid (PtL) fuel (similar to SPK’s fuel properties) could cost less and offer a decarbonisation solution to be used on an 

evolutionary tube-wing long-range aircraft. It is to be noted that hydrogen is an intermediate product in the PtL fuel 

manufacturing process (via electrolysis of water using the power generated from renewable energy) [218]. Accounting 

the conversion losses in the PtL fuel manufacturing (from hydrogen) and considering that LH2 powered tube-wing aircraft 

using future technology could be 33% more energy efficient (known from the global sensitivity analysis) compared to the 

present day tube-wing Jet-A aircraft, the LH2 aircraft powered by hydrogen manufactured from the renewable electricity 

might be more sustainable on lifecycle basis compared to PtL. 
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B.3 Literature review on other aspects of liquid hydrogen aviation   

Hydrogen fired combustors: 

 Hydrogen combustion in gas turbine engine is more complex than just a simple FAR modification. It also 

depends on the geometry of combustor [362]. The addition of hydrogen to conventional fuels improves the engine 

performance, though the performance of using 100% hydrogen in conventional combustors is inferior to conventional 

fuels [64]. This drop in performance is because of combustors geometry being insufficient for the effective mixing of air 

and fuel. As discussed in section 6.2.2, the flame speed of hydrogen is greater than kerosene, where the conventional 

combustors are designed for the flame speeds of kerosene. Hydrogen combustion in a conventional combustor causes 

large diffusive flames where stoichiometric ratios are found in the flame vicinity. This causes very high temperatures and 

resultantly high NOx emissions (ibid). These issues can be resolved by considering all flame attributes of combustion like 

combustion efficiency, flame stability, acoustics, and other crucial diagnostics, for the design of a hydrogen fired 

combustor. After considering these aspects, two novel combustor concepts have emerged through research-development, 

for the effective and efficient combustion of hydrogen such that its full potential can be utilised. The two concepts of 

hydrogen combustors that are likely to be future alternatives are: the lean direct injection (LDI) examined by Marek et al. 

[228]; and micro-mix concepts studied by Dahl and Suttrop [240]. These two designs have proven to be successful via 

actual combustion experiments. Both design/concepts are similar in their methodology. Both concepts establish that 

flashback is a primary concern with the desire of increasing fuel mixing [64]. In both designs, the hydrogen-air mixing 

strength is significantly enhanced for preventing the formation of large diffusion flames that result in higher NOx 

emissions. By improving the mixing strength, the flame length reduces for desired combustion quality, with lower 

combustor residence time. NOx depends on residence time and temperature. Enhancing the strength of mixing (or reducing 

the residence time) will result in very low NOx emissions. The two concepts of hydrogen combustors are discussed as 

follows: 

LDI combustor 

 
Figure B.9. Comparison of NOx emission (ppm) for different LDI combustor configurations at combustor inlet 

temperature of 700 K, combustor inlet pressure of 6.8 atm., 4% fuel injector air flow pressure drop and 2 

milliseconds of combustor residence time (created using correlations from Marek et al. [228]) 

 Multiple configurations/types of LDI combustors were studied by Marek et al. [228] at NASA’s Glenn research 

centre, which is capable of replicating typical conditions of gas turbine engine operations and ensuring reliability. A 

detailed discussion on combustion physics (for terms such as flame speed and quenching diameter) has been carried out 

previously and can be found in section 6.2.2. In the combustor, flashback is prevented by using a H2 inlet tube of size 

lower than the quenching diameter for hydrogen. Marek et al. find that the performance of hydrogen LDI combustors is 
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outstanding as compared with the performance of advanced Jet-A LDI combustors. Different configurations of fuel 

injectors are studied in the LDI experiments by Marek et al. (the injector and combustor geometry details can be found in 

[228]). Figure B.9 provides a comparison of NOx emission (ppm) for different LDI combustor configurations at combustor 

inlet temperature of 700 K, combustor inlet pressure of 6.8 atm., 4% fuel injector air flow pressure drop and 2 milliseconds 

of combustor residence time (using correlations from Marek et al.). 

 Referring to Figure B.9, using injector C3 produces similar NOx emissions compared to LDI Jet-A, but it is an 

injector design that is simple, durable, and safe. The design of injector C4 is similar to the design of injector C3 but its 

NOx emissions are lesser for equivalence ratios below 0.4 (or combustor temperature lower than 1,650 K). Injector C4 is 

durable and there is considerable radial mixing. C1 and C2 configurations have best performance in terms of NOx emission 

reductions, both of which produce less than half of NOx produced by LDI Jet-A combustor. The C1 injector failed during 

the experiments and therefore it could not be examined completely over the desired pressure range. C2 is unique in design, 

and it encourages very fast mixing. However, the durability and cooling of C2 was compromised as it resulted into a 

failure. All LDI examinations by Marek et al. are very stable. The LDI combustors result in reduced NOx levels without 

any auto-ignition or flashback. Other combustor (computational) configuration like a well-stirred reactor (WSR) followed 

by a plug flow reactor (PFR), practically produce near-zero NOx at equivalence ratios below 0.325, and it releases lower 

NOx than C1 and C2 at equivalence ratios below 0.425. 

Micro-mix combustor  

 The micro-mix combustor is studied by Dahl and Suttrop [240] for hydrogen combustion. The study 

demonstrates safe combustion of hydrogen with focused efforts on minimising the NOx production. The objective of the 

study by Dahl and Suttrop was to convert the auxiliary power unit (APU) of A320 i.e., GTCP 36-300, such that it safely 

functions on hydrogen. The hydrogen combustor is designed using miniaturised diffusive combustion. This type of 

combustion improves the local mixing regions. Miniaturised diffusive combustion prevents the large diffusive flames 

(very high temperature zones) observed in hydrogen combustion carried out in conventional combustor. The enhanced 

mixing is a result of turbulence formations and the breakdown of eddies, which decreases the residence times, and the 

stoichiometric conditions are prevented.  

 
Figure B.10. Comparison of NOx emissions performance of APU powered by conventional jet fuel and hydrogen 

fuel in conventional combustor and micro-mix combustor (data source [64], [240]) 

 Figure B.10 shows the NOx emissions performance comparison of APU powered by conventional jet fuel and 

hydrogen fuel in conventional combustor and micro-mix combustor (data source [64], [240]). The highest NOx emissions 

are found in hydrogen combustion using conventional combustor, because of the large diffusive flames that tend to be at 

the stoichiometric conditions. High temperatures occur at stoichiometric conditions and NOx emission production is 
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temperature dependent. The use of micro-mix combustor for hydrogen combustion produces lowest NOx emissions 

because it principally prevents stoichiometric conditions through improvement in local mixing strength.  

Safety aspects of LH2 use 

 When one hears of aircraft using hydrogen, it is very natural to immediately recall the Hindenburg disaster 

[363]. Therefore, it is important to account the safety aspect because it is of paramount importance for civil aviation. It is 

to be noted that the flammable ‘cloth’ of the containment bag of the Hindenburg class airship is significantly different 

than the highly insulated, structurally more rigid, robust, and ergonomic tanks which are proposed for future LH2 aircraft 

[364]. Compared to the conventional jet fuel, hydrogen cannot contaminate soil or water. LH2 is much safer than gaseous 

(compressed) H2 due to the lower pressure of LH2 storage tanks, which decreases the likelihood of fatigue-induced 

structural failures [365]. Gaseous hydrogen has high potential to mix with air or other combustible sources to cause 

dangerous detonations in case of large leaks. A comparison of different fuels shows that LH2 is the safest form of 

hydrogen-based fuel as it causes least damage in case of leaks. The important concerns related to the LH2 fuel is 

hydrogen’s tendency to escape from a storage enclosure. This is obviously unwanted as it results in loss of energy. In the 

event of a leak, hydrogen in reasonable quantity has the potential to cause asphyxiation.  

 
Figure B.11. Comparison of danger zones of spilled liquid gases (data source [181]) 

 An experimental study by Swain [366] compared a gasoline fuel leak (which is similar to kerosene 

fuel/conventional jet fuel) with a hydrogen fuel leak in a car. Both fuels were ignited after a certain time period post leak-

initiation for allowing both fuels to spread. As gasoline is a liquid fuel, it spreads in space. Hydrogen being the lightest 

gaseous fuel, its leak is localised in a small region. Hydrogen rises into the atmosphere in a controlled manner. The fuel 

is allowed to leak for 3 secs and ignited at 1 min (60 sec) from the beginning of the experiment. The study finds that 

hydrogen leak continues to burn in a control manner until the tank is empty [64]. On the other hand, gasoline leak (similar 

to conventional jet fuel) engulfs the vehicle completely in one minute. It is to be noted that this experimental study was 

conducted on a car and does not consider any moment on an aircraft as a result of a jet emission. Other safety concern is 

hydrogen leak and the gas/flame movement inside the aircraft/cabin. 

 A ‘large’ LH2 leak when compared to other liquid fuels spreads less, which can be observed from Figure B.11. 

In Figure B.11 the spill is of 3.3 m3 liquid gas with wind speed of 4 m/sec [181]. Hydrogen molecule (molecular weight 

of 2 g/mol) is the lightest of all fuels. In open atmosphere, hydrogen will rise rapidly thus there is a small danger zone if 

it gets spilled/leaked. Whereas other fuels like methane (molecular weight of 16 g/mol) and propane (molecular weight 

of 44 g/mol) spread farther along the ground (directly proportional to the molecular weight), as compared to hydrogen. 

Hydrogen will combust at concentrations significantly below the detonation limit [181]. There is no danger of detonation 

in free atmosphere and less risk of fire carpet formation (ibid).  
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 Fuel metering systems and fuel purging during start-up and shutdown are required to enable effective and reliable 

combustion [64]. Purging is a very important system that must be incorporated with gaseous fuels avoiding all risks of 

flashback. Like any other fuel, the location of fuel lines must be delegated with care. It is to be ensured that the fuel pipes 

are far enough from areas of high temperatures and any other possible ignition source (ibid). The recommended way to 

extinguish such fires is by using a dry powder extinguisher [366]. However, if such fires are extinguished without turning 

off the fuel flow, it is likely that a combustible mixture may be formed that can further create more serious hazards [64]. 

Other gas turbine engine related safety measures and operations (like fuel purging, location of fuel lines, etc.) are 

discussed ahead in this section. 

Airport systems design and operations 

 A challenge associated with LH2 fuel is its delivery process and refuelling time. A conventional aircraft can be 

refuelled easily at the airport but when the fuel changes completely (to LH2), new issues arise. These comprise of: LH2 

fuel transportation and its storage at the airports. The airports will need to be redesigned to enable regular operations of 

LH2 powered aircraft [364]. Additionally, it must be ensured that necessary maintenance and support services are 

available. To meet the LH2 fuel demand of aircraft operators, it is necessary to integrate LH2 fuel systems that may include 

an integrated and dedicated supply chain and logistics. These can be fulfilled by setting an onsite hydrogen manufacturing 

unit or the adoption of infrastructure which can safely and securely store LH2 reserves locally. For ensuring the economic 

viability of LH2 fuel systems there should be sufficient demand by local aircraft operators. Additionally, multiple airports 

need to be equipped with LH2 supply such that this alternative fuel can be commercially feasible for regular airline 

operations. As the implementation stage of LH2 fuel systems at the airports begins (or fuel transition phase), airports 

should ensure seamless delivery of LH2 fuel in conjunction with conventional jet fuel (ibid). It is anticipated that the 

larger airports will be the first to accommodate this new infrastructure since the first LH2 aircraft will most likely be a 

long-range aircraft [367]. While planning future operational network it is necessary to consider the regions that have a 

strong LH2 manufacturing infrastructure. Also, it is to be noted that while comparing LH2 with conventional jet fuel, the 

refuelling process could consume more time because of lower density (or more fuel volume) of LH2 [368]. 

 The optimal fuel delivery systems for the future LH2 aircraft will most likely include onsite LH2 production 

[367]. The location of the storage tanks should be planned carefully. The piping insulation should be appropriate for 

transporting LH2 at -253°C. It may consist of three pipes that satisfy the requirements, such as: transferring LH2, collecting 

boiled off hydrogen, and allowing redundancy (ibid). Although hydrogen is not poisonous or corrosive, its cryogenic 

temperatures (LH2) could cause injury to anyone who comes in contact with it. A local liquefier should be carefully 

designed (at the airports). The fuel system devices like connections, pumps, and accessories for LH2 need specific 

arrangements because of the cryogenic conditions [364]. Personnel that are expected to be in the vicinity of such systems 

will need specialised training for preventing injuries and for measures to be taken after anyone gets injured due to the 

cryogenic accidents. The airports should incorporate procedures, policies, and technologies for economical and safe 

handling of LH2. The risks can be reduced by carefully planning the LH2 storage location along with the enforcement of 

minimum safety distances. Additionally, there should be efforts for intensifying security steps, enforcing strict scrutiny, 

and access-restriction to LH2 storage units (ibid). 

 Airports contribute to 5% of the total air pollution of the aviation industry [367], ignoring journeys to the airport. 

This air pollution at the airport is caused by aircraft, passengers, freight, and airside/landside vehicle movements. The 

adoption of hydrogen fuel for ground vehicles will benefit the airport area as it will reduce GHG emissions and air 

pollution from the operational phase. Presently, the fuel delivery systems for the conventional jet fuel aircraft are large 

and in some cases, it can be quite complex. Typically, it comprises of a tank area which is within a reasonable distance 

from the airport apron. These tanks supply 1-3 days of fuel. This fuel is provided to the airport users through a system of 

underground pipes or trucks. Most large airports have underground piping for reducing congestion, and smaller or regional 

airports typically use fuel tankers for simplicity. These trucks are powered by conventional fuels and thus cause air 

pollution in the operational phase. It is proposed in a study by Schmidtchen et al. [365] that the distribution lines should 

have entrenched yet open plans that enable required venting of potentially dangerous hydrogen gas. The LH2 fuel tanks 

should be protected from external elements which can be in the form of underground LH2 tanks. More improvements to 

the airport-related aircraft pollution may come through the use of LH2 powered APU. This can further result in aircraft 

weight reduction via the elimination of generators within the engine assembly [364]. Hydrogen combustion release only 

water vapour and small amount of NOx emission. Hydrogen use in APU with specialised combustor called ‘micro-mix’ 

combustor significantly decreases the NOx emission (by 75+%) as compared to the performance of both kerosene and 
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hydrogen combusted in the conventional combustor. Therefore, the operational phase air pollution from APU can be 

significantly reduced by combusting hydrogen in the low-NOx (like micro-mix) combustors, as the only emission would 

be water vapour and ultra-low levels of NOx. 

Engine operational issues for hydrogen use 

 During engine start, hydrogen travels from the cryogenic tanks through the fuel lines to the combustor. Before 

this, the fuel lines are void of hydrogen and only air present there. With the presence of ambient air in the fuel lines there 

is a high risk of combustion at the moment when hydrogen interacts with air [64]. This could potentially lead to flash 

back during the engine start-up phase [the previously discussed aspect of (critical) quenching diameter for hydrogen fuel 

lines in section 6.2.2 is also relevant here]. This risk can be eliminated by purging the fuel lines with an inert gas. Nitrogen 

can be used as a cheap substitute for an inert gas. Additionally, there is a possibility of solidification of gases when they 

come in contact with cryogenic hydrogen which can impede fuel flow. The purging of fuel lines will also be necessary 

while shutting down the engine (ibid).  

 Hydrogen not only has a high energy density per unit mass but is also an excellent heat sink (can be used to cool 

components). The cooling capacity of hydrogen is about 4.9 times the cooling capacity of conventional jet fuel and 

approximately 2.8 times the cooling capacity of CH4 [64]. Before the fuel enters the combustion chamber it should be 

preheated. This ensures that the fuel has completely vapourised during the condition maximum flow rate from the 

cryogenic tank. This can be safely and effectively performed by using a heat exchanger. Installation of fuel lines in the 

vicinity of engine hot sections is not recommended because any fuel leak will immediately result in high flammability 

risk. The use of a separate fluid in a heat exchanger will cool the hot sections of the engine, where the cryogenic hydrogen 

cools this separate fluid in the heat exchanger and in the process, hydrogen starts warming. Cooling the hot engine sections 

will help in the reduction of energy needed for combustion. This further ensures that the fuel will be fully in a gaseous 

state before injection. This increases component life and thermal efficiency, while benefiting from the heat sink potential 

of cryogenic hydrogen (as discussed above). Engine starting will need an electrical heater that increases the fuel 

temperature and after the engine reaches its idle rotational speed the heat exchanger becomes fully functional. 

Furthermore, a metering system is needed to be installed, as it can regulate the required liquid and gas fuel flow rate for 

different power settings (ibid). 

B.4 Literature review on fuel properties of SPK and their operational impact 

 During the cultivation process, plants consume CO2 from the atmosphere. These plants are then used as biomass 

source for extracting oil which are further refined chemically to produce SPK. Considering the lifecycle of this fuel, 

because CO2 from the atmosphere is consumed during the cultivation of the feedstock, such SPK fuels have the potential 

to reduce the GHG emission on a fuel lifecycle basis [100]. Additionally, PtL which is another form of SPK has been 

reviewed in Chapter 2. 

Fuel properties 

 Biomass based alternative aviation fuels can significantly reduce the lifecycle GHG emissions and provide 

economic benefits due to growth in fuel availability along with reduced fuel costs [369]. This motivated the formation of 

an industry-led team that carried out: 

• Evaluation of sustainable feedstocks for biofuel production [369]; 

• Large-scale manufacturing of bio-jet fuel [369]; 

• Examination of fuel properties [369]; and  

• Engine operability, performance, and emissions testing for the use of bio-jet fuel [369].  

 Table B.1 provides the summary of biomass derived 50% blended SPK testing on ground and in commercial 

flights. In these tests, only plant-based feedstocks were used by the team since the target of this exercise was to motivate 

similar or lesser life cycle GHG emissions as compared to Jet-A. As can be observed from Table B.1 that different 

industrial entities were involved in this joint research venture. The objective of this research was to examine the readiness 

levels of sustainable bio-jet fuels and to enable biofuel technology to mature (ibid). 
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Figure B.12. Composition of the conventional jet fuel (information source [369]) 

 The composition of the conventional jet fuel is shown in Figure B.12. The conventional jet fuel has a broad 

paraffin distribution, and the paraffin type and concentration is dependent on the crude oil and the refining process [369]. 

The properties of SPK depend on the source of bio-oil and fuel refining conditions (ibid). The manufacturing process of 

the SPK used for the engine and flight tests [369], is as follows: 

i. The fuel manufacturing begins with bio-oil (free fatty acids and triglycerides) extraction from the cultivated 

biomass/feedstock,  

ii. The impurities from the bio-oil are removed by standard oil-cleaning process,  

iii. Thereafter, the bio-oil is converted to small-chain diesel-range paraffins using UOP's renewable jet process. 

During this process, bio-oil is deoxygenated, and any olefins are converted to paraffins by reaction with 

hydrogen. The deoxygenation process increases fuel’s calorific value, and the termination of olefins and absence 

of hetero-atoms (S, O, and N) and metals improves the thermal stability of the fuel. Therefore, the SPK fuel has 

Table B.1. Summary of biomass derived 50% blended SPK testing on ground and in commercial flights 

(source [369]) 

Aspect 
Airlines 

Continental Airlines Japan Airlines Air New Zealand 

Engine CFM International 

CFM56-7B 

Pratt & Whitney 

JT9D-7R4G2 

Rolls-Royce 

RB211-524G2-T 

Aircraft Boeing 737-800 Boeing 747-300 Boeing 747-400 

Fuel provider 

for test flight 

UOP Nikki Universal/UOP UOP 

% SPK blend 50% 50% 50% 

Biomass 

feedstock 

2.5% algae and 47.5% jatropha 8% jatropha and algae, and 

42% camelina 

50% jatropha 

Table B.2. Comparison of properties of Jet-A and SPK fuel (two approved blending % and neat fuel) (source 

[33], [51]) 

Property Units Jet-A  
SPK 

10%  50%  100%  

Mass density kg/L 0.802  0.798 0.780 0.757 

Gravimetric energy density MJ/kg 43.2 43.29 43.64 44.10 

Volumetric energy density MJ/L 34.65 34.52 34.02 33.38 
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slightly higher calorific value (both blended and 100%) and excellent thermal stability as compared to the 

conventional jet fuel (ibid).  

iv. Thereafter, a second reaction isomerizes and cracks the diesel-range paraffins to branched jet-range paraffins. 

This results in a lower freezing point for the SPK fuel. Referring to Figure B.12, the first row i.e., paraffins, 

primarily represents the composition of SPK (ibid). 

Table B.3. Properties of Jet-A and 100% SPK fuel (square brackets indicate reference number) 

Properties Units ASTM test method Jet-A 100% SPK 

LCV MJ/kg D4529, D3338 or D4809 
43.2 [33], [51], 

[369] 
44.0 – 44.3 [369] 

Viscosity at -20°C mm2/s D445 8.0 [369] 3.336 – 3.663 [369] 

Aromatics vol % D1319 25 [369] 0 – 0.3 [369] 

Sulphur 
Total mass 

% 

D1266, D2622, D4294 or 

D5453 
0.3 [369] ≤ 0.0001 [369] 

Density kg/L D1298 or D4052 0.802 [33], [51] 0.757 [33], [51] 

Hydrogen content % mass ASTM D3343 - 16 13.4 [369] 15 – 15.5 [369] 

Initial Boiling Point °C D86/D2887 170 [370]  150 [370] 

Flash Point °C D56 or D3828 38 [369] 41.0 – 46.5 [369] 

Final boiling point °C 
D86 300 [369] 242 – 248 [369] 

D2887 300 [369] 251 – 256 [369] 

Freezing point °C 
D5972, D7153, D7154 or 

D2386 
-40 [369] -63.5 to -54.5 [369] 

 

 The experimental study by Rahmes et al. [369] finds that SPK fuels comprise of normal (n-) and isomeric (iso-) 

paraffins, along with a small fraction of cycloparaffins. As per the study by Rahmes et al., the types and carbon numbers 

of the iso- and n-paraffin content of 100% SPK vary between C9 and C15. This is typically the range observed in 

conventional jet fuel (ibid). Additionally, the study by Rahmes et al. investigates for impurities in SPK fuel which have 

the potential to negatively impact the engine performance. These impurities comprise of 21 different metals along with 

oxygen, nitrogen, and sulphur compounds. The authors find that the blended SPK fuel is free from any traceable amounts 

of impurities. Additionally, the authors found that the impurity content in 100% SPK is below detection levels. 

 Table B.2 provides the comparison of properties between of Jet-A and SPK fuel. Table B.3 provides the 

comparison of properties between conventional jet fuel (Jet-A) and 100% SPK fuel. Most of the fuel properties in Table 

B.3 are from the study by Rahmes et al. [369], and others are taken from the study by Lokesh [59], Hileman et al. [51], 

and the GREET model [33], as indicated. 

Effect of the fuel characteristics on maintenance, performance, and operability 

 The effects of characteristics of 100% SPK fuel on the performance, operability, maintenance, etc. of aircraft 

and engines, have not been quantified and reported in literature. The experimental examinations of biofuel (blended and 

100% biofuel) by Rahmes et al. [369] report the quantitative fuel properties. However, this examination does not address 

the impacts of fuel properties on aspects such as engine operation and maintenance. Another investigation by Lokesh [59] 

only examines the qualitative effects of fuel properties on the performance of engine because of the lack of data on the 

engine impacts of use of 100% SPK [59]. All alternative fuels for civil aviation application are tested by institutions like 

ASTM, and the approval of these fuels is based on these tests [59]. The performance and thermal properties of the 

alternative fuels are studied and are designated as standard specifications. These, in general, can be classified into 

combustion and handling properties (ibid).  

 In general, the compatibility of 100% SPK fuel with today’s aircraft engines and their impacts on engines can 

be evaluated via thorough experimental investigations [59]. Experimental studies using 100% SPK fuel in engines have 

been conducted by Rahmes et al. [369] but the impacts of the fuel properties on engine maintenance are not reported. 

There is a need for an experimental investigation that examines the effect of using 100% SPK fuel on engine maintenance, 

operability, and performance. These effects include: the need for hardware reconfigurations, and the impact on the 

mechanical life of aircraft engines [59]. The discussion below is completely qualitative in nature. 
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Effect of fuel properties on combustion characteristics 

 The vapour pressure of 100% SPK fuel is expected to be greater than Jet-A [59]. The fuel vapour pressure is a 

measure of its volatility. Therefore, 100% SPK fuel is expected to have higher volatility than Jet-A, which enables faster 

vaporisation post atomisation. This enhances the combustion efficiency. Additionally, FAR of 100% SPK fuel is lesser 

than Jet-A. Cumulatively, over one flight mission, leaner combustion of 100% SPK fuel reduces the fuel consumption 

(i.e., fuel savings) (FC) and can therefore reduce the GTOW of the aircraft (ibid).  

 An investigation by Lokesh [59], finds that 100% SPK demonstrate enhanced thermodynamic behaviour. As can 

be observed from Table B.3, the LCV (MJ/kg) of 100% SPK fuel is greater than Jet-A, and this effect is explored in 

Chapter 4. As can be observed from Table B.3, the viscosity of Jet-A is greater than 100% SPK fuel. The lesser viscosity 

of 100% SPK fuel enables formation of reduced droplet size as compared to Jet-A, thereby improving the efficiency of 

combustion and decreasing the combustion products such as PM, CO, and soot [59]. Additionally, as can be observed 

from Table B.3 the aromatic content of 100% SPK is significantly lesser than Jet-A, which reduces the VOC emission 

(ibid). 

 The study by Rahmes et al. [369] finds that the smoke number (SN) for Jet-A was significantly higher than SN 

for biofuel. The SN reduction for biofuel is attributable to the negligible aromatic content and a slightly greater hydrogen-

to-carbon ratio of biofuel as compared to the conventional jet fuel. The authors noticed that there was an observable 

reduction in NOx emission at high power for 100% biofuel as compared to the conventional jet fuel. Also, for blended 

biofuel the authors noticed a negligible decrease in NOx, as compared to the conventional jet fuel. 

 According to the study by Lokesh [59], the engine using 100% SPK fuel can potentially qualify the LTO-NOx 

certification process because it reduces the LTO-NOx by 7 – 8% and such an advantage can be observed without 

necessarily considering the incentive (kink on the Committee on Aviation Environmental Protection (CAEP)/8) for fuel 

economy. This feature of 100% SPK fuel could potentially motivate more rigorous CAEP restrictions for the future. 

Resultantly, it will drive design and development of aircraft technology that is compatible with SPK fuel (ibid). 

 The density of a fuel is an important property for analysing its behaviour before and during combustion [59]. 

The fuel atomisation, mixing, and evaporation rates are dependent on the fuel density. The fuel spray characteristics such 

as droplet size are principally dependent on the fuel density (ibid). During combustion, the fuel density determines the 

concentration of the fuel near the flame. Improved fuel atomisation results in better mixing and evaporation rates, which 

is positive as the ignition is improved. As observed from Table B.3, 100% SPK has lesser mass density than Jet-A, and 

this improves combustion characteristics (ibid). 

Effect of fuel properties on the fuel handling properties 

 The handling properties of a fuel are essentially its physico-chemical properties and these impact the fuel supply-

chain and operational processes which comprise transportation, pipeline transfer, storage, and fuel injection point [59]. 

The handling properties studied below are fuel lubricity, vapour pressure, flash point, freezing point and viscosity, density, 

and aromatic content.  

• Fuel vapour pressure and flash point 

The vapour pressure of 100% SPK fuel and resultantly its volatility, are expected to be higher than Jet-A as 

discussed above. Flash point of a fuel depends on the fuel volatility and density [59]. 100% SPK has higher flash 

point as observed in Table B.3, which is safer from handling perspective (ibid).  

• Fuel lubricity and thermal stability 

100% SPK fuel has sufficient lubricity [59] and high thermal stability [371], [372]. High thermal stability enables 

the reduction of carbonaceous deposits in the fuel systems, which can potentially reduce maintenance [371]. 

According to both Syntroleum corporation and Honeywell UOP LLC, the HEFA-SPK fuel manufactured from 

their technology is suitable for Jet-Aircraft use [371].  

• Fuel freezing point and viscosity 

 It can be observed from Table B.3 that 100% SPK fuel has higher hydrogen content and lesser mass density than 

Jet-A. In terms of handling characteristics, this is advantageous as 100% SPK fuel can bear lesser temperature than Jet-A 
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before it freezes [59]. Therefore, as observed from Table B.3, the freezing point temperature of 100% SPK fuel is lesser 

than that of Jet-A. 

 In terms of fuel handling, viscosity is of paramount importance. The fuel transport through pumping line, storage, 

and aircraft fuelling, is governed by the fuel viscosity [59]. The viscosity of a liquid varies inversely with temperature 

[373]. Thus, the behaviour of liquid fuel at lesser temperatures has to be studied. The viscosity of 100% SPK fuel was 

measured at -20°C in the experimental study by Rahmes et al. [369] and it was found to be 3.336 – 3.663 mm2/s as 

compared to the viscosity of Jet-A of 8 mm2/s. This can be observed from Table B.3. The lesser viscosity of 100% SPK 

fuel as compared to Jet-A is advantageous considering the handling perspective especially at cruise conditions since it 

enables sufficient fuel fluidity [59].  

• Fuel density 

 The fuel density is an important fuel property, especially considering the fuel handling perspective. The density 

governs the transfer of fuel to the storage units in the fuel supply-chain process [59]. Additionally, other aspects that are 

dependent on the fuel density are the fuel pumping and storage, aircraft refuelling, and aircraft’s ability to travel a flight-

range with a fixed tank (ibid). It can be observed from Table B.3 that the density of 100% SPK fuel is lesser than that of 

Jet-A. As can be observed from Table B.2, the gravimetric energy density and volumetric energy density of 100% SPK 

fuel is respectively higher and lower than Jet-A. The effect of both lower volumetric energy density and higher gravimetric 

energy density effect of 100% SPK, compared to Jet-A, was explored in Chapter 4.  

• Fuel aromatic content 

 As observed from Table B.3, 100% SPK fuel has negligible aromatic content. Therefore, the aromatic 

concentration in blended SPK fuel will also be lesser than Jet-A fuel [369]. Aromatic compounds have carbon-to-carbon 

double bonds. Additionally, they have lesser hydrogen-to-carbon (H/C) ratio in comparison with paraffinic compounds 

for the same carbon number due to their cyclic form. Resultantly, 100% and blended SPK fuels have higher hydrogen-to-

carbon ratios in comparison with Jet-A (ibid), which can be observed from Table B.3 where 100% SPK fuel has higher 

hydrogen content (% mass). 

 In Jet-A fuel, higher presence of aromatics result in the formation of ‘gums’ that gets deposited in the fuel lines 

and tanks and obstructs the fuel flow [59], [374]. The deposition of gums in the fuel lines and tanks increases the 

maintenance costs. As can be observed from Table B.3, lesser aromatic content of 100% SPK fuel is beneficial considering 

the handling and storage perspective (ibid). 

 In the current aircraft engines, the sub-systems are designed according to the properties of Jet-A i.e., the 

conventional fuel. In the current engines, certain rubber seals that prevent fuel leaks in the high pressure fuel system 

function because of the aromatic content of the fuel [59]. These seals swell and prevent the fuel leaks (ibid). Additionally, 

studies by Hui et al. [375], Blakey et al. [52], Daggett et al. [48], and Corporan et al. [376], recommend that the aromatic 

content requirement (specification) that was conceived about five decade ago should be reviewed and updated. Future 

aircraft that are designed for 100% SPK fuel operation can use compatible and NextGen elastomers, and/or synthetic 

aromatics/additives can be added to 100% SPK fuel that enable the required swelling of the seals [59], [371], [377].  

 It can be observed from Table B.3 that 100% SPK fuel have negligible aromatics as compared to Jet-A. Using 

100% SPK fuel in the present-day engine might not swell the seals to desired levels and therefore might create a safety 

issue. In the current set-up, three types of seal materials are used. These comprise of fluorocarbon-O rings, nitrile 

compounds, and fluoro-silicone [59]. 50% blend of SPK fuel with JP-8 fuel increases the aromatic content by 7% by 

volume and it does not affect the Fluoro-silicone and Fluorocarbon-O rings, however, it shows desired levels of nitrile 

rubber swelling [59], [374]. Similar observations were made in the testing of 50% SPK fuel conducted by Rahmes et al. 

[369], however, there is a need for further examination of the impacts of aromatics (or lack of it in case of 100% SPK 

fuel) and other compounds on swelling of seals. 

Operational impact of biofuel use  

Flight tests using SPK 

 Test flights using blended SPK fuel from algae and camelina were successfully conducted [59], [101], [102]. 

Additionally, Lufthansa conducted a successful six-month flight-operation using 50% blended SPK fuel on Airbus A321 

between Frankfurt and Hamburg, which did not reveal any technical or operational issues [59], [103].  
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 Referring to Table B.1, in both of the flight tests by Continental airlines and Japan airlines using 50% SPK fuel, 

both the engine and aircraft performance were unaffected by the biofuel use [369]. In the flight test by Japan airlines, 

there were no obvious indications that the alternative fuel negatively impacted the engine response (ibid). Additionally, 

in the flight test by Air New-Zealand, there were no obvious indications of 50% SPK fuel affecting the engine operation 

(ibid). The hardware inspection after the Air New-Zealand test comprised of examination of the low-pressure fuel filter, 

fuel management system, 24 fuel nozzles, and fuel pump (ibid). Overall, in all three flight tests, 50% SPK fuel did not 

negatively impact any aircraft system. The authors recommend further exploration of aspects that will enable higher SPK 

fuel blends (>50%) as this can potentially provide environmental, performance, and economic advantages. The aspects 

that are recommended by the authors for further exploration include chemical composition, compatibility of materials, 

density, etc. According to IATA [60], currently the aviation sector is focused on producing sustainable ‘drop-in’ 

replacement fuels, and in future 100% biofuel has the potential to be a complete replacement to the conventional jet fuel. 

In recent years many test flights have been conducted on regional jet (ATR aircraft) [104], business jets [105], and LTA 

(A350) and VLTA (A380) [106], powered by 100% SPK primarily from HEFA pathway using waste biomass. From 

these test flights, no major issues were reported.  

Engine testing using biofuel 

 As part of the ground testing, the performance of a Pratt and Whitney engine was evaluated in a test facility in 

Canada [369]. The engine testing comprised of operability (engine start, transient thrust properties, and flame-out), 

control, and performance. These tests were performed using 100% biofuel, 50% biofuel, and Jet-A-1 fuel (ibid). The 

biofuel used in this test comprised of iso- and n-paraffins, which was a diesel-range hydrotreated vegetable oil 

manufactured by Neste Oil (ibid). The authors observed that there was no engine degradation through operability, control, 

and performance or via hardware examination after the test. The authors observed that powering the engine with the 

biofuel did not cause performance deterioration. Following the testing, the engine was inspected for deterioration of 

components. More specifically, the authors observed that there were no: engine hardware deterioration and peculiar 

odours due to the use of the alternative fuel, during engine operations and handling (i.e., mixing of fuel blend, filling of 

tanks, etc.). 

Effect on safety, reliability, and airline revenues 

 If there are any incompatibilities detected in the performance properties of alternative fuels, then the fuel is not 

acceptable for aircraft operations as ‘fuel compatibility’ with the hardware is a significant techno-economical parameter 

for engineers and related stakeholders (ibid). The fuel incompatibility could result in increase of maintenance cost and 

necessitate engine modifications/redesign, which may affect reliability and safety (ibid). Whenever alternative fuels are 

proposed to be used in gas turbine engines designed for conventional fuel, there is a need to study the compatibility of 

the alternative fuels with the engine and aircraft [59]. Such an investigation is of utmost importance because it drives the 

crucial aspects of the airline sector i.e., safety of passengers and techno-economic issues (technological reliability and 

airline profitability). In terms of passenger safety, the storage and handling properties of the alternative fuel should be 

ideal during different operational paths of the aircraft (ibid).  
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B.5 Different studies on LH2 powered aircraft with the tank gravimetric index 

Table B.4. Details of different studies on LH2 powered aircraft with the tank gravimetric index 

Study Application Tank type Tank and insulation material η λ 
Year, 

Ref. 

Multi-layer insulation 

Clean Sky 2 - 

Fuel Cells and 

Hydrogen joint 

project  

19 passenger 

commuter 

aircraft with 

500 km range 

Integral Double-wall evacuated tank 

with multi- layer insulation 

0.25* 3** 2020 

[34], 

[206]  

Clean Sky 2 - 

Fuel Cells and 

Hydrogen joint 

project 

80 passenger 

regional aircraft 

with 1,000 km 

range 

Integral Double-wall evacuated tank 

with multi- layer insulation 

0.30* 2.33** 2020 

[34], 

[206] 

Clean Sky 2 - 

Fuel Cells and 

Hydrogen joint 

project 

165 passenger 

(short-range) 

aircraft with 

2,000 km range 

Integral Double-wall evacuated tank 

with multi- layer insulation 

0.35* 1.86** 2020 

[34], 

[206] 

Clean Sky 2 - 

Fuel Cells and 

Hydrogen joint 

project 

250 passengers 

(medium range) 

aircraft with 

7,000 km range 

Integral Double-wall evacuated tank 

with multi- layer insulation 

0.37* 1.70** 2020 

[34], 

[206] 

Clean Sky 2 - 

Fuel Cells and 

Hydrogen joint 

project 

325 passenger 

(long-range) 

aircraft with 

10,000 km 

range 

Integral Double-wall evacuated tank 

with multi- layer insulation 

0.38* 1.63** 2020 

[34], 

[206] 

Foam insulation 

Cryoplane Different 

aircraft 

categories 

(regional to 

very large 

aircraft) 

Integral Stainless steel tank with 

polymer foam insultation 

- - [175], 

[181] 

Winnefeld et al.  General 

application of 

cylindrical 

tanks 

Non-

integral 

Aluminium alloy tank with 

polymer foam insultation 

0.6 – 

0.7* 

0.667 – 

0.429** 

2018, 

[86] 

Brewer (1991) 

summarised by 

Verstraete 

(2009) 

- Non-

integral 

Aluminium alloy tank with 

foam (polyurethane) 

insultation 

0.9** 0.113* 1991, 

[191] 

NACA/NASA High-altitude 

(20 km) tube-

wing 

reconnaissance 

aircraft 

Integral Stainless steel tank with 

plastic foam insulation 

0.881 

feasible 

(used 

0.87)** 

0.134 

feasible  

(used 

0.15)* 

1955, 

[219], 

[220] 

Delgado 

Gosálvez et al. 

(Greenliner 

design) 

19 passenger 

commuter 

aircraft with 

926 km range  

Non-

integral 

Aluminium alloy tank with 

foam insultation 

0.5* 1** 2018, 

[70] 
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Verstraete et al. Regional tube-

wing aircraft for 

32 passengers 

and range of 

2,100 km 

Integral Aluminium alloy tank with 

foam (polyurethane) 

insultation 

0.658 – 

0.71* 

0.52 – 

0.408** 

2010, 

[66] 

Gomez et al. Tube-wing 

aircraft for 197 

passengers and 

range of 9,000 

km  

Integral Aluminium alloy tank with 

polyurethane insultation 

0.826 

(rear 

tank) 

and 

0.741 

(forward 

tank)** 

0.21 

(rear 

tank) 

and 

0.35 

(forward 

tank)* 

2019, 

[172] 

Brewer (1991) 

summarised by 

Gomez et al. 

(2019) and 

Verstraete 

(2009) 

Tube-wing 

aircraft for 400 

passengers and 

range of 10,190 

km 

Integral Aluminium alloy tank with 

foam (polyurethane) 

insultation 

0.836** 0.196* 1991, 

[172], 

[180], 

[191] 

Beck et al.  Very large twin 

aisle BWB 

aircraft with 

design range 

11,400 km for 

531 passengers) 

Non-

integral 

Aluminium alloy tank with 

polymer foam insultation 

0.77* 0.299** 2018, 

[217] 

Verstraete et al. Large tube-

wing aircraft for 

550 passengers 

and range of 

13,890 km 

Integral Aluminium alloy tank with 

foam (polyurethane) 

insultation 

0.764 – 

0.791* 

0.308 – 

0.264** 

2010, 

[66] 

*Published values 

**Calculated values 
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B.6 Trend of engine technology development 

Table B.5. Different efficiency metrics during cruise for engines entered in service till date (data source [211]) 

and engines modelled in this work 

Aircraft 
Effective propulsive 

efficiency 
Core efficiency Overall efficiency 

B707 0.485 0.440 0.213 

B727 0.585 0.440 0.257 

MD80 0.615 0.450 0.277 

B747-100 0.625 0.480 0.300 

A300 0.650 0.500 0.325 

B757 0.665 0.510 0.339 

B747-400 0.680 0.500 0.340 

B777 0.700 0.530 0.371 

B787 0.715 0.550 0.393 

A380 0.690 0.570 0.393 

A350 0.710 0.563 0.400 

Propfan  0.760 0.526 0.455 

BWB UHB GTF Jet-A 0.752 0.605 0.469 

BWB UHB GTF 100% SPK 0.752 0.605 0.477 

BWB UHB GTF LH2 C1 0.750 0.626 0.485 

BWB UHB GTF LH2 C2 0.756 0.631 0.455 

BWB UHB GTF LH2 C3 0.756 0.641 0.400 
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Appendix C 

C.1 Engine modelling validation cases 

 After proposing a model/methodology, it is important to try and test the model using published literature. This 

enables to establish the model’s accuracy. By conducting validation cases, a scientific confidence is built on the proposed 

model. In this section, there are two validation cases, and these were primarily selected because of the sufficiency of data 

availability (one or multiple publications) to replicate the studies. According to the book by Kundu et al. [184] and thesis 

of Kirby [185], a prediction difference of ±5% is acceptable in the conceptual design phase. Therefore, for the two 

validation cases, this criteria of ±5% difference on engine metrics is used as a basis for establishing confidence in the 

model. 

C.1.1. Validation Case 1 

 Bijewitz et al. [224] design an UHB GTF engine for future aviation application in GasTurb 11 software. The 

engine data is only known for on-design point and hence this validation case is only limited to on-design point. Most of 

the data required for this validation case comes from study [224] and remaining information comes from another study 

of the same author [277] that considers same engine conditions.  

Data known and methodology for case 1: 

 

 The data known for the validation case 1 is summarised in Table C.1. The process of design-optimisation remains 

the same as discussed in the methodology section (6.4). Table C.1 also categorizes the data from the studies of Bijewitz 

et al. [224], [277] into inputs, cooling flows, constraints, and performance parameters. The design requirement here is to 

design a UHB GTF engine with a BPR of 19.4, OPR of 60, fan diameter 3.35 m, and to produce thrust of 56 kN at TOC 

point of 35,000 feet (10,668 m) altitude with Mach 0.78 [224].   

Table C.1. On-design data of GTF engine at TOC condition of 35,000 feet (10,668 m) altitude at Mach 0.78 

modelled by Bijewitz et al. [224], [277] 

Parameter Value 

Basic inputs 

BPR 19.4 [224] 

Fan inlet Mach number 0.7 [277] 

Fan inlet Hub/Tip Ratio 0.29 [277] 

Intake pressure ratio 0.997 [277] 

Core intake pressure ratio 0.99 [277] 

Bleed and power off-take None [224] 

Number of fans, IPC, HPC, HPT, LPT stages 1, 3, 9, 2, 4 [224] 

Gear ratio 4:1 [224] 

TET or T4 1,750 K [224] 

Cooling flows 

Cooling flows 20% for HPT; 0% for LPT [224] 

Constraints 

Thrust 56 kN [224] 

OPR 60 [224] 

Fan diameter 3.35 m 

Performance parameters 

TSFC 12.67 g/s-kN [224] 

Core efficiency 0.6 [224] 

Propulsive efficiency 0.85 [224] 

Thrust/engine mass flow 

OR 

Engine mass flow 

83 [224] 

OR 

674.6 kg/s 
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 The fuel used here is Jet-A, and cooling flows are 20% for HPT with uncooled LPT [224]. The number of fan, 

IPC, HPC, HPT, and LPT stages are 1, 3, 9, 2, and 4, respectively [224]. The fan inlet Mach number and hub/tip ratio are 

0.7 and 0.29, respectively [277]. There is no power off-take and bleed [224]. The pressure ratios at engine inlet and core 

inlet are 0.997 and 0.99, respectively [277]. Bijewitz et al. [224] use conventional material in the engine except the fan, 

where they use PMC. The properties of conventional material (including gearbox technology) and PMC are known from 

Table 6.9 – Table 6.11. The above information/inputs need to be updated in the model described in the methodology 

section (6.4). 

 The component efficiency for each turbomachine is unknown through the studies of Bijewitz et al. [224], [277], 

and therefore all component efficiencies will be treated as design variables in the optimisation process, unlike the 

proposed model in section 6.4. For all these design variables, all minimum values are set to 0.85, the start-guess values 

are set to the values in Table 6.5 (present efficiencies) and the maximum values are set to values in Table 6.6 (future 

efficiencies at TOC point). Also, compared to the proposed model, the design TET and gear ratio are known to be 1,750 

K and 4:1, respectively. Hence, these two parameters, which are design variables in the proposed model in section 6.4, 

will be removed as design variables as these values are fixed as per the known data/design requirement. 

 The design constraints (parameters) remain the same, except the change in their values. Thus, 56 kN of thrust is 

to be produced with an engine which has OPR of 60 and fan diameter of 3.35 m. Overall, the model described in the 

methodology section (6.4), remains unchanged (including all model inputs) except the changes/updates mentioned above 

as they are pertinent to replicate the studies of Bijewitz et al. [224], [277] listed in Table C.1. The methodology for this 

validation case is now completed, and the results are discussed below, along with a comparison of engine performance 

with the published values. 

Validation case 1 results and discussion: 

Table C.2. Comparison of on-design engine performance between the current model and study by Bijewitz et 

al. [224] 

TOC 
Bijewitz et al. [224] Present model 

GasTurb 11 GasTurb 13 

Mach, Altitude - , m 0.78 at 10,668 m 0.78 at 10,668 m 

Net Thrust kN 56 56.6 

Thrust difference with respect to Bijewitz et al. [224] % - + 1.071 

OPR  60 60 

BPR  19.4 19.4 

Fan diameter m 3.35 3.35 

Number of Fan, IPC, HPC, HPT, LPT stages  1, 3, 9, 2, 4 1, 3, 9, 2, 4 

Engine mass flow kg/s 674.6 674.4 

TSFC g/kN-s 12.67 12.6744 

TSFC difference with respect to Bijewitz et al. [224] % - + 0.035 

Fuel consumption (FC) kg/s 0.71 0.71 

Gear ratio  4 4 

Cooling flow % 20 20 

TET or T4 K 1750 1750 

Power off-take and bleed  None None 

Core efficiency  0.6 0.6 

Propulsive efficiency  0.85 0.85 

LPT inlet temperature K < 1,350 1,207.08 

 

 Table C.2 shows the comparison of on-design engine performance between the current model and study by 

Bijewitz et al. [224]. It can be observed from Table C.2 that the proposed model of Chapter 6 is able to replicate the study 

by Bijewitz et al. [224] with high accuracy (+0.035% difference in the TSFC values between both studies relative to 

Bijewitz et al. [224]) and meet all design requirements (italicised). The LPT inlet temperature in both cases is lower than 

1,350 K which was a requirement for having uncooled LPT.  
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 In terms of engine weight, the study by Bijewitz et al. [224] does not provide engine weight directly, instead it 

gives the total propulsion system weight (of 7,648 kg). Additionally, the breakdown of the total propulsion system weight 

into component weights, is not provided by Bijewitz et al. [224]. Moreover, it is not clear whether the total propulsion 

system weight (of 7,648 kg) is inclusive of engine mount weight. Therefore, there are two different engine weights 

estimated below in Table C.3: 1. Inclusive of weights of the bare engine, nacelle and inlet, and mount; 2. Inclusive of 

weights of the bare engine, nacelle, and inlet only. The bare engine weight is calculated using GasTurb 13 as discussed 

previously. The nacelle and inlet weight, and mount weight, both come from Table 6.2 i.e. from the NASA N+2 study by 

Nickol et al. [130]. It is to be noted that the engine weight calculation (with disk optimisation) is not as rigorous as 

discussed in the section 6.4, because the off-design points are not considered by Bijewitz et al. [224]. Therefore, disk 

weight optimisation, and resultantly the bare engine weight estimation, is just limited to the on-design point. 

Table C.3. Comparison of total engine weights between the current model and study by Bijewitz et al. [224] 

First case: 

PMC for fan section and conventional materials in other components 
 Bijewitz et al. [224] Present model % difference 

Bare engine weight kg - 6,738 - 

Total engine weight 1 kg 7,648 7,651 + 0.039 

Total engine weight 2 kg 7,648 7,514 - 1.752 

Second case: 

PMC for fan section, CMC for hot sections and conventional materials in other components 

Engine weight kg - 6,629 - 

Total engine weight 1 kg 7,648 7,543 - 

Total engine weight 2 kg 7,648 7,406 - 
1 Inclusive of weights of the bare engine, nacelle and inlet, and mount. 
2 Inclusive of weights of the bare engine, and nacelle and inlet only 

 

 

 There are two different cases considered in Table C.3. The first case is the known case, where PMC material is 

used for the fan section and for other components conventional materials are used. Ideally, ‘total propulsion system 

weight’ should be the first type of weight calculation i.e. inclusive of weights of the bare engine, nacelle and inlet, and 

mount, and its estimation by the proposed model is highly accurate (well within the ±5% difference criteria) compared to 

the study by Bijewitz et al. [224]. Recalling the value of 1,750 K for the design-point TET i.e. at TOC point from the 

study by Bijewitz et al. [224], it would mean that at SLS conditions the TET would be of the order of 2,000K which is 

very high for conventional materials (used by Bijewitz et al. [224]) to withstand a successful engine operation. Bijewitz 

et al. [224] mention that their maximum limit for TET is 2,050 K. Clearly, it is necessary to use CMCs as these are the 

only materials that can withstand such high temperatures. Thus, a second case is considered and is listed in Table C.3, 

where PMC is used in fan, CMCs are used in hot sections, and conventional materials in other components. In the second 

case considered here, only the present model adheres to the changes (CMC use). The total engine weight of Bijewitz et 

al. [224], remains unchanged compared to the first case. The second case highlights the need to use CMCs in hot 

components, not only from realistic engine operability perspective but also its potential of engine weight reduction. Since 

this (second case) is a hypothetical or proposed case, there is no basis for a direct comparison of weights and thereby no 

validation process is conducted. 

 The thrust and TSFC values are estimated with +1.071% and +0.035% difference respectively. In terms of 

weights, the first type and the second type of total weight calculation have +0.039% and – 1.752% difference, respectively. 

These predictions fall well within the set criteria of prediction difference of ±5% from literature for a successful 

conceptual design. Overall, it is observed that the proposed model estimated the engine performance and weight, with a 

high accuracy in comparison with the study by Bijewitz et al. [224]. This concludes the first validation case. A second 

validation case is considered next, as a sanity check towards establishing confidence on the proposed model. 

C.1.2. Validation Case 2 

 Nickol et al. [130] design a UHB GTF engine powered by Jet-A for NASA N+2 timeframe, using the NPSS 

software. The engine data is only known for on-design point and one off-design point (of SLS). However, the component 

efficiencies are not known for both these points. Thus, the current validation case is limited only to on-design point with 
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three possible cases of component efficiencies. It is to be noted that this is the same study (Nickol et al. [130]) which is 

used as a reference study to establish the aircraft and engine design targets towards the objective of Chapters 6 and 7. The 

engine design requirement (on-design/TOC point only) of this validation case is exactly similar to the design requirements 

of the proposed model described in section 6.4, because these are based on same study by Nickol et al. [130].  

 Data known and methodology for case 2: 

    For this validation case, all known data is already included in section 6.4. The model setup remains unchanged 

except for few parameters discussed below. As discussed in detail in section 6.4, the stage counts of turbo-machineries 

are not known from the study by Nickol et al. [130]. Therefore, the selection of turbomachinery stage counts is based on 

three different studies, and this selection process is discussed previously in section 6.3.3.2. The number of Fan, IPC, HPC, 

HPT, and LPT stages are 1, 3, 9, 2, and 3, respectively, as listed in Table 6.7, and these are assumed to remain unchanged 

for this validation case. The model inputs remain the exact same except component efficiencies and materials. It is to be 

noted that in terms of materials, CMC is the only material known to be used in the study by Nickol et al. [130] in their 

engine design for hot sections. Therefore, it is assumed that conventional materials are used for all engine components 

except the combustor and HPT, where CMC is used. However, it is very likely that PMC ‘might’ be used in the engine 

fan section by Nickol et al. [130], though not considered in this validation case. Additionally, cooling flows, gear ratio 

and pressure ratios of compressors are unknown. 20% cooling flows are assumed, as mentioned also in section 6.4. Gear 

ratio, and pressure ratios of IPC and HPC, are treated as design variables in optimisation, which are exactly similar to the 

proposed model in section 6.4. 

    As mentioned above, the component efficiencies are not known from the study by Nickol et al. [130]. 

Therefore, at on-design point three cases of component efficiencies are used towards this validation case. In the first and 

second case, future component efficiencies and conventional component efficiencies are used, respectively. For both 

cases, the optimisation scheme also remains unchanged. In the third case, all component efficiencies will be treated as 

design variables in the optimisation process (similar to validation case 1), unlike the proposed model in section 6.4. For 

all these design variables (in the third case), all minimum values are set to 0.85, the start-guess values are set to the values 

in Table 6.5 (present efficiencies) and the maximum values are set to values in Table 6.6 (future efficiencies at TOC 

point). Additionally, in this third case, a constraint-target of TSFC (13.1543 g/kN-sec) is added to the model that enables 

the exact replication of NASA N+2 study by Nickol et al. [130]. By doing this, the exact component efficiencies can be 

found by reverse-engineering for a fixed/known target TSFC. 

    Overall, the model described in section 6.4, remains unchanged (including all model inputs) except the 

changes/updates mentioned above. The methodology for this validation case is now completed, and the results are 

discussed below, along with a comparison of engine performance with the published values. 

 Validation case 2 results and discussion: 

 Table C.4 provides the comparison of on-design/TOC engine performance and weights between the study by 

Nickol et al. [130] and three cases of the present model. The three cases are: 

• 1st case: Future component efficiencies are used, 

• 2nd case: Conventional component efficiencies are used, 

• 3rd case: All component efficiencies are treated as design variables (future component efficiencies treated as the 

maximum limit for these design variables) in optimisation, with TSFC set as a design constraint-target (of 13.1543 

g/kN-sec). 

 Table C.5 provides the comparison of component efficiencies between the three cases of the present model. It 

is to be noted that the component efficiencies listed for the 3rd case are the output of the optimisation process. It can be 

observed from Table C.5 that the proposed model (all three cases) exactly meets all design requirements (italicised). The 

LPT inlet temperature in all three cases of the present model are below 1,350 K, which was a requirement for having 

uncooled LPT. 

 It can be observed from Table C.4 that compared to the study by Nickol et al. [130], the TSFC and/or FC for: 

the 1st case is 5.737% lesser, the 2nd case is slightly higher (i.e. +0.875% difference), and 3rd case is equal (as TSFC was 

a constraint-target in the 3rd case) [0% error]. This is primarily because of the component efficiencies. The 1st case uses 

future component efficiencies, whereas 2nd case uses present day efficiencies, which results in the above-mentioned 

difference in TSFCs and/or the FC values. It can be observed from Table C.5 that there is less difference between the 

component efficiencies of 2nd case and 3rd case. It means that the present day component efficiencies are similar to the 
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optimum component efficiencies that enables the 3rd case to meet the exact TSFC and/or FC value of the study by Nickol 

et al. [130], and the TSFC and/or FC of 2nd case is similar/slightly higher (i.e. +0.875% difference) compared to the said 

study. Additionally, with the assumptions made here, it appears that the study by Nickol et al. [130] might have used 

present day component efficiencies. 

Table C.4. Comparison of on-design/TOC (Mach 0.8 at 10,668 m) engine performance and weights between 

the study by Nickol et al. [130] and three cases of the present model 

Parameters Units Nickol et al. [130] 1st case 2nd case 3rd case 

Net thrust kN 55.603 55.603 55.603 55.603 

OPR  60 60 60 60 

BPR  17.65 17.65 17.65 17.65 

FPR  1.35 1.35 1.35 1.35 

Fan diameter m 3.36296 3.36296 3.36296 3.36296 

Engine mass flow kg/s - 638.06 638.06 638.06 

TSFC g/kN-s 13.1543 12.3997 13.2694 13.1543 

FC kg/s 0.731 0.689 0.7378 0.7314 

TSFC/FC difference with respect to 

Nickol et al. [130] 
% - - 5.737 + 0.875 0 

Bare engine weight kg 6,789 6,992 7,170 7,150 

Bare engine weight difference with 

respect to Nickol et al. [130] 
% - + 2.99 + 5.612 + 5.317 

Gear ratio  - 3.5 3.5 3.5 

Cooling flow % - 20 20 20 

Ratio of temperatures at turbine inlet 

and fan inlet (T4/T2) 
 - 6.844 7.06 7.05 

Power off-take kW 150 150 150 150 

LPT inlet temperature K - 1,139 1,186 1,180 

 

 It can be observed from Table C.4 that the engine weights of the 1st case, 2nd case and 3rd case, compared to the 

engine weight from the study by Nickol et al. [130], are greater by approximately 200 kg (+2.99% difference), 380 kg 

(+5.61% difference), and 360 kg (+5.32% difference), respectively. These differences in engine weights are attributable 

to the unknowns from the study by Nickol et al. [130], such as: 

• Engine materials, 

• Turbo-machinery stage count, 

• Gear ratio, 

• Pressure ratios of IPC and HPC, 

• Cooling flows, and 

• Component efficiencies 

Table C.5. Comparison of component polytropic efficiencies between the three cases of the present model 

Components 
Component polytropic efficiencies 

1st case [123] 2nd case [188] 3rd case 

Fan Inner 
0.928 

0.910 0.902 

outer 0.904 0.912 

IPC 0.925 0.920 0.920 

HPC 0.912 0.910 0.908 

HPT 0.944 0.890 0.896 

LPT 0.956 0.922 0.925 

 

 The engine material selection has direct impact on the engine weight. CMC is the only material known to be 

used in the hot section of the engine modelled by Nickol et al. [130] and therefore assumption was made to use 

conventional materials in all components except HPT and combustor. As mentioned before, is very likely that PMC 

‘might’ be used in the engine fan section by Nickol et al. [130] in their study. Additionally, parameters that are directly 
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linked to each other such as gear ratio, IPC and HPC pressure ratio, and turbomachinery stage count and efficiencies, all 

have a considerable impact on the engine weight. Moreover, cooling flows can significantly affect both the TSFC 

(directly) and weight (indirectly). Lastly, it is to be noted that the engine weight calculation (with disk optimisation) 

conducted here is not as rigorous as discussed in the section 6.4, because the off-design points are not considered here (as 

reasoned before while defining the scope of this validation case). Therefore, disk weight optimisation, and resultantly the 

bare engine weight estimation, is just limited to the on-design point. 

 In the first case, where the model uses future component efficiencies, the model predicts TSFC or FC and bare 

engine weight with -5.74% and +2.99% difference, respectively. For the second case, where the model uses present 

component efficiencies, the model predicts TSFC or FC, and bare engine weight with +0.875% and +5.612% difference, 

respectively. Lastly for the third case, where the model component efficiencies are set as design variables, the model 

predicts TSFC/FC and bare engine weight with 0% and +5.317% difference, respectively. As mentioned above, second 

and third case appear to be realistic and closer to study by Nickol et al. [130]. Therefore, for these two cases, it is observed 

that the proposed model estimates the engine TSFC and FC with high accuracy (<0.88% difference) as compared to the 

study by Nickol et al. [130]. These predictions are well within the set criteria of prediction difference of ±5% from 

literature for a successful conceptual design. In terms of engine weights, there is a lot of unknown information from the 

study of Nickol et al. [130], which is underscored and discussed above in detail. For the second and third case, there is a 

difference of +5.612% and +5.317% in bare engine weight, respectively. Despite these mentioned unknowns, the model 

predicts engine weights with reasonable accuracy. These predictions are similar in magnitude to the set criteria of 

prediction difference of ±5% from literature for a successful conceptual design. This concludes the second validation 

case. 

C.1.3. Conclusion of the validation cases 

  The proposed model can successfully replicate the engine performance in both validation cases, considered in 

this section. It is observed that the success of the validation process is also dependent on the pool of the known information 

from the study to be replicated. In the first validation case, the proposed model predicted both engine performance and 

its weight with high accuracy, where both performance metrics and engine weight predictions fall well within the set 

criteria of prediction difference of ±5%. In the second validation case, the proposed model predicted the engine 

performance with high accuracy, and the accuracy of engine weight prediction was reasonable despite not knowing the 

critical engine design parameters from the study to be replicated i.e. study by Nickol et al. [130]. In the second case, TSFC 

and FC predictions are well within the set criteria of prediction difference of ±5% from literature for a successful 

conceptual design; and the bare engine weight prediction by the model, despite a plethora of identified unknowns, 

provided predictions that are similar in magnitude to the set criteria of prediction difference for a successful conceptual 

design. This can therefore be considered a satisfactory validation process. Overall, a strong confidence has now been 

developed on the proposed model, through this scientific procedure. 

C.2 Service ceiling equation derivation 

 
Figure C.1. Geometry of flight during climb and aircraft force balance diagram 
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Rate of climb (RoC) =  (
𝑃𝑜𝑤𝑒𝑟 𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒 − 𝑃𝑜𝑤𝑒𝑟 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑

𝐴𝑖𝑟𝑐𝑟𝑎𝑓𝑡 𝑤𝑒𝑖𝑔ℎ𝑡
) =  

𝑇𝑉∞ − 𝐷𝑉∞
𝑊

 

Referring to Figure C.1 (a), RoC = 𝑉∞ sin θ  and/or  θ = sin−1 (
𝑅𝑜𝐶

𝑉∞
)   

Substituting RoC definition into the above equation,   𝑉∞ (
𝑇−𝐷

𝑊
) =  𝑉∞ sin θ 

sin θ = (
𝑇−𝐷

𝑊
) =  

𝑇

𝑊
−

𝐷

𝑊
 , referring to Figure C.1 (b),   𝑊 =

𝐿

cosθ
 

sin θ =
𝑇

𝑊
−

𝐷

𝑊
=

𝑇

𝑊
−
cosθ

𝐿/𝐷
 ; substituting θ = sin−1 (

𝑅𝑜𝐶

𝑉∞
) here,  sin θ =

𝑇

𝑊
−
cos(sin−1(

𝑅𝑜𝐶

𝑉∞
))

𝐿/𝐷
 

For a transport jet θmax occurs at (L/D)max, sin θ𝑚𝑎𝑥 =
𝑇

𝑊
−
cos(sin−1(

𝑅𝑜𝐶

𝑉∞
))

(𝐿/𝐷)𝑚𝑎𝑥
 

Substituting the relation 
RoC

𝑉∞
= sin θ,  

RoC

𝑉∞
=

𝑇

𝑊
−
cos(sin−1(

𝑅𝑜𝐶

𝑉∞
))

(𝐿/𝐷)𝑚𝑎𝑥
 

Rearranging the above equation, 𝑇 = 𝑊(
RoC

𝑉∞
+
cos(sin−1(

𝑅𝑜𝐶

𝑉∞
))

(𝐿/𝐷)𝑚𝑎𝑥
) 

Using trigonometry, cos(sin−1 𝑥) = √1 − 𝑥2  [378] 

𝑇 = 𝑊

(

 
 
 
RoC

𝑉∞
+

√1 − (
𝑅𝑜𝐶
𝑉∞
)
2

(𝐿/𝐷)𝑚𝑎𝑥

)

 
 
 

  

C.3 Aircraft weight and fuel consumption breakdown over flight mission 

 Using the aircraft weight sizing process detailed in section 7.4, the aircraft weight and the fuel consumption over 

the flight mission are calculated for the baseline case (Jet-A BWB aircraft), 100% SPK, and three cases of LH2 aircraft. 

Tables C.6, C.7, C.8, C.9, and C.10 provide the FFs, aircraft weight and fuel consumption over one flight mission for Jet-

A BWB aircraft, case 1 (LH2), case 2 (LH2), case 3 (LH2), and 100% SPK, respectively. It can be observed that the ratio 

of the WF,block of Jet-A case and case 1, 2, and 3 is 3:1, 3.06:1, and 3.13:1, respectively. 

Table C.6. Fuel fractions, aircraft weight and fuel consumption over flight mission of Jet-A BWB aircraft 

No. Segment 
FF Start weight Fuel used 

- kg kg 

1 Engine start and warm-up 0.9964 236,398 847 

2 Taxi-out 0.9964 235,551 844 

3 Take-off 0.9982 234,708 420 

4 Climb 0.9975 234,287 584 

5 Cruise 0.7474 233,704 59,035 

6 Descent and approach 0.9964 174,669 626 

7 Loiter 0.9846 174,043 2,678 

8 Land, taxi-in and shutdown 0.9971 171,366 491 

 Total 0.72 

170,875 

(weight of aircraft at the end of flight 

mission) 

WF,block = 

65,523 

 

 The ratio of gravimetric energy densities of LH2 fuel and Jet-A is (120/43.2=) 2.78. The above ratio of the block 

fuel consumption of Jet-A aircraft and LH2 aircraft is ~3:1 as compared to the ratio of the gravimetric energy densities of 

LH2 and Jet-A of 2.78:1. This means that LH2 aircraft design analysis, in general, cannot be just limited in terms of the 

effect of improved TSFC due to the use of a high gravimetric energy density fuel (like LH2) in propulsion systems. The 

effect of the aircraft weight reduction (and thrust requirement reduction leading to smaller engines the resulting reduction 

in the engine weight) while carrying lesser weight of a high gravimetric energy density fuel (like LH2), also contributes 
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to the above ratio of WF,block (of Jet-A aircraft and LH2 aircraft) of ~3:1, though as observed the effect of improved TSFC 

is dominant. For 100% SPK cases (Table C.10), WF,block is of similar magnitude as that of Jet-A.  

Table C.7. Fuel fractions, aircraft weight and fuel consumption over flight mission of LH2 case 1 

No. Segment 
FF Start weight Fuel used 

- kg kg 

1 Engine start and warm-up 0.9987 195,325 244 

2 Taxi-out 0.9987 195,080 244 

3 Take-off 0.9994 194,837 122 

4 Climb 0.9991 194,715 172 

5 Cruise 0.8984 194,543 19,758 

6 Descent and approach 0.9987 174,786 218 

7 Loiter 0.9947 174,567 932 

8 Land, taxi-in and shutdown 0.9990 173,635 174 

 Total 0.89 

173,461 

(weight of aircraft at the end of flight 

mission) 

WF,block = 

21,863 

 

Table C.8. Fuel fractions, aircraft weight and fuel consumption over flight mission of LH2 case 2 

No. Segment 
FF Start weight Fuel used 

- kg kg 

1 Engine start and warm-up 0.9987 194,177 243 

2 Taxi-out 0.9987 193,935 242 

3 Take-off 0.9994 193,692 121 

4 Climb 0.9991 193,571 170 

5 Cruise 0.8998 193,401 19,384 

6 Descent and approach 0.9987 174,018 218 

7 Loiter 0.9947 173,800 923 

8 Land, taxi-in and shutdown 0.9990 172,887 173 

 Total 0.89 

172,704 

(weight of aircraft at the end of flight 

mission) 

WF,block = 

21,473 

 

Table C.9. Fuel fractions, aircraft weight and fuel consumption over flight mission of LH2 case 3 

No. Segment 
FF Start weight Fuel used 

- kg kg 

1 Engine start and warm-up 0.9987 192,677 241 

2 Taxi-out 0.9987 192,436 241 

3 Take-off 0.9994 192,196 120 

4 Climb 0.9992 192,076 162 

5 Cruise 0.9010 191,913 19,003 

6 Descent and approach 0.9987 172,910 216 

7 Loiter 0.9948 172,694 894 

8 Land, taxi-in and shutdown 0.9990 171,800 172 

 Total 0.89 

171,628 

(weight of aircraft at the end of flight 

mission) 

WF,block = 

21,049 
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Table C.10. Fuel fractions, aircraft weight and fuel consumption over flight mission of 100% SPK 

No. Segment 
FF Start weight Fuel used 

- kg kg 

1 Engine start and warm-up 0.9965 234,798 824 

2 Taxi-out 0.9965 233,974 821 

3 Take-off 0.9982 233,152 409 

4 Climb 0.9976 232,743 568 

5 Cruise 0.7514 232,175 57,727 

6 Descent and approach 0.9965 174,449 612 

7 Loiter 0.9849 173,837 2,623 

8 Land, taxi-in and shutdown 0.9972 171,213 481 

 Total 0.73 

170,733 

(weight of aircraft at the end of flight 

mission) 

WF,block = 

64,065 

 

C.4 LH2 BWB aircraft landing weight analysis 

 Considering an emergency situation, the landing weight of an aircraft is an important factor. The ‘safe’ landing 

weight is dependent on the structural weight of the aircraft. Roskam [198] recommends 0.84 to be an average permissible 

ratio of the aircraft landing weight and the aircraft GTOW, for a transport jet. In the event of an emergency landing 

immediately after take-off, the pilot performs fuel jettison or dumps the conventional jet fuel in air so that the aircraft 

weight goes below its permissible landing weight. However, in the case of an aircraft powered by LH2, this highly 

flammable fuel cannot be dumped into the atmosphere in events of emergency landing. Since the present chapter uses the 

same airframe/structure from the study by Nickol et al. [130] [NASA N+2 BWB-GTF 301 PAX (Jet-A) aircraft], the 

permissible landing weight of Jet-A BWB aircraft, BWB LH2 aircraft (all three cases), and NASA N+2 BWB-GTF 301 

PAX (Jet-A) aircraft, are the same. Therefore, the GTOW of the NASA N+2 BWB-GTF 301 PAX (Jet-A) aircraft 

(GTOWNASA) determines the average permissible landing weight for the said aircraft, Jet-A BWB aircraft and BWB LH2 

aircraft (all three cases). Table 7.13 lists the ratio of GTOW/GTOWNASA for Jet-A BWB aircraft and BWB LH2 aircraft 

(all three cases). It can be observed that the GTOW/GTOWNASA ratios for case 1, 2, and 3 of BWB LH2 aircraft are 0.806, 

0.801, and 0.795, respectively. This means that with BWB LH2 aircraft (all three cases), there is no need to conduct fuel 

jettison of a highly flammable hydrogen fuel in the event of an emergency landing, because its GTOW is lesser than the 

average permissible landing weight considering its structure. This finding is of great significance considering the safety 

issue associated with LH2 use in an aircraft. 

C.5 Weight sizing of BWB LNG aircraft 

 Similar to Chapter 4, two LNG cases are considered here for BWB powered by LNG (LCV of 50 MJ/kg and 

density 424 kg/m3 [47]). The first LNG case uses a hypothetical value of η = 0.78, similar to LH2 case. In the second LNG 

case, a present-day (best) value of η = 0.63 is used, which is similar to the values used in transportation of LNG fuel via 

trucks [207]. In the LNG BWB aircraft weight sizing process, similar process schematic (Figure 7.5) and methodology 

discussed in section 7.4 is used for both LNG cases, as that used for (same thrust requirement) LH2 case 1 (LNG has 

similar LCV on the order of Jet-A but has approximately half the Jet-A fuel density). This is based on the finding of 

Chapter 4. For both LNG cases, the fuel will be stored in the volume available as per the tanks designed for LH2 case 1 

in BWB wings, which has the maximum fuel volume storage requirement. The FF for Jet-A and both LNG cases are 

calculated according to the methodology discussed in section 7.4, and these are listed in Table C.11. The propulsion 

system is designed according to the methodology detailed in section 6.4 in Chapter 6 using GasTurb 13. Table C.12. lists 

the performance of propulsion system at different points in the flight mission profile for Jet-A and LNG (two cases) and 

their weights. 

 Table C.13 provides a comparison of BWB aircraft performance powered by Jet-A, LH2, and LNG (both cases). 

The effect of LNG cryogenic tank η can be observed from Table C.13. With increasing η, the aircraft range and WF,total 

increases, and the OEW decreases. This is similar to the observation made in Chapter 4 for tube-wing LNG aircraft. For 

both LNG cases, the GTOW = MTOW (of BWB Jet-A structure) during the weight sizing process. Both BWB LNG cases 
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do not meet the design target range as the GTOW = MTOW and the weight sizing process ends, and no more fuel can be 

added to the aircraft despite the availability of the tank volume (similar to LH2 case 1 which has highest volume 

requirement). For LNG C1 case which has highest cryogenic tank η of the two cases, the aircraft reaches a range of 12,052 

km. Therefore, LNG is not identified as an alternative fuel even for use in an N+2 BWB aircraft (since target design range 

is not met). 

 

 

Table C.12. Performance of propulsion system at different points in the flight mission profile for Jet-A and LNG 

(two cases) and their weights 

 Units Jet-A LNG C1 LNG C2 

Total propulsion systems 

weight 

kg 12,319 12,319 12,319 

TOC Mach, altitude - , m 0.8 at 10,668 m 0.8 at 10,668 m 0.8 at 10,668 m 

 TSFC g/kN-s 12.400 10.669 10.669 

Cruise Mach, altitude - , m 0.84 at 10,668 m 0.84 at 10,668 m 0.84 at 10,668 m 

 TSFC g/kN-s 12.667 10.898 10.898 

SLS Mach, altitude - , m 0 at 0 m 0 at 0 m 0 at 0 m 

 TSFC g/kN-s 5.124 4.409 4.409 

Climb Mach, altitude - , m 0.47 at 5,334 m 0.47 at 5,334 m 0.47 at 5,334 m 

 TSFC g/kN-s 9.798 8.430 8.430 

Loiter Mach, altitude - , m 0.6 at 1,500 m 0.6 at 1,500 m 0.6 at 1,500 m 

 TSFC g/kN-s 12.175 10.475 10.475 

 

Table C.13. Comparison of BWB aircraft performance powered by Jet-A, LH2, and LNG (both cases) 

BWB 
Cryogenic 

tank η 

GTOW 

(kg) 
OEW (kg) OEW/GTOWJet-A 

WF,total 

(kg) 

WF,block 

(kg) 

Cryogenic 

tank volume 

(m3) 

R (km) 

Jet-A - 236,398 110,150 0.466 72,678 65,523 - 13,890 

LNG C1 0.78 236,398 126,588 0.535 56,241 50,704 132.65 12,052 

LNG C2 0.63 236,398 137,591 0.582 45,238 40,784 106.7 9,263 

LH2 C1 0.78 195,325 117,505 0.497 24,250 21,863 341.6 13,890 

LH2 C2 0.78 194,177 116,790 0.494 23,818 21,473 335.5 13,890 

LH2 C3 0.78 192,677 115,760 0.49 23,348 21,049 329 13,890 

100% 

SPK 
- 234,798 110,169 0.466 71,061 64,065 - 13,890 

Table C.11. FFs for Jet-A, and FFs for LNG cases 

Segment Operation 
Modified FFs 

(Jet-A) 

FFs 

(LNG C1) 

FFs 

(LNG C2) 

1 Engine start and warmup 0.9964 0.9969 0.9969 

2 Taxi-out 0.9964 0.9969 0.9969 

3 Takeoff 0.9982 0.9985 0.9985 

4 Climb 0.9975 0.9979 0.9979 

5 Cruise 0.7474 0.8504 0.8077 

6 Descent 0.9964 0.9969 0.9969 

7 Loiter 0.9846 0.9881 0.9879 

8 Land, taxi-in, engine shutdown 0.9971 0.9975 0.9975 

Overall FF 0.72 0.83 0.79 
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Appendix D 

D.1. Fuel manufacturing process 

D.1.1 Jet-A and 100% SPK 

 The fuel manufacturing process can be broadly broken down into four steps – raw material extraction, 

transportation of raw materials to the fuel refining unit, fuel refining, and fuel transportation to the storage facility.  

 Kerosene or jet fuel is manufactured from crude oil (fossil fuel). The extracted crude oil is transported to the 

refining plant where the crude oil undergoes refining, distillation, cracking, reforming, and separation [379]. During the 

production of kerosene several other co-products like petrol, gas oil, diesel oil, and residual oil are formed. After kerosene 

is manufactured, it is transported to the storage facility and/or airport.  

 In Chapter 8, four SPK production pathways are considered for evaluation – ATJ, STJ, HEFA, and FT. The 

production process of these four pathways is discussed below: 

1. ATJ fuel is produced from alcohols that are sourced from sugar containing feedstocks and lignocellulosic 

biomass by fermentation [379]. In the ATJ production, alcohols are dehydrated, and water is removed to form 

hydrocarbon chains via oligomerisation. Later these are distilled for fractioning the hydrocarbons in terms of 

chain lengths or separate products (ibid). 

2. STJ fuel is manufactured from biomass feedstocks that contain sugars [379]. When such feedstocks are 

fermented, hydrocarbons are formed which are further refined and catalytically improved to form SPK (ibid). 

3. FT fuel is primarily manufactured from syngas which can be sourced from any carbon containing matter [379]. 

Coal and natural gas are presently used as common feedstocks for producing FT fuel. Syngas is commonly 

manufactured via gasification of lignocellulosic biomass feedstocks such as energy crops, municipal solid waste, 

and agricultural residues. The biomass undergoes chemical process at very high pressure and temperature in the 

presence of air and steam. The need for external electric power for the FT process is low. This is because during 

the FT conversion process, syngas is partly converted to wax and partly to produce electricity that is used for FT 

conversion process. The co-products of this process are utilised to make hydrogen that is required for 

hydrocracking of the wax formed during the process. This is followed by separation of products (ibid).  

4. HEFA SPK is produced from feedstocks that contain renewable oil i.e., oil extracted from plants, waste greases, 

and animal fats [379]. Renewable oil has properties similar to jet fuel and conversion to SPK is an easy process. 

Such oils undergo hydrotreatment followed by hydrocracking to produce the required hydrocarbon chain. During 

this process the oxygen from oil is removed. The products are separated into naphtha, diesel, and jet fuel (ibid).  

The present fuel readiness level of ATJ, STJ, FT, and HEFA are 7, 6 – 7, 7, and 9 respectively (ibid). 

D.1.2 Hydrogen 

• Natural gas 

Hydrogen is produced from natural gas using process known as SMR, which is an endothermic process. At present, 

hydrogen is primarily produced using SMR process. In SMR, methane reacts with steam at high pressure (3–25 bar 

pressure) using a catalyst to produce carbon monoxide, hydrogen, and a small amount of carbon dioxide [380]. 

• Coal 

Organic matter, for example coal, is converted to hydrogen, carbon dioxide, and CO at temperatures above 700°C 

without combustion, and this process is called as gasification [381]. Further CO reacts with water to form more 

hydrogen and carbon dioxide via water-gas shift reaction. Hydrogen is separated from the products using special 

membranes and/or adsorbers (ibid). 

• COG 

COG is formed when coal is heated to 1100°C without the presence of air. COG typically contains ethylene (5%), 

CO (10%), CH4 (34%), and H2 (51%) [382]. COG undergoes steam reforming followed with water-gas shift reaction 

to produce H2 and CO2 [383]. 

• By-product of NGL steam cracking 
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NGLs are hydrocarbons such as ethane, propane, butane, isobutane, and pentane [384]. Steam crackers convert 

hydrocarbon/NGLs to light olefins using thermal cracking process (converting long-chain hydrocarbon to short-chain 

hydrocarbons) to produce hydrogen as a by-product [385]. 

• Solar PV 

The electricity produced from solar energy using PV system, is used for the electrolysis of water to produce hydrogen 

[386]. 

• Nuclear thermochemical cracking of water 

Sulphur – Iodine process is a common thermo-chemical process used for splitting water to produce hydrogen [387]. 

The first step is called as Bunsen reaction where iodine and sulphur dioxide react with water at 120 °C to produce 

hydriodic acid and sulphuric acid. In the second step, sulphuric acid is decomposed to sulphur dioxide at high 

temperature (around 1,000 °C). In the final step, hydriodic acid is decomposed to produce iodine and hydrogen at 

above 300 °C (ibid). 

• Nuclear high temperature gas reactor 

A nuclear high temperature gas reactor is a graphite moderated and helium cooled reactor [387]. A heat exchange 

system is used to cool off the helium and heat up water to produce steam. Electricity is produced from the steam 

using turbines and hot water from the turbine outlet is electrolysed to produce hydrogen, using the electricity 

produced from turbine (ibid).  

• Biomass 

Hydrogen can be produced from biomass using gasification process which is described above. Since growing biomass 

reduces atmospheric carbon dioxide, the net carbon emissions of this process could be low, especially if carbon 

capture and storage technology is employed [381]. 

• Integrated fermentation 

Hydrogen can be produced from biological routes that use sunlight (photosynthesis and photolysis), fermentative 

bacteria (dark fermentation i.e. no light), and electrolysis of organic matter via microbial metabolism with small 

external energy input (microbial electrolysis cell [MEC]) [388]. The effluent from the dark fermentation route is rich 

in organic matter and this could be utilised by MEC for producing additional hydrogen. This process is an integrated 

pathway that combines MEC and dark fermentation for hydrogen production (ibid).  

• HTE with SOEC 

HTE uses both electricity and thermal energy for splitting water employing SOEC and hydrogen is produced [389]. 

In this process, water is heated so that it evaporates which requires a high amount thermal energy. This thermal 

energy is provided either directly in the form of steam to the electrolyser or via an external heat input (ibid). The heat 

input could come from renewable energy source like solar, wind, nuclear, etc. and the embodied carbon for hydrogen 

production could be reduced. In Chapter 8, two electricity source types are studied – Nuclear HTGR and natural gas 

combined cycle. 

• By-product of chlorine manufacturing plant 

The electrolysis of a sodium chloride solution (brine) is called as the Chlor-alkali process [390]. Hydrogen gas is one 

of the co-products of this process along with chlorine and sodium hydroxide (ibid). 

D.2. Other unintended environmental and social impacts – Resource consumption 

 Figure D.1 provides the comparison of fossil fuel use for different LH2 and 100% SPK feedstock and pathways 

for 2020 and 2050 US energy mix scenarios. It can be observed that for the three identified LH2 cases (Biomass w CS 

LUSME, Biomass w CS LBIGCC, and/or IF w CS), the use of fossil fuels is significantly greater (indicative of poor 

process efficiency) compared to Jet-A production (difference of order of magnitude).  
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Figure D.1. Comparison of fossil fuel use for different LH2 and 100% SPK feedstock and pathways for 2020 and 

2050 US energy mix scenarios  

 The net WTWa CO2 equivalent emissions are lower for these three cases due to the employment of carbon 

sequestration. The greater use of fossil fuels (indirectly) for producing LH2 from the above three feedstocks/pathways 

compared to Jet-A, is an unintended natural resource (environmental) impact which none of the studies in literature have 

accounted. This greater (indirect) use of fossil fuels for the three feedstock/pathways is due to the poor manufacturing 

(supply-chain) process energy efficiency (from the point of cultivating crops to the point of producing hydrogen from 

biomass). This needs to be reduced for US based LH2 production from the above three routes or could be lesser in regions 

that employ greater renewable energy resources (like European countries) for power production. This effect of greater 

renewable energy resources in the energy mix can be observed from Figure D.1 between 2020 and 2050 US energy mix 

scenarios. Additionally, the indirect use of fossil fuels can be reduced for the said three routes by improving the energy 

efficiency of fuel manufacturing and its supply chain. For 100% SPK cases, the fossil fuel use is greater than Jet-A but 

of the similar order. 

 Figure D.2 shows the comparison of water consumption for different LH2 and 100% SPK feedstock and 

pathways for 2020 and 2050 US energy mix scenarios. It can be observed that for the three identified LH2 cases (Biomass 

w CS LUSME, Biomass w CS LBIGCC, and/or IF w CS), the water consumption is significantly greater compared to 

Jet-A production due to the water required for cultivation of biomass feedstocks/crops. The greater use of water for 

producing LH2 from the above three feedstocks/pathways compared to Jet-A, is an unintended resource (environmental 

and social) impact which none of the studies in literature have accounted. For biomass based 100% SPK cases, water 

consumption is greater than Jet-A due to the water required for crop cultivation. 
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Figure D.2. Comparison of water consumption for different LH2 and 100% SPK feedstock and pathways for 

2020 and 2050 US energy mix scenarios 

D.3. Other unintended environmental and social impacts – Emissions 

 
Figure D.3. WTWa VOC emission comparison for different LH2 and 100% SPK feedstock and pathways for 

2020 and 2050 US energy mix scenarios including non-CO2 effects 
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Figure D.4. WTWa CO emission comparison for different LH2 and 100% SPK feedstock and pathways for 2020 

and 2050 US energy mix scenarios including non-CO2 effects 

 
Figure D.5. WTWa NOx emission comparison for different LH2 and 100% SPK feedstock and pathways for 2020 

and 2050 US energy mix scenarios including non-CO2 effects 
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Figure D.6. WTWa PM10 emission comparison for different LH2 and 100% SPK feedstock and pathways for 

2020 and 2050 US energy mix scenarios including non-CO2 effects 

 
Figure D.7. WTWa PM2.5 emission comparison for different LH2 and 100% SPK feedstock and pathways for 

2020 and 2050 US energy mix scenarios including non-CO2 effects 
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Figure D.8. WTWa SOx emission comparison for different LH2 and 100% SPK feedstock and pathways for 2020 

and 2050 US energy mix scenarios including non-CO2 effects 

 
Figure D.9. WTWa BC emission comparison for different LH2 and 100% SPK feedstock and pathways for 2020 

and 2050 US energy mix scenarios including non-CO2 effects 
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Figure D.10. WTWa OC emission comparison for different LH2 and 100% SPK feedstock and pathways for 2020 

and 2050 US energy mix scenarios including non-CO2 effects 


